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a b s t r a c t

Amorphous soft magnetic composites based on spherical Fe76Si9B10P5 amorphous powder made by gas
atomization and (NiZn)Fe2O4 nanoparticles dispersed in epoxy resin are investigated in details. Scanning
electron microscopy and energy-dispersive X-ray spectroscopy analysis revealed that the surface layer of
the amorphous powder consisted of (NiZn)Fe2O4 nanoparticles and epoxy resin with uniform surface
coverage. The samples composited with (NiZn)Fe2O4 nanoparticles have an significant enhancement of
permeability in comparison with uncoated ones. The permeability of the composite cores at 20 kHz is
101 with the addition of 2 wt% (NiZn)Fe2O4 nanoparticles, which was increased 44% as compared with
that of uncoated samples (70). In addition, it could be able to maintain a relatively low core loss of
1210 mW/cm3 (Bm ¼ 0.1 T, f ¼ 100 kHz). The compound Fe76Si9B10P5/(NiZn)Fe2O4 soft magnetic com-
posites with excellent soft magnetic properties provide great potential for expanding the application of
various electronic components like low frequency filters, DC output chokes and resonant inductors.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Fe-based amorphous alloys have attracted extensive attention
due to their excellent soft magnetic properties, which can be used
to fabricate the soft magnetic powder cores with high performance
[1e4]. However, due to the poor glass forming ability (GFA) of
traditional Fe-based amorphous alloys, most of Fe-based amor-
phous powder was fabricated by crushing the corresponding
amorphous ribbons [5e8]. Fe-based amorphous powder prepared
through such an approach has generally irregular corners and sharp
edges, and thus hard to compact and insulate. The undesirability of
electrical insulation for the edges and corners of the powder will
increase magnetic core loss and lead to unstable performance of
amorphous powder cores. Therefore spherical amorphous powder
will be a great choice for electrical insulation in the preparation of
amorphous soft magnetic composites (ASMCs). In our previous
work, Fe-Si-B-P amorphous alloy with excellent soft magnetic
iang), ctchang@nimte.ac.cn
properties and high GFA has been reported [9,10]. Therefore, the
spherical amorphous powder can be hopefully prepared by gas
atomization [11]. It will be more easily to form a uniform insulation
coating layer on the surface of the spherical amorphous powder,
and can reduce the core loss of ASMCs.

For high-frequency applications, it is necessary to improve the
electrical resistivity of amorphous powder by adding a suitable
electrical insulating material [12]. Insulating material can create a
thin layer on the surface of Fe76Si9B10P5 powders and separate them
from one another. Amorphous powders are usually insulated
electrically from each other by an organic and/or inorganic insu-
lation layer on the powder surface before cold pressing [13e16].
The addition of these nonmagnetic insulation materials will reduce
the permeability and the saturation magnetization of the soft
magnetic powder cores [17,18]. Therefore, it is not conducive to the
miniaturization of electronic components. However, ferrites have
unique properties such as very high electric resistivity, very low
eddy current losses and relatively high magnetic permeability
[19e21]. Thus, it should be an ideal insulatingmaterial for electrical
insulation between amorphous powders and maintain the soft
magnetic powder cores without any notable decrease in magnetic
properties.
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Fig. 1. XRD pattern and SEM image of the Fe76Si9B10P5 amorphous powders.
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In this paper, spherical Fe76Si9B10P5 amorphous powder was
successfully prepared by gas atomization. We have made carefully
design on the insulation layer on the surface of amorphous powder
and successfully realized the preparation of ASMCs by compositing
spherical Fe76Si9B10P5 amorphous powder with nano-(NiZn)Fe2O4
particles which were dispersed in epoxy resin. With this idea, we
can make the soft magnetic powder cores with better overall per-
formance to applications in the medium and high frequency fields
[22].

2. Experimental

2.1. Synthesis of Fe76Si9B10P5 amorphous powders particles by gas
atomization

Multicomponent alloy ingots with compositions of Fe76Si9B10P5
were prepared by induction melting the mixtures of pure Fe metal
(99.99 wt%), pure B (99 wt%) and Si (99.99 wt%) crystals, and pre-
alloyed Fe-P (99 wt%) alloy in a purified argon atmosphere.
Spherical Fe76Si9B10P5 amorphous powder was prepared by gas
atomization. The Fe76Si9B10P5 ingots were remelted under vacuum
in a quartz tube using an induction-heating coil, injected through a
nozzle with a diameter of 0.8 mm and atomized by high-pressure
argon gas with a dynamic pressure of 7 MPa.

2.2. Design of Fe76Si9B10P5 amorphous powder/(NiZn)Fe2O4

nanoparticles composite

Due to the small particle size, large specific surface area, higher
specific surface energy, which belongs to the thermodynamic
instability system, so the phenomenon of particle coagulation and
agglomeration are very easy to occur in the process of preparation
or application [23,24]. The traditional method of preparation of
magnetic powder cores cannot solve the problem of nanoparticles
agglomeration. When the amorphous powders were directly
compounded with the (NiZn)Fe2O4 nanoparticles by the grinding
method, the strength between them was not enough to be formed
in the subsequent process of cold pressing. Ultrasonic treatment is
an effective method to solve the problem of nanoparticles
agglomeration [25,26]. We designed that the (NiZn)Fe2O4 nano-
particles were firstly dispersed evenly in the epoxy resin by ultra-
sonic, and then the epoxy resin was coated on the surface of
amorphous powders. In this way, not only solved the problem of
nanoparticle aggregation, but also the resin was provided with
sufficient strength in the process of cold pressing.

2.3. Preparation of Fe76Si9B10P5 amorphous powder/(NiZn)Fe2O4

nanoparticles composite powder cores

The sieved Fe76Si9B10P5 amorphous powder with particle sizes
below 75 mmwere used to prepare the amorphous powder cores. In
acetone solution, the (NiZn)Fe2O4 nanoparticles were dispersed in
the epoxy resin by Ultrasonic cleaner for 10 min. The (NiZn)Fe2O4
nanoparticles have a purity of 99.9% and an average particle
diameter of 30 nm, supplied by Deke New Materials Co. Ltd. Sub-
sequently, the obtained amorphous powder was added to the
acetone solution and continuously stirring with glass rod until the
acetone solution volatile completely. The composite powder was
then dried for 30 min in an electric thermostatic drying oven.
Toroid-shaped Fe76Si9B10P5 amorphous powder cores with an outer
diameter of 20.3 mm, an inner diameter of 12.7 mm and a height of
5.3 mm were fabricated by cold pressing under a pressure of
1600 MPa at room temperature. Then the compacted cores were
annealed at 673 K for 1 h in vacuum atmosphere to reduce the
internal stress caused by pressing. The Fe76Si9B10P5 amorphous
powder cores without (NiZn)Fe2O4 nanoparticles coatings were
also prepared under the same conditions for comparison.

2.4. Characterizations

The characteristics of the gas-atomized powder were analyzed
by X-ray diffraction (XRD) using Cu Ka-radiation, differential
scanning calorimetry (DSC) and scanning electron microscopy
(SEM). The structure of the insulating layers on the surface of
amorphous powder was characterized using SEM coupled with
energy-dispersive X-ray spectroscopy (EDS). Permeability (m)
spectra were measured by an impedance analyzer (HP 4294A) from
1 kHz to 110 MHz with the contact electrodes in two-terminal
connection configuration. Core loss of the soft magnetic powder
cores was measured by an AC BeH loop tracer.

3. Results and discussion

3.1. The properties of Fe76Si9B10P5 amorphous powders

The XRD pattern of the Fe76Si9B10P5 powders was shown in the
Fig. 1. As seen in this figure, only a diffuse halo pattern typical for an
amorphous phase is seen, and no peak of a crystalline phase is
observed. It indicates that a glassy phase without crystallinity is
formed in the particle size range below 75 mm. Scanning electron
microscope image shown in Fig. 1 as a topmost inset suggests that
Fe76Si9B10P5 powder particles made by gas atomization method are
spherical in shape. Spherical amorphous powder is more favorable
for the uniform insulation coating, thereby reducing the eddy
current loss between the powders. Therefore, the application of the
amorphous composite magnetic powder cores in the middle and
high frequency can be greatly improved.

Fig. 2 shows the typical DSC curves of the gas-atomized Fe76S-
i9B10P5 ribbon and powders with a heating rate of 0.67 K/s in an Ar
atmosphere. The DSC curve of Fe76Si9B10P5 powders shows an
endothermic peak due to the Curie transition, and a glass transition,
followed by an extended supercooled liquid region and almost
single-stage of crystallization process, which means that the
simultaneous precipitation of many kinds of crystalline phase, in
agreement with that of the corresponding glassy alloy ribbon [9,10].
No appreciable difference in Tc, Tg, Tx, DTx, and crystallization pro-
cess is observed between the melt-spun ribbon and powders. Thus,



Fig. 2. DSC curves of Fe76Si9B10P5 ribbon and the gas atomized powder.
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indicating that the Fe76Si9B10P5 powders made by gas atomization
is completely amorphous [27].
3.2. Characterization of Fe76Si9B10P5 amorphous powder/(NiZn)
Fe2O4 nanoparticles composite insulating layer

SEM micrographs and EDS analysis of the Fe76Si9B10P5 amor-
phous powder cores with (NiZn)Fe2O4 nanoparticle addition after
polished were presented in Fig. 3. Elemental distribution maps of
the cross-section of composite amorphous powder cores after
curing were utilized to further characterize. It can be clearly seen
that element Ni (purple color) and Zn (yellow color) lie mainly
between the amorphous powder particles, and they almost exist in
the same position. It indicates that (NiZn)Fe2O4 nanoparticles can
be evenly dispersed in the epoxy resin by Sonication. Moreover, the
Fe76Si9B10P5 amorphous powder are isolated from epoxy resin
which modify by nano-(NiZn)Fe2O4 particles, which will improve
the insulating property between the Fe76Si9B10P5 amorphous
powders.
Fig. 3. SEM micrograph and EDS elemental distribution maps of the p
SEM micrograph of Fe76Si9B10P5 amorphous powder before
(Fig. 4(a)) and after (Fig. 4(b)) being mixed with 2 wt% (NiZn)Fe2O4
nanoparticles were shown in Fig. 3. Apparently, epoxy resin mixed
with (NiZn)Fe2O4 nanoparticles has completely and uniformly
covered on the surface of the Fe76Si9B10P5 powders. It should be
noticed that the addition of (NiZn)Fe2O4 nanoparticles does not
cause any defects or structural imperfection in the homogeneous
coating of epoxy resin on the surface of the amorphous powders,
which is the key to ensure the relatively low eddy current loss of
the amorphous powder cores. Moreover, the elemental distribution
maps in the Fig. 4 reveal that Ni and Zn are uniformly distributed on
the surface of the Fe76Si9B10P5 amorphous particles. A comparison
of the coverage of Ni or Zn with that of Fe, Si, and P indicates that
the (NiZn)Fe2O4 layer is thin [18]. Therefore, SEM and EDS
elemental distribution maps demonstrate that the Fe76Si9B10P5
powders were coated by a uniform and thin insulating layer, which
is composed of epoxy resin and (NiZn)Fe2O4 nanoparticles. The
distinctive and outstanding insulating layer on the surface of
amorphous powders is the key to fabricate ASMCs with excellent
performance.
3.3. Magnetic properties of Fe76Si9B10P5 amorphous powders/
(NiZn)Fe2O4 nanoparticles composite powder cores

It can be obviously seen from Fig. 5 that the permeability (m) of
composite powder cores has a great enhancement by adding (NiZn)
Fe2O4 nanoparticles, and with the increase the content of (NiZn)
Fe2O4 nanoparticles, the more m increase. The m at 20 kHz ranges
from 70 to 112 for all the composite samples. The mwas determined
from the inductance Ls of the ring samples using the following
relations [23]:

m ¼ Lsle
m0 N2Ae

(1)

Where Ls is the inductance of the sample core, N is the total number
of turns of the coil, m0 is the permeability of free space, Ae and le are
the area of cross-section and the mean flux density path of the ring
sample, respectively. The m response of the samples can in general
be explained in terms of different initial powders and their volume
fraction. The m strongly depends on the density, number of pores,
olished Fe76Si9B10P5/2 wt% (NiZn)Fe2O4 composite powder cores.



Fig. 4. SEM and EDS elemental distribution maps of Fe79Si9B10P5 powder being coated with (a) 0 wt % and (b) 2 wt% (NiZn)Fe2O4 nanoparticles respectively.
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non-magnetic phase, and magnetic anisotropy [24]. These param-
eters can impress domainwall displacement and spin rotation. Two
main types of magnetization processes may basically influence the
magnetic behavior of solid-state materials. In general, the disper-
sions caused by domain wall displacements occur in radio-
frequency range (below 10 MHz), and those caused by domain
rotations often appear in the microwave range (100 MHze10 GHz).
The measured spectra in our composite samples were closely
associated with the relaxation process of the domain wall motion
[25,26]. It is believed that the large increase of m is attributed to the
Fe76Si9B10P5/(NiZn)Fe2O4 nanoparticles micro-cellular structure,
such as both cell-body and cell-wall are ferromagnetic, the insu-
lating cell-walls distribute uniformly and the high densification
composite structure [27].
Fig. 6 shows the core loss versus frequency of Fe76Si9B10P5

amorphous composite powder cores at the induction level of 0.1 T
with different content of (NiZn)Fe2O4 nanoparticles. From this
figure, the total core losses (Pcv) of Fe76Si9B10P5 amorphous com-
posite powder cores slightly increases with raising the (NiZn)Fe2O4
nanoparticles content from 0 to 3wt%, which is not obvious relative
to the increase in permeability. The core loss versus induction (Bm)
of Fe76Si9B10P5 amorphous powder cores with different content of
(NiZn)Fe2O4 nanoparticles at 50 kHz can be seen in Fig. 7. Similarly,
with raising the (NiZn)Fe2O4 nanoparticles content, the Pcv of
Fe76Si9B10P5 amorphous composite powder cores increased
slightly. This has a great relationship with the composition of the



Fig. 5. Frequency dependence of the permeability for the Fe76Si9B10P5 amorphous
powder cores with different content of (NiZn)Fe2O4 nanoparticles.

Fig. 6. Core loss versus frequency of Fe76Si9B10P5 amorphous powder cores with
different content of (NiZn)Fe2O4 nanoparticles at the induction (Bm) level of 0.1 T.

Fig. 7. Core loss versus induction (Bm) of Fe76Si9B10P5 amorphous powder cores with
different content of (NiZn)Fe2O4 nanoparticles at 50 kHz.
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core losses and the insulation coating process.
The total core losses (Pcv) can be represented by the following

equation [14].

Pcv ¼ Ph þ Pe þ Pa (2)

In Eq. (2), Ph is the hysteresis loss, Pe is the eddy loss and Pa is the
residual loss. Residual losses are a combination of relaxation and
resonant losses. They are only important at very low induction
levels and very high frequencies and can be ignored in power ap-
plications [14]. So the total core loss of a magnetic device is the sum
of the eddy current losses and hysteresis losses.

At low frequencies the hysteresis loss is the main core loss part
and can be reduced by large particle size, higher purity of the soft
materials in the particles and stress relieving heat treatment.
Hysteresis loss can be expressed as Eq. (3) [14]: [28].

Ph ¼ f
I

HdB (3)

In Eq. (3), f is the frequency, H is magnetic field intensity, and B is
the flux density. The heat treatment procedure following the
compaction is the main step to reduce hysteresis loss.

Eddy current loss is due to electrical resistance losses within the
core caused by the alternating electric field. Eddy current loss can
be described as Eq. (4) [14]: [29].

Pe ¼ CB2f 2d2

r
(4)

In Eq. (4), C is the proportionality constant, B is the flux density, f is
the frequency, r is the resistivity and d is the thickness of the ma-
terial. The insulating coating of every particle gives very small eddy
current paths inside a particle and a relatively high resistivity of the
soft magnetic powder cores. The resistance of the ASMCs with the
increase of nano-(NiZn)Fe2O4 is 9.68, 2.65, 1.29 and 0.982 MU
respectively and has a slight decrease, but the overall resistance of
the AMCs remains at a higher value (MU). This was one of the
reasons for the little change on the core losses of the AMCs and the
core losses can still maintain relatively low value. Another reason is
that an excellent electro-insulating layer on the surface of Fe76S-
i9B10P5 amorphous powders consisted of (NiZn)Fe2O4 nanoparticles
and epoxy resin have completely separated the Fe76Si9B10P5
amorphous powders from each other. That will decrease the eddy
current loss between Fe76Si9B10P5 amorphous powders. In addition,
although an extra addition of nano-(NiZn)Fe2O4 particles will in-
crease the Pe and Ph of amorphous composite powder cores, but
they have high electrical resistivity and the content is trace, so the
contribution of (NiZn)Fe2O4 nanoparticles to the core losses is mi-
nor. Consequently, the Pcv of Fe76Si9B10P5/(NiZn)Fe2O4 composite
powder cores can maintain relatively low value [8,9,30,31].

4. Conclusions

ASMCs based on Fe76Si9B10P5 amorphous powders and (NiZn)
Fe2O4 nanoparticles dispersed in epoxy resin have been obtained.
The homogeneous dispersion of soft magnetic nano-(NiZn)Fe2O4

particles has greatly improved the permeability of the amorphous
composite powder cores. When the (NiZn)Fe2O4 nanoparticles
content reached 3 wt%, the permeability of the composite powder
cores increased markedly from 70 to 112, and the total core loss can
be maintained at a relatively low standard. The unique insulation
coating of Fe76Si9B10P5 amorphous composite materials provide us
with valuable inspiration to develop new Fe-based amorphous
powder cores with excellent magnetic properties of high perme-
ability and relatively low core losses.
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