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Abstract
In order for soft magnetic composites (SMCs) to achieve the high-performance requirements expected of
them even at high frequencies, high permeability and low core-loss are required. In this study, we used
different sizes of gas atomized Fe-Si-Cr alloy powder to produce SMCs, this alloy has higher resistivity
than existing materials used in SMCs such as Fe-Si alloy or pure Fe. These powders were prepared by
sieving raw materials which had an average size from less than 25 µm to over 63 µm. Our experiments
show that as particle size decreases, the magnetic saturation tends to increase, the sample made from
the powder with particles 25-38 µm in size recorded the highest magnetic saturation of 169.38 emu/g.
Additionally, as particle size decreased, permeability increased. The sample made from powder with
particles under 25 µm had a permeability of 20.7 H/m at 1 MHz. Also, the relationship between particle
size and quality factor was found to be inversely proportional. Finally, the minimum core-loss was 187.26
kW/m3 at 1 MHz for the sample made from powder whose constituent particles are under 25 µm. We also
observed that the core-loss is proportional to particle size.

1. Introduction
Soft magnetic composites (SMCs) with high saturation magnetization (Ms), low coercivity (Hc), and low
core-loss (Pcv) are essential for electronic devices to achieve high energy e�ciency at high frequencies.
[1–6] There has been a great deal of research effort directed at improving the working frequency of
devices using SMCs. However, due to limitations that come with increasing the working frequency,
improving DC-bias characteristics has been the method used to improve the e�ciency of SMCs used in
electronic devices. [7, 8] Studies related to soft magnetic materials are being actively undertaken with the
goal of maintaining the stability of permeability and high-current at high frequencies over 1 MHz. [9]
Recently, SMCs mixed with insulating polymer have proven to be an interesting alternative material
because of the improvement they provide in overall permeability and the prevention of inter-particle eddy-
current loss (Pe) they provide, which then reduces core-loss (Pcv). [10–12]

Fe based alloys have shown promising DC magnetic properties such as low coercivity, high
magnetization saturation and high permeability. However, eddy-currents are easily generated because of
Fe based alloy’s relatively low resistivity, which causes high energy loss. [13] To overcome this problem,
Fe based amorphous materials have been used in power applications because of their high electrical
resistivity. However, amorphous materials have the drawback of low saturation �ux density compared to
that of silicon steel. [14] Fe-Si-Cr metallic alloys have relatively high electrical resistivity compared to Fe-Si
metallic alloy, this is because of the Cr-rich oxidation layer created by Cr addition, which can result in
reductions in core-loss based on decreased eddy-current loss. [15–17] Also, crystalline powders achieve
higher magnetization saturation than amorphous powders while being easier to fabricate. In addition,
based on Snoek’s limitation, the magnetic resonance frequencies of metal powder cores occur in the MHz
band, metal powder cores are considered suitable for use as electronic components in the MHz frequency
range. [18, 19] For these reasons, we chose Fe-Si-Cr metallic alloy as our candidate material.
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Core-loss consist of the hysteresis loss (Ph), eddy-current loss (Pe) and residual losses (Pr), as shown in
equation (1).

Pcv = Ph + Pe + Pr = KhBβ
mf + Ke Bmf 2 + Kr Bmf 1.5

1

However, in these cases the amount of residual loss is remarkably low, as such, we can ignore the
contribution from residual loss. [20] In order to reduce hysteresis loss, we should use materials with soft
magnetic properties, while to reduce eddy-current loss, using materials that have high resistivity is
important when it comes to reduce eddy-current loss because the eddy-current loss per unit volume of a

spherical iron particle can be expressed as Pe(t) =
r2

Fe

10ρFe

dB
dt

2
, where ρ: electrical resistivity, r: radius

of the particle, this relation means that improving resistivity and reducing the particle size can result in
decreased eddy-current loss. [21]

In this study, we measured the magnetic properties of various Fe-Si-Cr alloys with different particle sizes.
There have been no reports about how particle size affects a core’s magnetic performance for Fe-Si-Cr
alloys. Motivated by this, in this paper, we investigated the magnetic properties of alloy-resin composites
according to the size of the particles used in each Fe-Si-Cr alloy.

2. Experimental
Fe-Si-Cr alloy powders, produced using the gas atomizing method, were commercially purchased. The Fe-
Si-Cr powders were classi�ed into one of �ve size ranges according to their constituent particle size using
sieves with holes ranging from 25 to 63 µm wide. The powders were divided into groups of under 25 µm,
25-38 µm, 38-53 µm, 53-63 µm and over 63 µm. The sieved powders were denoted ‘S1’ for the under 25
µm group, ‘S2’ for the 25-38 µm group, ‘S3’ for the 38-53 µm group, ‘S4’ for the 53-63 µm group, and ‘S5’
for the over 63 µm group. In order to create a sample toroidal core with inner diameter 13 mm, outer
diameter 20mm, we mixed 3.0 wt% epoxy binder with the alloy powder and pressed the mixture at a
pressure of 1.5 ton at room temperature before heat treatment at 200 ℃ for 2 hours in air. Characteristics
of the Fe-Si-Cr powders were measured by looking at their particle size distribution (PSD), X-ray
diffraction (XRD) using Cu-Kα, scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS) measurements. The resistivity of the material was measured using a powder resistivity
measurement system. The magnetic properties of the SMCs were measured using a vibration sample
magnetometer (VSM) and an impedance analyzer to obtain permeability and quality factor
measurements. Core-loss was measured using a B-H analyzer over various frequencies.

3. Result And Discussion

( ) ( )

( )
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Table 1 shows the particle size distribution of the Fe-Si-Cr alloy powder according to D90, D50 and D10
measurements. Figure 1 shows the result of PSD for each group of the sieved Fe-Si-Cr alloy powders. We
can see that the distribution in most samples is uniform. However, S5 shows quite a wide distribution,
this is because all powder particles over 63 µm were included in S5 leading to a wider distribution. 

 
Table 1

Particle size distribution of the sieved Fe-Si-Cr alloy powders
Sample S1 S2 S3 S4 S5

D90 (µm) 35.31 µm 50.90 µm 70.64 µm 92.98 µm 140.05 µm

D50 (µm) 19.72 µm 35.23 µm 50.97 µm 63.89 µm 98.12 µm

D10 (µm) 10.03 µm 26.23 µm 39.32 µm 49.55 µm 68.52 µm

X-ray diffraction (XRD) patterns are shown in Figure 2. A Cu-Kα source was used for measurements taken
from 20° to 90° at 0.01° intervals. After the Fe-Si-Cr alloys were divided into �ve groups according to
fraction sizes and the XRD data was recorded, it was found that the XRD peaks appear in almost the
same places as the characteristic peaks of Fe. The majority of the content in the Fe-Si-Cr alloy powders is
Fe, while Si and Cr contents are relatively smaller, as such, it is natural that the XRD peaks are close to
those expected from pure Fe.

Figure 3 shows the morphology of the Fe-Si-Cr alloy powder in each group. The shapes of the particles in
the powders turned out to be spherical, this is because the powder was fabricated using the gas
atomizing method. The S2 to S5 SEM images were recorded at ⋅300 and ⋅1,500 magni�cation, while the
S1 was recorded at ⋅300 and ⋅2,000 magni�cation. Figure 4 show the energy dispersion spectroscopy
(EDS) data for the sieved Fe-Si-Cr alloy powders. The EDS data shows that each sample contains about
87 wt% of Fe, about 11 wt% of Si and about 2 wt% of Cr.

In Figure 5, the �eld dependence of magnetization for the Fe-Si-Cr alloy powders is represented. As shown
in Figure 1, S5 powder has an extremely broad distribution compared to other samples. So, we decided to
exclude the S5 data because of the possibility of not enough accuracy of the data. Figure 5(a) shows the
magnetic hysteresis loop, Figure 5(b) shows the enlarged hysteresis loop data from -15 to 15 Oe and
Figure 5(c) shows the relationship between the magnetization saturation and coercivity for each particle
size. When measuring the VSM for each powder size group, Fe-Si-Cr alloy was found to have soft
magnetic the characteristics with low coercivity. The sample showing the highest magnetization
saturation was S2 with a saturation value of 169.38 emu/g and a size of 25-38 µm, while the sample with
the lowest coercivity was the 38-53 µm sample with a value of 0.93543 Oe. Generally, higher
magnetization saturation induces good DC-bias characteristic, which means the inductance maintains as
the current increases.[22] However, in order to induce good properties of electronic devices like powder-
inductors, enhanced properties are required for not only magnetization saturation, but also permeability,
resistivity, and core-loss.
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Figure 6 shows the frequency dependence of each group’s permeability over a frequency range from 100
kHz to 110MHz. Figure 6(a) and 6(b) show the real and imaginary parts of each group’s permeability,
respectively, at 1 MHz and 3 MHz. Figure 6(c) shows the quality factor for each group of the sieved Fe-Si-
Cr alloy powders. The relationship between permeability and quality factor is expressed in equation (2).

Q =
μ′

μ′′ =

B0

H0
cosδ

B0

H0
sinδ

=
1

tanδ

2
Quality factor is inversely proportional to the loss tangent (tanδ), which means the lower loss a sample
has, the higher the quality factor is. [23] Figure 6(d) shows the permeability for each group at frequencies
of 1 MHz and 3 MHz. The impedance analyzer shows that S1 has the highest permeability in the 1 MHz
and 3 MHz bands, these are the bands mainly used by portable electronic devices. [24] Therefore, it
seems that S1 would be more suitable in high frequency applications because it maintains its
permeability stable in high frequency. Also, if we check the quality factor, we can see that the quality
factor and resonance frequency both increase as the powder particle size decreases.

The electrical resistivity of the powder is an important physical quantity that directly affects the intra-
particle eddy-current loss from the SMC core the powder is used to form. The resistivity of each powder
was measured by a powder resistivity measurement system. The resistivity was measured by pressing
the powder increments from 0 to 2.0 ton, with the press increasing 0.2 ton in each step. The �nal data
expressed in Figure 7 is the data collected from the �nal 2.0 tons press, this is when the powder
compaction density is at its greatest, this data is the closest to the actual resistivity of each powder. The
S1 powder showed the highest resistivity at 0.3352 Ω∙cm. So, S1 is expected to have the lowest core-loss
based on highest resistivity, in�uenced by decrease of eddy-current loss.

In Figure 8, the core-losses from each group of Fe-Si-Cr powders according to frequency is presented. The
core-losses of the Fe-Si-Cr cores were measured at a �xed value of Bm = 10 mT. Figure 8(a), (b) and (c)
show how the core-loss, hysteresis loss and eddy-current loss increase linearly with the particle size of the
Fe-Si-Cr alloy powders. Hysteresis loss and eddy-current loss were separated from the total core-loss
using curve �tting. Figure 8(d) shows the core-loss, hysteresis loss and eddy-current loss of each sample
measured at 1 MHz. The S1 powder, which has the smallest particle size, showed the lowest core-loss of
187.26 kW/m3 at 1 MHz. The graph shows that the decrease in hysteresis loss is smaller than the
decrease in eddy-current loss as the particle size decreases. This means that the total core-loss of the
samples is dominated by the eddy-current loss rather than the hysteresis loss. These results come from
the intrinsic properties of Fe based materials, where increased eddy-current loss is a major factor in the
increased total core-loss at high frequency. As such, the increased core-loss in the large size powders is
because of an increase of eddy-current loss caused by intra-particle eddy currents. [25, 26] The
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relationship between the resistivity and core-loss shows that group with high resistivity also had low core-
loss because of the reduction in intra-particle eddy-current loss.

4. Conclusion
In this study, the permeability, Q-factor, and core-loss dependency of various cores were investigated,
these cores were made from Fe-Si-Cr metallic alloy powders that were grouped according to their
constituent particle size. Changes in permeability according to the particle sizes of the samples were
found, it was also found that core-loss varies with particle size. In order to produce a SMC with good
magnetic properties in the high frequency domain, it is necessary to use the appropriate particle size
when fabricating the core as this affects both the magnetic permeability and core-loss which are both
critical factors in achieving high e�ciency at high frequencies. As a result of our investigation, we found
that cores composed of powder made up of particles that are only few tens of a µm show stable AC
magnetic properties and low core-loss. Particularly, in our study, the S1 sample made from particles less
than 25 µm in size showed the lowest core-loss of 187.26 kW/m3 based on this sample having the
highest electrical resistivity, this shows that samples made from small sized particles are good
candidates for high-frequency power-inductor applications.
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Figure 1

Particle size distribution of the sieved Fe-Si-Cr alloy powders
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Figure 2

X-ray diffraction patterns of the sieved Fe-Si-Cr alloy powders
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Figure 3

The morphology of the sieved Fe-Si-Cr alloy powders
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Figure 4

Weight percentages of Fe, Si and Cr in each group of sieved Fe-Si-Cr alloy powder

Figure 5

(a) The magnetic hysteresis loop (b) The enlarged data from -15 to 15 Oe (c) The magnetization and
coercivity of the Fe-Si-Cr alloy powders
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Figure 6

(a) Real part of permeability (b) Imaginary part of permeability (c) quality factor as a function of applied
frequency from 1 kHz to 110 MHz (d) permeability for each group at 1 MHz and 3MHz
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Figure 7

Powder resistivity according to the particle size of the sample
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Figure 8

(a) The total core-loss, (b) hysteresis loss, (c) eddy-current loss of each group measured from 100 kHz to
1 MHz (d) the measured loss at 1 MHz of each sample


