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ABSTRACT
Electro-magnetic devices, such as motors and inductors, have been continuously required to increase their operation frequency for high effi-
ciency. To satisfy this requirement, Fe-Si powder cores with high electrical resistance have been attracted much attention although they have
lower permeability than Fe-Si electrical steels. With increasing the Si content, the ductility of Fe-Si alloy sharply decreases, which further low-
ers the density and magnetic properties of cores. In this study, we aimed to fabricate Fe-Si powder cores with higher saturation magnetization
and lower loss in 1 ∼ 10 kHz range compared with commercial products. As a result, fabricated Fe-1.5wt% Si@Fe3(PO4)2 cores reached a 98%
theoretical density and showed a magnetic flux density of 1.65 T at 10000 A/m and a core loss of 176.8 W/kg at 1 T @ 2 kHz.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5130075., s

I. INTRODUCTION

Recently, the markets of electrical or hybrid vehicles and drones
have been rapidly grown. The efficiency of motors and power con-
version devices used in these machines should be a critical factor
in improving their performances, for which the electrical devices
should increase the operation frequency. This indicates that the
high-frequency characteristics of soft magnetic cores in motors and
power conversion devices should be improved.1 Due to its high
saturation magnetization and low crystal magnetic anisotropy, Fe-
Si steel, called electrical steel, has been generally used in electro-
magnetic devices, particularly magnetic cores for motors, transform-
ers, and precision control devices. However, since the addition of
Si deteriorates the mechanical properties of electrical steel, it is well
known that reducing its thickness less than 100 μm is very difficult.2

This means that the operation frequency of electrical steel should
be limited due to the eddy current loss.3 Furthermore, because elec-
trical steel sheets must be stacked in 2-D shapes, it is difficult to
produce magnetic cores with various shapes, which restricts the
design freedom of electromagnetic devices. In order to overcome
the above problems, soft magnetic metal powders have been widely
investigated to replace electrical steel in magnetic cores operating

in the kHz range. Among various metal cores, Fe-Si alloy pow-
ders have been considered to be one of the most suitable candi-
dates due to low price and excellent soft magnetic properties. To
obtain powder cores with good permeability and high magnetic
flux density, the density of the cores must be close to the the-
oretical value. However, although high Si content in Fe-Si alloy
improve its high frequency characteristics and soft magnetic prop-
erties, high Si content of Fe-Si powders makes it difficult to obtain
compacts with high density.4,5 Our previous study showed that Fe-
4.5wt% Si powders had an excellent high frequency characteristics
but their powder cores had a poor magnetic properties due to their
low density.6,7 This indicates that the Si content in Fe-Si powders
should be controlled to accommodate the deformation during fab-
ricating cores. In this study, Fe-1.5wt% Si powders with two dif-
ferent size distributions were prepared by a gas atomizer to evalu-
ate the effect of the particle size on the high frequency properties
and mechanical behaviors. These powders were coated with a phos-
phate insulation layer were compacted to evaluate the possibility of
Fe-Si powder cores working at 1 ∼ 10 kHz range. The microstruc-
tures and soft magnetic properties of the powder cores were ana-
lyzed and compared with electrical steels and commercial powder
cores.
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TABLE I. Condition of phosphate coating solution.

Acetone Phosphate Sodium Temp. Time Stirring
[mL] acid [g] nitrate [g] [○C] [min] Speed [rpm]

1000 30 0.01 35 30 300

II. EXPERIMENTAL DETAILS
Fe-1.5wt% Si powders were fabricated by a gas atomizer. The

chamber was pumped down to 5 × 10−5 torr, then maintained in
argon atmosphere. The orifice size of a nozzle was 3 mm, the injec-
tion pressure was 70 bar, and the temperature of the molten metal at
the point of spraying was 1650 ○C. To obtain two different powders,
the fabricated powders were sieved through a mesh size of 50∼150
μm and 150∼200 μm. In order to homogenize the microstructure,
the powders were heat-treated in atmosphere of 10vol% H2-90vol%
N2 for 5 hours at 1000 ○C. A phosphate insulating layer was coated
on the surface of Fe-Si powders using phosphoric acid. The coating
conditions are shown in Table I, and the detailed procedures can be
seen in the literature.8

The dried powders were evenly mixed with 0.3wt% lubricant,
and then compacted into a toroidal shape with an outer diame-
ter of 26.76 mm, an inner diameter of 14.77 mm and a height
of 3.4 mm under a pressure of 1950 MPa. To remove the resid-
ual stress, the compacts were annealed for 30 min under argon
atmosphere at 500 ○C, which is below the decomposition temper-
ature of Fe3(PO4)2.9 The microstructures of fabricated powders and
compacts were analyzed by a scanning electron microscope (SEM,
Tescan, Czech, MIRA3). The four-point probe (AIT, Korea, CMT-
SR1000N) method was used to measure the specific resistivity of
the compacts. The thickness of the coated powder surface phos-
phate insulation layer was measured using a transmission electron
microscope (TEM, JEOL, Japan, Jem-2100F). The density of the
powders and compacts was analyzed with a pycnometer (Microtrac-
BEL, Japan, BELPycno) using Boyle’s law. In addition, the magnetic
properties and the total core loss (Ptot) were measured using a B-H
analyzer (Iwatsu, Japan, SY-8219) in the range of 50 to 2 kHz. To
separate the portion of the hysteresis loss (Phy) and the eddy current
loss (Ped) from Ptot , equation (1) was used.10

Ptot,f = f ⋅ Phy,1Hz + Ped (1)

Where Ptot,f is the measured core loss at frequency f , Phy,1Hz is Phy

at 1 Hz, and Ped (∝ f 2) includes the classical eddy current loss of a
powder (Ped,cl.) and of a core (Ped,inter.), and anomalous loss (Pan).
Assuming that the powder is a sphere, Ped,cl can be calculated as;11

Ped,cl = (πBmfD)2
20ρ(particle)

(2)

Where Bm is excited magnetic flux density, D is particle size, and
ρ(particle) is the resistivity of particles.

III. RESULTS AND DISCUSSION
Figure 1 (a) and (b) shows the SEM micrographs of Fe-Si

powders sieved with different sizes. As shown in the figures, the

FIG. 1. SEM image of fabricated Fe-1.5wt% Si powder, and BSE image of Phos-
phate coated powder after heat treatment; (a): 50-150, (b): 150-200. Microstruc-
tural Optical image of 150 ∼ 200um powder before; (c)-1 and after; (c)-2 heat
treatment.

fabricated powders have a spherical shape but some fine particles
attached to the surfaces of the powders. After phosphate coating,
the BSE images show that fine particles on the surface of the Fe-Si
powders have more bright contrast than other regions of the coated
powders. This indicates that these particles result in the composition
inhomogeneity during the phosphate coating. This inhomogeneity
can decrease the electrical resistivity after the compaction. Thus it is
necessary to remove the surface roughness. Figure 1 (c) shows the
optical micrographs for measuring the grain size after the heat treat-
ment. As expected, the high temperature heat treatment effectively
increased the grain size from 31.6 μm to 59.6 μm. The larger grains
should have good ductility and could increase the compact density
of cores. Figure 2 shows the cross-sectional images of a phosphate
coated Fe-Si compact of 50∼150 μm heat-treated powders. As shown
in the figure 2 (a), powders are compacted without further particle
growth and the smooth boundaries are formed. These boundaries
indicate that fine particles adhered to the powder surface should be
grown to separate particles during the heat treatment. In figure 2 (b),
the enlarged image confirms that the phosphate coating layer (indi-
cated by arrows) are homogeneously developed around the pow-
ders. The average thickness of the phosphate layer is about 150 nm,
confirmed by TEM analysis. This shows that the high compres-
sion pressure and subsequent annealing can deform the phosphate
coating layer and the Fe-Si powders without damaging the coating
layer.
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FIG. 2. (a): Cross-sectional SEM image, (b): SEM image and EDS analysis results;
after annealing of 500 ○C for 30 minutes in heat-treated and phosphate coated
50 ∼ 150um powder compact.

Thus, the phosphate coating is proven to be an effective method
to obtain the homogeneous insulation layer on Fe-Si powder cores.
The density, the magnetic flux density (Bm) induced at 10000 A/m
and the core losses at 1 Tesla of various powder cores are shown in
Table II. The average density of powders before and after phosphate
coating measured 7.77 and 7.67 g/cm3, respectively. Thus, the rel-
ative density of all cores is higher than 95% of theoretical density.
Furthermore, the initial powder size does not make any noticeable
changes in the core density of non-preheated powders. This clearly

shows that the Fe-1.5wt% Si powders even with fine powders can be
successfully compacted using the conventional pressing method. In
addition, the heat treatment on the powders were shown to increase
the core density. Particularly, the density of the 150∼200 μm powder
core increases further than the 50∼150 μm powder core. The above
results clarify that the high temperature heat treatment is effective
to increase the ductility of the powders. Table II shows that the
hysteresis loss of cores increases as the density decreases. It is well-
known that the coercivity is dependent on the packing density. Thus,
regardless of the heat treatment and the powder size, the compact
density should be a main factor to determine the hysteresis loss as
well as the magnetic flux density of powder cores. It is noticeable
that the high density of the cores results from high ductility and
large size of magnetic powders. As shown in the table, the hysteresis
loss account for most of the core losses. Thus the highest magnetic
flux density (1.65T) and the lowest core loss (29.3 W/kg) at 400 Hz
was obtained in the heat-treated 150-200 μm powder core with a
density of 7.55 g/cm3. However, this core shows the highest eddy
current loss which becomes more prominent at 2 kHz. As shown
in Table II, the electrical resistivity of cores is not directly related to
their eddy current loss. In order to understand this phenomenon, the
eddy current losses are calculated using eq. (1) and (2) and depicted
in the table. For example, the Ped,inter of the 150∼200 μm heat treated
powder core with a resistivity of 2 mΩ ⋅ m is expected to have 0.21
and 5.26 W/kg losses at 400 and 2 kHz, respectively. On the other
hand, the Ped,cl is calculated to have 0.91 and 22.78 W/kg losses at
400 and 2 kHz, respectively. This clearly shows that the eddy current
loss caused by powders is a dominant factor in classical eddy cur-
rent loss due to low electrical resistivity of Fe-Si powders. Thus, it
is critical to decrease the size of Fe-Si powders or use powders with
high resistivity. The anomalous loss of the cores can obtain by the
difference between the measured and calculated eddy current losses.
The anomalous loss is known to be caused by magnetic domain
wall motion. Table II confirms that the heat-treated and large pow-
ders increase the anomalous loss. Contrary to the hysteresis loss, the
eddy current loss can be reduced by decreasing the size of frequency
behaviors of Fe-Si powder cores, total core loss and eddy current loss
behaviors of Fe-SMC cores using commercial powders (Höganäs,
Somaloy 3P) and 200 μm thick electrical steel (POSCO, 20PNF1500)
are shown in Figure 3. Although the core loss of the electrical steel
shows a remarkably low value of 14 W/kg at 400 Hz, the eddy current
loss rapidly increases with the frequency and becomes higher than
the Fe-1.5wt% Si powder core at 2.5 kHz. On the other hand, the

TABLE II. Change in the Density, resistivity and magnetic properties change according to the size of the coated powder, Ped,meas. contains Ped,cl., Ped,intra., and Pan, and Ped,cal.
contains only Ped,cl. and Ped,intra..

Specific
1.0T@0.4kHz [W/kg] 1.0T@2.0kHz [W/kg]

Density resistivity Ped Ped

Sample [g/cm3] [mΩ ⋅m] Bm [T] Ptot Phy Ped,meas. Ped,cal. Ptot Phy Ped,meas. Ped,cal.

50∼150 μm 7.48 8.09 1.50 43.2 42.7 0.46 0.43 226.3 213.7 12.6 11
heat-treated 50∼150 μm 7.50 6.65 1.57 36.4 35.7 0.68 0.45 192.2 178.5 13.7 11.46
150∼200 μm 7.48 4.24 1.50 42.8 41.8 1.01 0.85 246.0 208.8 37.2 26.56
heat-treated 150∼200 μm 7.55 2.03 1.65 29.3 27.4 1.90 1.12 176.8 137.2 39.6 28.04
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FIG. 3. Expected high frequency (a) core loss and (b) eddy current loss of Fe-
1.5wt% Si powder core, commercial Fe-SMC and electrical steel.

Fe-SMC core shows the similar behavior of the Fe-1.5wt% Si pow-
der cores below 500 Hz, but the core loss rapidly increases due to
the increase of eddy current loss after 1 kHz. The sharp increase of
the eddy current loss in the electrical steel (ρ= 0.5 μΩ⋅m) and the Fe-
SMC core (ρ= 2.475 μΩ⋅m) due to their dimensions and electrical
resistivity. Therefore, these results show that Fe-Si powder cores can
be a good candidate for magnetic cores working in 1 ∼ 10 kHz range.

IV. CONCLUSION
In this study, soft magnetic powder cores were fabricated using

Fe-1.5wt% Si powders with different powder sizes of 50∼150 μm and
150∼200 μm. To evaluate the effect of the grain size on the mechani-
cal and magnetic properties, the high temperature heat treatment at
1000 ○C was carried out on powders. The core loss behaviors showed
that the hysteresis loss was a dominant loss mechanism up to 2 kHz
despite the high core density (>95% theoretical value). The hysteresis
loss was effectively reduced by the heat-treatment and using coarse
powders. The eddy current loss of powder cores was strongly depen-
dent on the powder size. Above 3 kHz, the total loss of 50∼150 μm
powder cores was less than that of 150∼200 μm powder cores. By
comparing electrical steel and Fe-SMC cores, Fe-1.5wt% Si powder
cores proved the potential as an alternative to electrical steel in the
high-frequency region.
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