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Fe-Si-Al soft magnetic composites were composed of gas-atomized Fe-9.6wt.%Si-5.4wt.%Al alloy powders insu-
lated with silica nanoparticles. The influence of silica insulation content on the core’s magnetic properties was
studied. It was found that increasing the silica mass ratio deteriorated the effective permeability and core loss in
the frequency range of 40-120 kHz, while improved the quality factor at 100 kHz and DC-bias performance.
The effective demagnetizing field reflected by density and the core’s volume resistivity may cause the variations
of these magnetic parameters. Loss separation fitting was performed using the Bertotti formula, indicating that
silica insulation increased the hysteresis loss and reduced the eddy-current loss. The hysteresis loss took over at
the frequency lower than 120 kHz in this work. With increasing the frequency, the eddy-current loss grew more
quickly than the hysteresis loss. Therefore, different methods should be adopted to reduce the core loss accord-

ing to the core’s application frequency.
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1. Introduction

Soft magnetic composites (SMCs) have drawn increasing
attention due to their outstanding magnetic performance
at high frequency and high-power level [1]. In a typical
SMC fabrication process, an insulating layer with high
resistivity is firstly coated onto magnetic powder with
good soft magnetic properties, which would then be
pressed into a core with a specific shape. Subsequently,
the core is annealed at an optimal temperature to release
the internal stress introduced during the compaction
process [2-4]. Due to the high saturation magnetic flux
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density of magnetic particles and the high resistivity of
insulating materials, coupled with the special composite’s
microstructure of distributed air gap, the SMCs possess
the advantages of less material consumption, good anti-
saturation ability and low high-frequency iron loss [5-7].
As we all know, iron loss is the most important para-
meter of soft magnetic material. It is mainly comprised of
hysteresis loss and eddy-current loss for SMCs [8].
Therefore, the physical mechanism of SMC’s iron loss,
depending on the application frequency, is fairly compli-
cated. It has been generally accepted that the hysteresis
loss is predominant at low frequency and the eddy-current
loss takes over at high frequency. For SMC with a fixed
composition of magnetic powder, the hysteresis loss is
determined by the particle’s morphology, the core’s density,
which reflect the core’s effective demagnetizing field, and
the residual stress in the core [9]. The eddy-current loss
can be divided into two parts. One is from the eddy
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current between different magnetic particles determined
by the resistivity, the thickness of the particle’s insulating
layer and the width of the air gap between particles. The
other is from the eddy current occurred in individual
particle determined by the particle’s resistivity and size
[10]. Obviously, making clear the proportion of hysteresis
loss and eddy-current loss under actual working conditions
is vital for designing an appropriate scheme to reduce the
iron loss effectively. Loss separation offers a good method
to understand the loss component of a core at different
frequencies and different powers.

At present, the fitting model of the iron loss of soft
magnetic material is mainly based on the Steinmetz
equation or the Bertotti formula. The Steinmetz equation
ignores the influence of the core’s morphology and holds
that the iron loss is determined by the core’s composition,
the excitation frequency and flux density. It greatly
simplifies the calculation of the iron loss and has been
widely used in the loss calculation for transformer, motor,
reactor, etc. Unfortunately, the loss separation cannot be
achieved using the Steinmetz equation [11-13]. In contrast,
the Bertotti formula divides the iron loss into hysteresis
loss, eddy-current loss and residual loss, which is helpful
for performing the loss separation and analyzing the
dependences of different components of the iron loss on
the frequency and the flux density [14].

In this work, the gas-atomized Fe-9.6wt.%Si-5.4wt.%Al
SMCs were prepared using the silica insulation. The
influence of the silica content on the core’s magnetic
properties was investigated in detail. The Bertotti formula
was employed to separate the core’s iron loss. The de-
pendences of hysteresis loss and eddy-current loss on the
insulating silica content and the frequency were clarified
accordingly. This provides the general guideline for
reducing the iron loss of SMCs within desired frequency
range.

2. Experimental

The silica nanoparticles and gas-atomized Fe-9.6wt.%Si-
5.4wt.%Al alloy powders (—140 mesh), were commercially
purchased. Silica nanoparticle size is mainly concentrated
in the range of 14-20 nm, and the average size of silica
nanoparticles is about 18 nm. An acetone solution of 0.5
wt.% epoxy resin (99.5 %) was firstly mixed with the Fe-
9.6wt.%Si1-5.4wt.%Al particles under mechanical stirring.
The ethanol mixtures of silica nanoparticle with different
mass ratios (0-2.4 wt.%) were then mixed homogeneously
with the mixture of epoxy resin and Fe-9.6wt.%Si-
5.4wt.%Al particles. After being dried at 80 °C, the
insulated powders were blended with 0.4 wt.% organic
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silicon resin and 0.4 wt.% zinc stearate. Then the powder
were compressed into toroidal cores with an outer
diameter of 26.92 mm, an inner diameter of 14.73 mm
and a height of 11.18 mm under the pressure of 1860
MPa. Finally, the SMCs were annealed at 760 °C for 40
min in N, atmosphere.

The X-ray diffraction (XRD) measurement was per-
formed on a PANalytical X’pert PRO diffractometer with
Cu-Ko radiation to determine the sample’s phase com-
ponent and crystalline structure. The sample’s morphology
and element distribution were characterized by a scanning
electron microscope (SEM, JSM-6490LV) equipped with
an Oxford Instrument INCA energy-dispersive spectro-
meter (EDS). An LCR meter (Wayne Kerr 3260B) was
used to measure the core’s effective permeability (u.) and
quality factor at the frequency of 100 kHz and percent
permeability (%u.) under the DC magnetizing field
ranging from 0 Oe to 200 Oe. A power loss analyzer
(Voltech PM1000+) was employed to test the core loss at
the frequency ranging from 40 kHz to 120 kHz at the
maximum magnetic flux density (B,) of 1000 Gs. The
volume resistivity was measured by a DC resistance tester
(TH2512). All these measurements were performed at
room temperature.

3. Results and Discussion

Typical XRD patterns of the insulating silica nano-
particles, the raw Fe-Si-Al powder and the insulated Fe-
Si-Al powder, have been shown in Fig. 1. It is obvious
that the insulated powder has the pattern almost same
with the raw powders. For one thing, the insulation coating
of silica and organic resin does not damage the phase
structure of the gas-atomized Fe-Si-Al powder. For another,
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Fig. 1. (Color online) Typical XRD patterns of the insulating

silica nanoparticles, the raw Fe-Si-Al powder and the insulated
Fe-Si-Al powder.
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Fig. 2. (Color online) Typical SEM images of the raw Fe-Si-
Al particle (a) and the insulated Fe-Si-Al particle (b). Sche-
matic illustration of structure for Fe-Si-Al particle with and
without insulation (c).

we may safely conclude that the insulating silica is
amorphous.

SEM images and schematic illustration were further
provided as Fig. 2. Clearly, the spherical raw particle has
a relatively smooth surface with a scaly structure which
may be explained by the metal solidification shrinkage in
the gas-atomization process. After insulation, a continu-
ous insulating layer can be observed around the Fe-Si-Al
particle. It is generally accepted that nanoparticles would
aggregate due to their high surface energy. Fine Fe-Si-Al
particles would also aggregate on the surface of large
particles to some extent. Considering the stickiness of
epoxy resin, it is easy to imagine that composites coating
may be rough, as displayed in Fig. 2. However, it is worth
mentioning that the flexibility of composites coating
would ensure uniform coating state after pressing.

To analyze the insulation coating quality, the SEM
image and the corresponding EDS spatial elemental mapping
for the insulated Fe-Si-Al particles were measured. Fig.
3(a) shows the images of a particle insulated with 1.2
wt.% silica. Strong and uniform signals of the Si and O
elements, overlapping with those of Fe and Al elements,
can be detected in the insulated Fe-Si-Al particle, which
may provide direct proof that a continuous and uniform
insulating layer of silica has been formed on the surface
of the Fe-Si-Al particle. The weak signal of C element,
coming from the organic resins, can also be observed on
the surface of the Fe-Si-Al particle.

Figure 4 shows the effective permeability . and the
quality factor of the Fe-Si-Al SMCs prepared with silica
of different mass ratios. Obviously, the silica mass ratio
has a direct influence on the effective permeability and
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Fig. 3. (Color online) SEM image (a) and the corresponding
EDS spatial elemental mapping of Fe (b), Si (c), C (d), Al (e)
and O (f) for the Fe-Si-Al particle insulated with 1.2 wt.% sil-
ica.

the quality factor. The u. decreases monotonically with
increasing silica mass ratio from 0 wt.% to 2.4 wt.%,
while the quality factor exhibits an increasing tendency.
For SMCs, the . is generally related with the thickness
and uniformity of the insulation layer coated on the
magnetic particles. Thick and uniform coating layer may
result in a low core density and thus leads to a strong
effective demagnetizing field within the core. Thus, a
remarkable decrease of the x. can be understood [15-17].
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Fig. 4. Dependences of the effective permeability and the
quality factor for the Fe-Si-Al SMC on the silica mass ratio.
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Similarly, it can be deduced that uniform silica insulation
layers have been successfully prepared, which led to
homogeneous intervals among the magnetic particles.
Meanwhile, the promotion of quality factor can also be
ascribed to the thickness and uniformity of the insulation
layers. The thicker the coating layer is, the higher quality
factor would be achieved. The maximum quality factor
can be reached for the core prepared with the silica mass
ratio of 2.4 wt.%. The enhancement of quality factor sug-
gests the decrease of the core loss. But the decrease of the
e usually implies the deterioration of the hysteresis loss.
Therefore, we should point out that the silica insulation
layer has effectively blocked the conducting path between
the magnetic particles, which weakens the eddy-current
loss of the Fe-Si-Al SMCs with increasing the insulating
silica content.

The dependences of the density and the resistivity of
the Fe-Si-Al SMC on the silica mass ratio have also been
investigated as given in Fig. 5. Clearly, the core’s density
exhibits the same variation tendency with the core’s p,
and the core insulated with 2.4 wt.% silica possesses the
lowest density. This is in line with the above-mentioned
deduction that thick coating layer results in a low core
density. It can be inferred that increasing the silica content
may make the surface of the insulated magnetic particles
much rougher and deteriorate their fluidity. Therefore, the
core’s density decreases, which may enhance the effective
demagnetizing field and cause the deterioration of the p.
and the hysteresis loss. Nevertheless when investigating
the volume resistivity of all the cores, a totally opposite
tendency can be observed. With the silica mass ratio
increasing, the coating layer on the surface of the mag-
netic particle would become thicker and thicker. Thick
silica coatings would effectively avoid the direct contact
of conductive Fe-Si-Al particles, resulting in a high volume
resistivity. It is of great significance to achieve lower
eddy-current loss at higher frequency [18]. The core
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Fig. 5. Dependences of the core’s density and resistivity on the
silica mass ratio.
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Fig. 6. (Color online) Percent permeability %, of the cores

prepared with silica of different mass ratios as functions of the
DC magnetizing field.

insulated with 2.4 wt.% silica possesses the relatively
highest volume resistivity.

Figure 6 shows the %gu. of the cores prepared with
silica of different mass ratios as functions of the DC
magnetizing field. The %, of all the cores decreases with
the applied DC magnetizing field. This is due to the core
approaching the magnetic saturation gradually with the
increase of the DC magnetizing field. Comparing the DC-
bias performances of all the cores, it can be found that
their dependences on the silica mass ratio are opposite to
that of the u.. The core prepared with 2.4 wt.% silica
whose %y, at 100 Oe is 88.02 % has the relatively best
DC-bias performance. These are all determined by the
effective demagnetizing field which can be reflected by
the core’s density [19].

Most importantly, the core loss at the frequency ranging
from 40 kHz to 120 kHz for the Fe-Si-Al SMCs prepared
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Fig. 7. (Color online) Core loss at the B, of 1000 Gs in the
frequency range of 40-120 kHz for the Fe-Si-Al SMCs pre-
pared with silica of different mass ratios. The scattered sym-
bols and the solid curves represent the experimental data and
the fitting results, respectively.
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Fig. 8. (Color online) Dependences of the coefficients (a) of the core’s hysteresis loss (k) and eddy-current loss (k;) on the silica
mass ratio. Fitted hysteresis loss and fitted eddy-current loss (b) in the frequency range of 40-120 kHz for the Fe-Si-Al SMCs pre-

pared with silica of different mass ratios.

with silica of different mass ratios should be studied. As
exhibited in Fig. 7, the loss for all the cores increases
significantly with the frequency. This can be attributed to
both the hysteresis loss and the eddy-current loss increasing
with the frequency. It can be seen clearly that with the
increase of the silica mass ratio, the core loss increases
gradually in the measuring frequency range of 40 to 120
kHz. Within such frequency range, the increase of total
loss is mainly originated in the increase of hysteresis loss,
which is obviously affected by the effective demagnetizing
field [19]. As mentioned above, the effective demagnetiz-
ing field for the SMC with fixed particle size distribution
is mainly affected by the density, which has the tendency
same as the core loss and opposite to those of the ..

To further explore the physical mechanism of the core
loss, the dependence of the core loss on the frequency at
the B, of 1000 Gs was studied by the loss separation
method. Generally, the core loss (P.,) of soft magnetic
material can be separated into three parts including hysteresis
loss (Py), eddy-current loss (P.) and residual loss (P,).
Hereinto, the P, is a combination of relaxation and
resonant losses of the core. It is important only at very
low induction levels and at very high frequencies and can
be excluded in power applications of the SMC [20].
Therefore, the core loss of the SMC mainly comprises the
Py, and the P, and is generally expressed by the Bertotti
formula:

Pcv:Ph+Pe:k1f+k2f2 (1)

where £ is the frequency and k; and k, are the coefficients
of the hysteresis loss and the eddy-current loss,
respectively [8, 14, 21]. Based on this equation, the loss-
separation fitting, as depicted by the solid curves in Fig.
7, was performed, from which k; and &, can be achieved.
Obviously, the fitting curves conform to the experimental
data (scatted symbols in Fig. 7) very well. Fig. 8(a) shows

the frequency dependences of k; and k,. They exhibit the
completely opposite variation tendencies. With the silica
mass ratio increasing from 0 wt.% to 2.4 wt.%, the core’s
density keeps decreasing. This leads to the enhancement
of both the effective demagnetizing field and the core’s
resistivity, thus results in the increase of the hysteresis
loss and the decrease of the eddy-current loss, respectively.

Based on the fitted k; and k», we can roughly under-
stand the variation trend of hysteresis loss and eddy-
current loss with silica mass ratio. According to the
Bertotti formula mentioned above, we can calculate the
fitted P, and P.. Fig. 8(b) compares the fitted P, and P, in
the frequency range of 40-120 kHz for the Fe-Si-Al
SMCs prepared with silica of different mass ratios. It is
obvious that in the frequency range of 40-120 kHz, the
proportion of hysteresis loss is much higher than that of
the eddy-current loss. This indicates hysteresis loss con-
tributes more in this frequency range. Therefore, it is
especially important to reduce the effective demagnetizing
field to reduce the total loss at the frequency lower than
120 kHz. With the increase of the silica mass ratio, the
eddy-current loss tends to decrease gradually. It can be
speculated that the amount of silica, as discussed above,
has a positive effect on reducing the eddy-current loss.
Considering that P, and P, are, respectively, proportional
to fand f % as the frequency increases, the eddy-current
loss will increase more significantly and overwhelm the
hysteresis loss at specific higher frequency. Increasing the
insulation coating amount to achieve a large thickness of
coating layer and a high core’s volume resistivity is an
effective route for reducing the eddy-current loss at high
frequency. However, an excessively high amount of
insulating substance would also cause a great decrease of
the core’s density and result in a sharp increase in the
effective demagnetizing field and the hysteresis loss.
Therefore, the balance between increasing the volume
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resistivity and keeping the effective demagnetizing field
in a low level, depending on the core’s applied frequency,
should be considered for reducing the loss of the SMC in
the future research and device design.

4. Conclusion

The Fe-Si-Al SMCs were prepared successfully by
coating a continuous and compact silica insulation layer
onto the surface of the gas-atomized Fe-Si-Al particles.
The dependence of the core's magnetic properties on the
addition amount of the silica nanoparticles was investi-
gated. The density was found to decrease with the silica
mass ratio, which was proposed to enhance the effective
demagnetizing field, thus results in the decrease of the p,
and the deterioration of the P,. Meanwhile, the volume
resistivity displayed a tendency of increasing with the
silica content. This caused the reduction of the P.. Loss
separation based on the Bertotti formula confirmed the
above-mentioned variation tendencies of the P, and P..
Although P. increases with the frequency more rapidly
than the Py, the P, was found to be much lower than the
Py, in the whole measuring frequency range of 40-120
kHz. This can be a guideline, that keeping the effective
demagnetizing field in a low level is the top priority to
reduce the SMC'’s loss at low frequency, while increasing
the volume resistivity is the key at high frequency.
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