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Abstract
In this study,  Fe77P6B10Si4Nb2Cr1 amorphous powder in the particle size range below 75 µm was synthesized using industrial 
raw materials by water atomization. Then the amorphous magnetic powder cores (AMPCs) were prepared from the mixture 
of the amorphous alloy powder with different contents of epoxy resin as insulation/bonding materials by cold pressing. After 
annealed at 673 K for 1 h, the evolution of the high-frequency properties for the FePBSiNbCr AMPCs with the epoxy resin 
contents was studied. The AMPCs showed excellent magnetic properties, including high effective permeability of 62–82 
with a high frequency stability up to 10 MHz, low core loss of 308–500 mW/cm3 at 100 kHz under the maximum magnetic 
flux density of 0.05 T, and superior DC-bias permeability of 62–72% at a bias field of 100 Oe. The development of Fe-based 
AMPCs with excellent soft magnetic properties is encouraging for future applications as functional materials.

1 Introduction

Due to the superior properties of high strength, excellent 
magnetic properties, abundant natural resources and low 
material cost [1–3], Fe-based amorphous alloys are attrac-
tive for engineering applications in electric and electronic 
devices, such as the switching power supply, transformers 
and electrical motors. However, the eddy current of the 
amorphous alloy ribbons increases the core loss largely at 
high frequency under an alternating current magnetic flux 
[4, 5], which cannot fulfill the development trend of high fre-
quency, miniaturization and high current for electronic com-
ponent, restricts their application fields. Electrical insulation 
is a crucial factor to reduce eddy current loss for the use 
of Fe-based amorphous alloys in applications. As a result, 
Fe-based amorphous magnetic powder cores (AMPCs), 
which are produced by the compaction of amorphous alloy 

powders that are insulated electrically with one another by 
organic and/or inorganic electrical insulating materials, have 
attracted much interest recently [6–9], because as one sort of 
soft magnetic composite, AMPCs also have the advantages 
of 3D isotropic magnetic fields, high permeability under a 
dc magnetic bias field, flexibility of design and assembly and 
low current loss [10–14]. FeSiB-based AMPCs are widely 
used and researched as the amorphous material exhibits 
excellent magnetic properties of low coercivity below 0.5 
Oe and high saturation magnetization above 170 emu/g [15]. 
However, due to the poor glass forming ability (GFA) of tra-
ditional Fe-based amorphous alloys, the amorphous powder 
was fabricated by crushing the corresponding amorphous 
ribbons, which has lots of edges and corners and is hard to 
insulate and compact perfectly, resulting in the increase of 
core loss [16–19]. Thus, spherical amorphous powder will 
be a great choice to reduce the eddy current loss between 
amorphous powders effectively for adapting to high fre-
quency application of AMPCs.

In the present work, we have investigated the effect of 
Si addition on the glass forming ability for the Fe-based 
 Fe77P6B14−xSixNb2Cr1 (x = 0–4) alloys, and found that the 
alloy for x = 4 exhibits the highest reduced glass transition 
temperature of 0.579, implying this alloy may exhibit high 
GFA, compared with the other alloys in this alloy system. So 
we choose the  Fe77P6B10Si4Nb2Cr1 alloy to prepare spheri-
cal and amorphous Fe-based powders by water atomization. 
The Fe-based AMPCs were prepared by cold pressing of 
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the amorphous powder using different contents of epoxy 
resin as organic binders, respectively. The characteristics of 
water-atomized FePBSiNbCr amorphous powder and the 
high-frequency magnetic properties of the compacted cores 
were investigated in details.

1.1  Experimental procedure

Multicomponent alloy ingots with the nominal composition 
of  Fe77P6B10Si4Nb2Cr1 were prepared by induction melting 
mixtures of industrial raw materials of pure Fe, Si and Cr, 
premelted Fe–P, Fe–B, and Fe–Nb ingots in a purity argon 
atmosphere. Metallic glassy powder was prepared by water 
atomization with the water pressure of 60 MPa. The char-
acteristics of the water-atomized powder was analyzed by 
X-ray diffraction (XRD) using Cu Kα-radiation, differential 
scanning calorimetry (DSC), vibrating sample magnetom-
eter (VSM) and scanning electron microscopy (SEM). Ther-
mal stability of the epoxy resin was examined by the thermo 
gravimetric analyzer (TG). The epoxy resin was dissolved 
with acetone in ultrasonic cleaner for 10 min. Subsequently, 
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 Fe-based AMPCs with an outer diam-
eter of 20.3 mm, an inner diameter of 12.7 mm and a height 
of 5.3 mm (Ф 20.3 × φ 12.7 × t 5.3 mm) were fabricated by 
cold pressing under a pressure of 1600 MPa at room tem-
perature. Then the compacted cores were annealed at 673 K 
for 1 h in vacuum to improve the soft magnetic properties of 
the cores. The effective permeability (µe) of the AMPCs was 
measured by an impedance analyzer with the contact elec-
trodes in two-terminal connection configuration. The core 
loss was measured by an AC B–H loop tracer. The dc-bias 
performance was measured by a wide frequency LCR meter. 
All the measurements were performed at room temperature.

2  Results and discussion

The room temperature XRD patterns of the water-atomized 
 Fe77P6B10Si4Nb2Cr1 powder with different particle size 
range are shown in Fig. 1. It can be seen that the diffrac-
tion pattern exhibits only one broad band centered at around 
2θ = 45°, and no distinct diffraction peaks of crystalline 
phases were observed for the powder below 75 µm, indicat-
ing that the water-atomized powder in the particle size range 
below 75 µm was almost fully amorphous phase with vol-
ume fraction of nanocrystals less than about 5% [20]. With 
the powder particle size increasing to larger than 75 µm, the 
XRD pattern exhibit sharp diffraction peaks superimposed 
on a halo pattern, indicating the coexistence of amorphous 

and crystalline phase [8]. In addition to soft magnetic phase 
of a-Fe, there are also have some diffraction peaks corre-
sponding to the  Fe3(B,P) and some unknown phase, which 
serve as pinning centers retarding movement of the domain 
walls, deteriorating the soft magnetic properties of the pow-
der cores [21, 22]. So in order to get excellent soft magnetic 
properties, in this work, the powder with particle size range 
below 75 µm is selected for preparing the Fe-based AMPCs.

Figure 2 shows the DSC curve of the water-atomized 
FePBSiNbCr powder below 75 µm. The curve shows two 
endothermic peaks due to Curie temperature (Tc) and glass 
transition temperature (Tg), followed by a distinct super-
cooled liquid region (∆Tx) and then crystallization. The Tc, 
Tg, the onset temperature of the first stage crystallization 

Fig. 1  XRD patterns of the water-atomized FePBSiNbCr powder 
with different particle size range

Fig. 2  DSC curve of the water-atomized FePBSiNbCr amorphous 
powder with the particle size below 75 µm. The inset shows the SEM 
micrographs of the powders
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(Tx), and the wide of ∆Tx are 580, 804, 850 and 46 K, 
respectively. A supercooled liquid region of 46 K indicates 
the high GFA of the FePBSiNbCr alloy, which provides the 
possibility of preparing the Fe-based amorphous powder by 
water atomization, as shown in Fig. 1. The inset in Fig. 2 
presents the surface morphology of the water-atomized 
FePBSiNbCr alloy powder with a particle size below 75 
µm. It can be seen that the powder features a very small 
grain diameter, smaller particles are spherical, and larger 
particles are flat with round edges. The spherical shape indi-
cates that the droplets have enough time to become spherical 
under the action of the surface tension. For the application 
of powder cores, the spherical-like amorphous powders 
are easy to insulate and compact compared with the ribbon 
breakage powders, which can reduce the eddy current loss 
produced when current flows through the core or individual 
metal grains, thus decrease the total core loss of the cores 
[6, 23]. No appreciable contrast revealing the formation of a 
crystalline phase was seen on the outer surface of any parti-
cles. However, on the surface of parts of particles, an oxide 
layer can be detected, the oxygen content of the Fe-based 
amorphous powder is about 1700 ppm. The relative low 
level of oxygen may increase the compositional complexity 
of atomic clusters, and thus the configuration entropy of the 
system [24], which is benefit for increasing the GFA of the 
alloy, resulting of the successful preparation of the Fe-based 
amorphous powder.

Figure 3 shows the hysteresis curve of the water-atom-
ized FePBSiNbCr amorphous powder smaller than 75 µm 
measured by VSM. The applied field is 1 T, in which the 
powder can be saturated magnetization. The amorphous 
powder shows good magnetic properties with a saturation 
magnetization of 135 emu/g and a coercivity of about 3 Oe. 
The magnetization is about 20% higher than the traditional 

FeSiAl metal powder [25], which is benefit for designing 
electric component to much smaller and powerful. Here, it 
can be emphasized that the FePBSiNbCr amorphous pow-
der with good soft magnetic properties can be successfully 
produced by water atomization.

The TG diagram of the epoxy resin with a heating rate of 
40 K/min is shown in Fig. 4. It can be seen that the weight 
loss at 623 and 673 K is only 2.92 and 9.58%, indicating 
that the epoxy resin decomposes slowly and exhibits high 
thermal stability. At the temperature between 673 and 773 K, 
the epoxy resin decomposes quickly, and the weight percent 
remains only for 30%. As we know, thermal treatment is an 
effective method to reduce the internal stress caused by cold 
pressing and improve the soft magnetic properties of the 
cores, while interparticle insulation is important to improve 
the high frequency magnetic properties of the cores [26, 
27]. So in order to reduce the internal stress while maintain 
the well electrical insulator layer of the powder cores, an 
annealing temperature of 673 K for the Fe-based AMPCs 
was selected in this work.

Figure 5 shows the frequency dependence of the effective 
permeability (µe) for the FePBSiNbCr amorphous powder 
cores, the contents of epoxy resin varies from 2 to 5%. The 
magnitude of excitation magnetic field for sinusoidal wave 
is 1 A/m. The µe of the Fe-based AMPCs decreases from 82 
to 62 with increasing the amount of epoxy resin. The reduc-
tion of µe is due to the decreases of core density, which is 
closely related to the packing density [28]. Meanwhile, the 
amorphous powder coated by nonmagnetic insulting materi-
als decrease the volume fraction of the magnetic fillers in the 
composite, provide the equivalent of a distributed air gap, 
and thus decrease the permeability. Moreover, the µ of the 
magnetic core can be defined as Eq. (1) [29]:

(1)� =
3 + (��-1)(3-3g)

3 + g(��-1)
≈ 3/g

Fig. 3  Hysteresis loop of the water-atomized FePBSiNbCr amor-
phous powder smaller than 75 µm Fig. 4  TG diagram of epoxy resin under nitrogen atmosphere
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where µʹ is the permeability of the magnetic powders, g 
is the content of the non-magnetic materials. According to 
Eq. (1), it is clear that the µ of soft magnetic powder cores 
is inversely related to the content of non-magnetic materials. 
Consequently, the µ of the Fe-based AMPCs tends to decline 
with increasing the amount of epoxy resin. It is noticed that 
the µe of the Fe-based AMPCs in this work is higher than 
the traditional Fe-based  Fe78Si9B13 amorphous powder cores 
and  Fe73.5Cu1Nb3Si15.5B7 nanocrystalline powder cores [18, 
30]. It can also be seen that all the cores show a stable per-
meability up to 1 MHz. When the content of epoxy resin 
increases to 5%, the core exhibits both high permeability 
of 62 and frequency stability up to 10 MHz, in which the 
permeability only decreases about 3%. The core is of high 
advantage to be used as components for electronic system, 
which requires a constant permeability up to the high fre-
quency region.

Figure 6 shows the frequency dependence of the core loss 
(Pcv) for the FePBSiNbCr amorphous powder cores with 
different epoxy resin contents. Generally, Pcv includes hys-
teresis loss (Ph), eddy current loss (Pe) and residual loss (Pr) 
[31, 32]. The residual loss is a combination of relaxation and 
resonant losses of the system, which is important only at 
very low induction levels and very high frequencies and can 
be ignored in power applications. Then, the Pcv of powder 
cores can be expressed as the sum of Ph and Pe, which can 
be expressed as Eq. (2) [7]:

where Kh and Ke are the coefficients for the hysteresis loss 
and the eddy current loss, and f represents the frequency. 
At low frequencies, Ph is the main core loss part and can 
be reduced by large particle size, higher purity of the soft 

(2)Pcv = Ph + Pe = Kh f+ Ke f 2

materials in the particles and stress relieving heat treatment 
[10]. Pe is dominant in high-frequency range as it is pro-
portional to the frequency squared and can be effectively 
reduced by appropriate insulation of the soft magnet pow-
ders. It is clearly that the Pcv has a tendency to decrease 
as the amount of epoxy resin increases. The core with 2% 
epoxy resin shows the Pcv of 500 mW/cm3 at 100 kHz for 
Bm = 0.05 T. With increasing the contents of epoxy resin to 
5%, the Pcv decreases to 308 mW/cm3, which is lower than 
the traditional Fe-based  Fe78Si9B13 amorphous powder cores 
[18]. The increase of the epoxy resin content means that the 
thickness of the insulating layer formed on the amorphous 
surface is thicker and decreases the probability of amor-
phous powder contact, that is, the electrical insulation of the 
amorphous powder is more sufficient, which results in the 
decrease of Pe, thus decreases the total Pcv.

The dc-bias field dependence of the percent permeability 
at 100 kHz, defined by the percentage of the permeability 
upon dc-bias field to the permeability in no dc-bias field, 
is shown in Fig. 7. It can be seen that the cores show supe-
rior dc-bias properties of higher than 62% permeability at 
H = 100 Oe, while the highest value for percent permeability 
of about 72% was obtained for the core with epoxy resin of 
5%. The air gaps in the cores increases with increasing the 
content of epoxy resin, which can pin the domain wall in the 
magnetizing process and prevent the propagation of domain 
movement between particles in the Fe-based AMPCs, then 
suppress the decrease of permeability, achieving the high 
percent permeability [33]. On the other hand, the well-dis-
tributed resin between the amorphous powders can sepa-
rate the powder electrically from each other, resulting in the 
reduction of eddy current loss in high frequency range and 
the stable permeability. The high percent permeability of 
over 62%, which is comparative to the traditional Fe-based 
 Fe78Si9B13 amorphous powder cores [18], implies that the 

Fig. 5  Frequency dependence of the effective permeability for the 
FePBSiNbCr amorphous powder cores with different contents of 
epoxy resin

Fig. 6  Frequency dependence of the core loss for the FePBSiNbCr 
amorphous powder cores with different contents of epoxy resin
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Fe-based AMPCs were not easily saturated under the applied 
magnetic field [34], and can be used to deal with the high 
output current in electrical power supplies.

3  Conclusions

Spherical-like Fe-based  Fe77P6B10Si4Nb2Cr1 amorphous 
powder was successfully produced by water atomization 
using low purity raw materials. Then the effect of epoxy 
resin content on the magnetic properties of the correspond-
ing Fe-based AMPCs was investigated. The AMPCs exhibit 
stable permeability up to 10 MHz and superior dc-bias prop-
erties more than 62% of percent permeability at H = 100 Oe. 
The electrical insulation between the powders by epoxy resin 
and good soft magnetic properties of the water-atomized 
Fe-based amorphous powder lead to the excellent high fre-
quency characteristics of the AMPCs.
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