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Abstract
Amorphous powder cores based on spherical (Fe0.76Si0.09B0.1P0.05)99Nb1 amorphous powder and their SiO2 layer prepared

by in situ coating insulation process were investigated in detail. These cores were characterized by scanning electron

microscopy and X-ray diffraction analyses, and the results revealed that the surface layer of the amorphous powder was

composed of SiO2 with uniform surface coverage. The thickness of the SiO2 insulating layer could be controlled by

adjusting the tetraethyl orthosilicate (TEOS) content. By cold-pressing with epoxy resin under a pressure of 1800 MPa, a

ring powder core with an outer diameter of 20.3 mm, inner diameter of 12.7 mm, and height of 5.3 mm was prepared. The

FeSiBPNb composite core showed its best properties when the TEOS content was 2 mL/g (the volume of TEOS for each

gram of (Fe0.76Si0.09B0.1P0.05)99Nb1 amorphous powder, mL/g), which showed good relative permeability in the high-

frequency range of up to 10 MHz and a low core loss of 320 W/kg under the maximum magnetic flux density of 0.1 T and

frequency of 100 kHz.

Keywords Soft magnetic composite � Core loss � Relative permeability � In situ chemical deposition � Amorphous powder

1 Introduction

Fe-based amorphous alloys have attracted widespread

attention in the last two decades due to their excellent

magnetic properties, which facilitate their application in

the fabrication of soft magnetic powder cores with

remarkable relative permeability (lr), high saturation

magnetization (Ms), and low coercive force (Hc) [1–6].

These advantages help mitigate energy consumption and

noise pollution, and hence, this class of alloys has wide

potential for application to transformers, generators, and

electrical equipment in the high-frequency range [7–11].

Recently, a new Fe-based bulk glassy magnetic alloy,

(Fe0.76Si0.09B0.1P0.05)99Nb1, which had a high Ms value,

strong glass-forming ability (GFA), and excellent magnetic

properties, was developed [12, 13]. Such high GFA may

allow researchers to produce spherical glassy alloy pow-

ders by gas atomization [14]. Moreover, a uniform insu-

lating coating layer can be easily created on the surface of

spherical amorphous powder, which can reduce the core

loss of soft magnetic cores.

Three components make up the core loss: eddy current

loss (Pe), hysteresis loss (Ph), and residual loss (Pr). For

high-frequency applications, it is necessary to decrease the

core loss while improving the efficiency of energy con-

version [15, 16]. At high frequencies, the eddy current loss

is the major core loss component, which may be lowered if

there is good electro-insulation between particles. Usually,

organic or inorganic insulating materials are deposited on

the surface of the powder prior to cold-pressing, so that a
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thin layer of an insulating material can be formed and the

particles are electrically separated from one another

[17–19].

The present work aims to obtain the optimal insulating

effect. SiO2, which has high electrical resistivity, was used

as the insulating layer to prepare soft magnetic composites

(SMCs) [20, 21]. However, as a kind of inorganic materi-

als, SiO2 is nonmagnetic and thus will reduce magnetic

induction. Therefore, it is very important to achieve a

balance between low core loss and high magnetic induction

by controlling the amount of insulation material. Conven-

tional high-energy ball milling is a convenient method in

this regard, but it destroys the sphericity of the particles

and introduces impurities from the milling balls [22, 23]. In

order to solve this problem, in this work, SiO2 was first

coated on spherical (Fe0.76Si0.09B0.1P0.05)99Nb1 amorphous

powders through in situ chemical deposition. Then, SMCs

were prepared by combining the FeSiBPNb@SiO2 core–

shell particles with epoxy resin to generate a double core–

shell insulating layer, which is crucial to ensure that the

eddy current loss in the amorphous powder cores (APCs) is

relatively low. The thickness of the SiO2 insulating layer

was regulated in order to ensure the optimal conditions,

and the magnetic properties were analyzed in detail.

2 Experimental

2.1 Synthesis of FeSiBPNb amorphous powders
via gas atomization

The (Fe0.76Si0.09B0.1P0.05)99Nb1 alloy ingot was produced

by induction melting of a mixture of Fe, Si, B, Nb, and pre-

alloy Fe3P ingots in a pure argon atmosphere. The

atomization method under a high-pressure gas atmosphere

was applied to fabricate amorphous metallic powders. The

ingot was melted again in a quartz tube by using a vacuum

induction heating coil. The ingot was introduced into the

quartz tube by means of a nozzle with 0.8 mm diameter

and atomized by high-pressure argon with a dynamic

pressure of 7 MPa.

2.2 Design of amorphous FeSiBPNb@SiO2

composite particles

The FeSiBPNb amorphous powder sieved to a particle

size of less than 75 lm was used for the following

experiments. Tetraethyl orthosilicate (TEOS, 98 wt%),

3-triethoxysilypropylamine (APTES, 99 wt%), and aque-

ous ammonia (28 wt%, laboratory grade) were bought

from Aladdin Industrial Corporation, China. All the

chemicals were of analytical grade and used without

further purification. In the coating process, 25 g of

amorphous (Fe0.76Si0.09B0.1P0.05)99Nb1 powder, 2 mL

APTES, and 5 mL deionized water were stirred for 1 h at

50 �C and dispersed in 200 mL of absolute ethanol. Then,

the reaction temperature was increased to 60 �C with

2 mL aqueous ammonia (25 wt%) and put into TEOS

with contents of 1, 2, and 3 mL/g. After washing with

absolute ethanol multiple times, the suspension was dried

at 60 �C for 24 h.

2.3 Preparation of FeSiBPNb amorphous
composite powder cores

The amorphous composite powder core was produced by

using the FeSiBPNb@SiO2 core–shell particles mentioned

above. Ultrasonic cleaning in acetone solution was per-

formed for 10 min to disperse the amorphous core–shell

particles in the epoxy resin. The weight percentages of

FeSiBPNb@SiO2 and epoxy resin were 97 and 3%. Sub-

sequently, stirring using glass rods was carried out until the

acetone solution evaporated. The composite powder was

dried at 70 �C for 30 min in an electrothermal constant-

temperature drying furnace. Then, the coating of SiO2 and

epoxy resin on the amorphous powder was achieved.

The composite powder mixture was used to compact

toroid cores with outer and inner diameters of 20.3 and

12.7 mm, respectively, at 1800 MPa. Then, the toroid

cores were annealed at 400 �C for 1 h to reduce the internal

stress caused by cold-pressing. For comparison, FeSiBPNb

APCs with 1, 2, and 3 mL/g TEOS were produced under

similar conditions.

2.4 Characterization

X-ray diffraction (XRD) analysis with Cu Ka radiation, as

well as scanning electron microscopy (SEM) and differ-

ential scanning calorimetry (DSC), was carried out to probe

the features of the gas-atomized powder. Impedance

spectroscopy (HP 4244A) was used to measure the relative

permeability spectrum from 10 kHz to 110 MHz. The DC

bias field performance was evaluated using an Agilent

4980A system, and an AC B–H loop tracer was used to

determine the losses of the soft magnetic powder core.

3 Results and discussion

Figure 1a, b presents the XRD patterns of the FeSiBPNb

amorphous powders during in situ chemical deposition.

Only the typical diffusion halo pattern due to the amor-

phous phase was observed, while no crystal phase peak was

observed. This result shows that particles with sizes below

75 lm form a glassy phase without crystallinity. The XRD

profile of the raw chemical SiO2 deposit (Fig. 1c) showed
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an almost horizontal line, which indicated that the depos-

ited SiO2 was amorphous. Moreover, the deposits formed

on the surface of the FeSiBPNb amorphous particles should

be amorphous SiO2 phases. All these results were consis-

tent with the literature data [22].

The SEM image of the raw powder in Fig. 2a suggests

that the amorphous FeSiBPNb-atomized powder is spher-

ical. Uniform coating of the powder with the insulating

material would help mitigate eddy current losses between

the particles. The surface of the raw FeSiBPNb alloy par-

ticles was clear and flat, but became rougher after the

in situ chemical deposition. Thus, the performance of the

amorphous composite magnetic powder core will be

greatly improved for use in the medium- and high-fre-

quency applications. The FeSiBPNb@SiO2@epoxy resin

doubly insulated composite powders are presented in

Fig. 2b. An epoxy resin coating layer is generated on the

outer surface of the SiO2 insulating layer. The epoxy resin

also results in agglomeration of the particles, as seen in the

SEM images. Figure 2c–e shows SEM images of the

FeSiBPNb particles after in situ chemical deposition with

TEOS contents of 1, 2, and 3 mL/g, respectively. Appar-

ently, a uniform and thin insulating layer appears on the

particle surface after in situ chemical deposition. Adjusting

the TEOS content can help in regulating the thickness of

the amorphous SiO2 layer. As revealed by Fig. 2f–h, with

an increase in the TEOS contents from 1 to 3 mL/g, the

thickness of the SiO2 layer increased from 148 to 305 nm.

A distinct and high-quality insulating layer on the surface

of the amorphous powders would be vital for fabricating

SMCs with desired properties.

Figure 3 illustrates the frequency dependence of the lr
of cores produced using different amounts of TEOS and

3 wt% epoxy resin. The lr strongly depends on the non-

magnetic material content. It can be concluded from Fig. 3

that the lr of the cores decreases with further increase in

the SiO2 content, as the lr decreases from 53 to 44 when

the TEOS content increases from 1 to 3 mL/g. The for-

mation of a SiO2 layer on the FeSiBPNb amorphous

powders may reduce the lr, while the stability can be

improved. All the cores with a steady lr to 10 MHz are

well suited applicable for use in components for electronic

systems, which require a consistent permeability at very

high frequencies.

The core loss refers to the power absorbed by a core

under the prescribed time-varying magnetic field. Further,

the core loss is known to consist of Ph, Pe, and Pr [19]. The

total loss (Pcv) can be expressed as follows:

Pcv ¼ Ph þ Pe þ Pr ð1Þ

The Pr is significant only at very low induction levels

and at very high frequencies, so it can be ignored in power

applications. Thus, Ph and Pe account for most of the core

loss. Figure 4 reflects the frequency dependence of the core

loss. At 25–39 kHz, the Pcv increases with an increase in

TEOS content, because high amounts of SiO2 lead to a high

Ph rate in the low-frequency range. On the other hand, the

Pe is dominant in the high-frequency range, and it may be

efficiently decreased through proper insulation of the

magnet powder cores. Thus, the Pcv of the sample prepared

with 1 mL/g of TEOS is larger than that of the 2 mL/g at

39 kHz; the core with 2 mL/g of TEOS shows the smallest

loss among the three samples at frequencies above 39 kHz.

The cores with 1 or 2 mL/g of TEOS show core losses of

approximately 350 and 320 W/kg, respectively, at 100 kHz

for Bm = 0.1 T. Furthermore, the cores produced using

powders with 3 mL/g of TEOS exhibit the largest Pcv in

the testing frequency range.

Figure 5 shows the lr percentage retained under a DC

bias field at 100 kHz, which is defined as the ratio of

permeabilities in the presence and absence of a DC bias

field. These three cores retain over 70% of their lr under a
field of 7962 A m-1, indicating excellent DC bias perfor-

mance. The well-distributed SiO2 and epoxy resin on the

amorphous powders can electrically separate the particles

from one another, leading to high permeability retention.

This result also implies that it is not so easy for the APCs to

be saturated at a low applied magnetic field and might be

applied to process the high output current in the power

supply.

The magnetic properties of different powder core sam-

ples at 100 kHz are compared in Fig. 6. Although the DC

bias of an FeSiB powder core is high, its lr is low at

100 kHz [24]. Compared to other powder cores [25–28],

Fig. 1 XRD patterns of raw FeSiBPNb amorphous powder (a), in situ

chemically deposited particles with a TEOS content of 2 mL/g (b),

and raw chemical SiO2 deposit (c)
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the core in this work shows better DC bias performance in

a similar lr range. In addition, an FeCuNbSiB powder core

with a size of 250–850 lm has high lr but a low DC bias at

100 kHz [29]. In summary, the FeSiBPNb APCs coated

with a SiO2 layer shows superior performance in terms of

lr and DC bias in the high-frequency range.

4 Conclusions

1. FeSiBPNb APCs shows low loss in various frequency

ranges. When the core is applied in the high-frequency

range, the chemical coating with 2 mL/g TEOS is

optimal.

2. With decreasing TEOS content, the thickness of the

SiO2 layer decreases and the lr of the cores increases.

3. The magnetic cores exhibit excellent DC bias charac-

teristics and maintain over 70% of the original lr at
7962 A m-1 outfield. The as-prepared intergranular

insulated FeSiBPNb composite cores are expected to

noticeably improve the energy conversion efficiency

and reduce the energy consumption in electromagnetic

switching devices.

Fig. 2 SEM images of raw amorphous FeSiBPNb particles (a) and FeSiBPNb@SiO2@epoxy resin doubly insulated composite powders (b),
surface and cross-sectional images of FeSiBPNb@SiO2 particles obtained via in situ chemical deposition with TEOS contents of 1 mL/g (c, f),
2 mL/g (d, g), and 3 mL/g (e, h)
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