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Soft magnetic composites (SMC) based on FeSiB amorphous alloys have been widely used in various electric

devices. However, the amorphous powders are difficult to press, and the prepared cores exhibit low mechanical

strength with high porosity. In this work, untreated and phosphated Fe powders with mean particle size of 70

μm were added into FeSiB powders with mean size of less than 25 μm to improve the performance of the SMC.

The FeSiB/Fe SMCs are fabricated by cold pressing. The results show that the amplitude permeability of

FeSiB/Fe SMCs increases with the increase of Fe content. However, the addition of untreated Fe powder leads

to increased magnetic loss. On the contrary, the addition of phosphated iron powder can not only enhance the

amplitude permeability but also effectively reduce the core loss. Hence, the addition of phosphated iron pow-

der provides a good way to modify the soft magnetic properties of FeSiB/Fe SMC for AC application.
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1. Introduction

Iron based amorphous powder cores with excellent soft

magnetic properties, including high permeability, high

electrical resistivity, low coercivity, and stress insensi-

tivity, are widely used for various electrical and electronic

devices with small size, light weight and high frequency

stability [1-3]. Recently, much effort has been devoted to

studying the processing and magnetic properties of vari-

ous kinds of Fe-Si-M powder cores [4] such as FeSiB,

FeSiNbBCu [5-7], FeSiCr [8, 9] and FeSiAl [10]. Com-

pared to FeSiNbBCu and FeSiAl powder cores, FeSiB

amorphous cores have simpler composition, better DC

magnetic properties, and higher saturation magnetization,

thus attracting much attention from both academic and

industry.

The preparation of FeSiB soft magnetic composites

(SMC) involves passive treatment [11], organic coating

[12, 13], mold forming [14] and annealing treatment [15,

16], etc. The initial FeSiB amorphous powders are too

brittle to compact into complex shape. The binder like

silicone is important for the core forming and for the

formation of an organic layer on the metallic powders.

Generally, a high silicone content can effectively increase

the resistivity of FeSiB amorphous powder, but it also

decreases the saturation magnetization and the mech-

anical strength. In addition, the curing temperature must

be lower than the decomposition temperature of organic

binder. The lack of high temperature annealing during

preparation may be one of the reasons for the low mech-

anical strength of FeSiB SMCs. On the other hand, FeSiB

SMCs have high porosity due to the huge difference in

thermal expansion coefficient between the organic binder

and the metallic powder. Hence, in the recent years, much

attention has been focused on increasing the density by

improving the compact technology and decreasing the

eddy current loss under high frequency for FeSiB soft

magnetic composite.

It was demonstrated that the properties of FeSiB SMCs

can be effectively enhanced by mixing FeSiB amorphous

powder with permalloy powder [17], soft ferrite [18], and

iron powder [19]. It was reported that addition of

permalloy powder [17] is helpful for compaction of the

FeSiB SMCs. The magnetic permeability of FeSiB SMCs

can be enhanced by adding permalloy powder, but the

eddy current loss increases with the increasing content of

permalloy powder. The high cost of permalloy powder

also increases the production cost of SMCs. Li et al. [18]

found that the addition of ferrite is beneficial for both

magnetic permeability and magnetic loss. Compared with
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FeSiB CMC, FeSiB SMC added with 2 wt.% (NiZn)Fe2O4

nanoparticles exhibited 44 % higher permeability and

maintained a relatively low eddy current loss under high

frequency. Kim et al. [19] reported that the SMC made

from the mixture of FeSiB amorphous powder and pure

iron powder exhibit high density and excellent magnetic

properties. However, adding pure iron powder was found

to results in an increase of magnetic core loss.

Considering the low cost and excellent engineering

properties such as low hardness, good compactability, and

superior magnetic properties, iron powder is indeed a

good addition for improving the combination of magnetic

properties of FeSiB SMC. Its magnetic loss, in particular

the eddy current loss, may be reduced by improving the

insulation of the powder. Hence, in this work, aiming to

improve both amplitude permeability and magnetic loss,

the effects of untreated and phosphated iron powders

additions on the soft magnetic properties of Fe/FeSiB

magnetic composites have been investigated.

2. Experimental

The gas-atomized FeSiB amorphous powders and the

pure reduced iron powders were used in this study. The

amorphous powder consists of 2.8 wt.% B, 5.5 wt.% Si,

and balanced Fe. The average size of the amorphous

powder is less than 25 μm. The purity of the Fe is over 99

wt.% with 0.008 wt.% C and 0.005 wt.% S. The average

size of the pure iron powder is less than 75 μm. The

silicone resin is used as binder agent. To prepare the SMC

cores, 3 wt.% silicon resin was firstly dissolved into 20

ml acetone solution. Both untreated iron powders and

phosphate iron powders were used for fabricating SMCs.

For phosphorization, 20 g iron powders were added to 3.0

wt.% phosphatic acid acetone solution (20 ml) and stirred

at room temperature for 30 minutes. The wet phosphatiz-

ed iron powders were washed repeatedly by deionized

water for two times and cleaned by alcohol. After that,

the cleaned phosphatized iron powders were dried at 120

℃ for 2 hours. For preparing SMCs, FeSiB amorphous

powders and untreated Fe powders or phosphated Fe

powders with various weight ratios were mixed in a ball

miller with a rotation speed of 120 r/min. The powder

mixture was stirred in the solution until the solution

completely evaporated. The powder mixture was put into

a vacuum oven and dried at 80 °C for two hours. Toroid-

shaped FeSiB composite powder cores with outer dia-

meter of 20 mm, inner diameter of 12 mm and height of 4

mm were prepared by cold pressing under a pressure of

1200 MPa. Finally, all composite cores were annealed

under argon atmosphere for an hour to release the internal

stress caused by pressing. Two distinction groups were

studied based on untreated iron powder and phosphated

iron powder.

The structure of the powder was analyzed by X-ray

diffraction (XRD) using Cu Kα-radiation. The morphology

and magnetic properties for the samples were analyzed by

the scanning electron probe microscopy (SEM) and

physical property measurement system (PPMS). The thermal

behavior was determined using differential scanning calori-

meter (DSC).

The amplitude permeability and the core loss of compo-

site powder cores were measured by a soft magnetic

alternating current test device (MATS-2010SA).

3. Results and Discussion

The XRD patterns for amorphous FeSiB powder and

reduced Fe powder are shown in Fig. 1(a). The FeSiB

pattern shows a diffuse peak confirming the amorphous

structure. The inset patterns for Fe powder has three sharp

and intense peaks at about 44.7º, 65.0º, and 82.4º, corre-

Fig. 1. XRD patterns of FeSiB amorphous powder and reduced iron powder (inset) (a), and DSC curve of FeSiB amorphous pow-

der (b).
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sponding to (100), (200), and (211) of α-Fe, respectively.

Fig. 1(b) shows the DSC curve of FeSiB powder. The

onset temperature of primary crystallization and final

crystallization temperature are about 773 K and 847 K,

respectively. Based on DSC result, the annealing of FeSiB

amorphous powder will be carried out at 723 K to avoid

crystallization.

The SEM images for FeSiB amorphous powders and

iron powders are shown in Fig. 2(a) and (b), respectively.

The iron powders exhibit a rough and irregular surface,

while the shape of most gas-atomized FeSiB amorphous

powders are spherical except some large particles, which

is suitable for core formation and protecting insulating

coating from breaking. As we know, the value of eddy

current loss is inverse proportional to the electrical re-

sistivity and proportional to the density of the materials

[20, 21]. To increase the electric resistance and reduce the

eddy current loss, chemistry treatment with phosphoric

acid was employed to modify the surface of the iron

powder. EDS image in Fig. 2(c) and (d) shows the distri-

bution of P element on the Fe powders after phosphating.

P is uniformly coated on the surface, indicating that

phosphating layer has been formed. It was reported by

Hsiang et al. [22] that when the concentration of the

phosphoric acid changed from 1 wt.% to 2 wt.%, the

thickness of inorganic insulation on carbonyl iron core

increased from 30 to 60 nm. The phosphorization can not

only increase the resistivity but also improve the inter-

action with silicon resin and iron powder.

The hysteresis loops for FeSiB amorphous powder and

Fe powder are shown in Fig. 3. Both powders exhibit

very good soft magnetic properties with very low coer-

civity. The saturation magnetization of FeSiB and Fe

powder are 158.6 emu/g and 187.5 emu/g, respectively.

The initial permeability of Fe powder is higher than that

of FeSiB powder.

Fig. 4(a) shows the frequency dependence of the

amplitude permeability a of the FeSiB/Fe SMCs with

various additions of untreated iron powder. The a,

measured at a periodic alternating magnetic field, can be

Fig. 2. (Color online) SEM images of FeSiB amorphous powder (a) and Fe powder (b). The microstructure (c) and P element EDS

mapping of the Fe powders after phosphating (d).
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expressed by

where 0 refers to vacuum permeability, Hm and Bm

corresponds to the peak value of magnetic field strength

and magnetic flux density, respectively, at any point on

the dynamic magnetization curve. All samples have stable

amplitude permeability in the frequency range between

10 and 100 kHz. The FeSiB amorphous powder core

without iron powder addition exhibits the amplitude

permeability around 27.9 under 100 kHz for 50 mT. The

amplitude permeability of the SMC increases from 36.3

to 46.7 with increasing iron powder content from 10 wt.%

to 30 wt.%. The increased a should be attributed to the

higher amplitude permeability of Fe powders than FeSiB

powders. However, Fig. 4(b) shows that the core loss also

increases with the iron powder content due to the

relatively low resistivity of Fe powders, which leads to

high eddy current loss.

The frequency dependences of the amplitude perme-

ability for various FeSiB/Fe SMCs are presented in Fig.

4(c). No significant decrease is observed in amplitude

permeability for the samples with and without phosphati-

zing, which demonstrates that the addition of phosphated

iron powder has no significant negative effect on the

amplitude permeability. The main reasons for the slight

a = 
Bm

0Hm

-------------

Fig. 3. (Color online) SEM images of FeSiB amorphous pow-

der (a) and Fe powder (b). The microstructure (c) and P ele-

ment EDS mapping of the Fe poThe hysteresis loops for

FeSiB amorphous powder and Fe powder.

Fig. 4. Frequency dependence of the amplitude permeability, and core loss for FeSiB amorphous powder cores with addition of

untreated iron powder ((a) and (c)) and phosphated iron powders ((b) and (d)).
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decrease of a can be explained based on non-magnetic

particle boundary model, which can be expressed by the

equation [23, 24], 

where D denotes diameter of particle,  is the distance

between adjacent magnetic particles, and i represents the

initial permeability of magnetic material. After phosphati-

zing treatment, a relatively uniform, dense and thin surface

[25] can be formed on the iron powder. The phosphating

surface is considered as the insulating layer, which can

separate the magnetic particles from each other to avoid

agglomeration. The separation of magnetic particles result

in a decrease of induced current, which reduces the eddy

current loss under high frequency. In addition, the insulat-

ing layer, regarded as a nonmagnetic film with certain

thickness of film, results in the increases distance  of

adjacent magnetic particle, which reduces the amplitude

permeability. In addition, two effects include loosening

effect and wall effect [26-28] are generally used to calculate

the packing density of powder in order to choose the

suitable ratio of coarse and fine powder ratio. In this

work, the particle size ratio of iron powder and FeSiB

amorphous powder is about 3.5. The fine FeSiB amorph-

ous powder can enter into porosities between coarse iron

powders under the pressure of 1200 MPa. Compared with

uncoated iron powder, the FeSiB/Fe SMC with phosphat-

ing treatment has higher density, demonstrating the re-

duced defects. This is also the reason why the amplitude

permeability only varied slightly after phosphating.

Fig. 4(d) shows the frequency dependences of the core

loss of the SMCs with various additions of phosphated

iron powder. The FeSiB amorphous powder cores with 20

wt.% addition of untreated and phosphatized iron powders

show a core loss of about 178 W/kg and 159.1 W/kg at

100 kHz for 50 mT, respectively. As we know, theoreti-

cally, the eddy current loss, which is dominant under high

frequency, can be effectively reduced by insulating treat-

ment. The eddy current loss can be divided into inter-

particle eddy current loss and intraparticle eddy current

loss. Compared with the mixture of uncoated iron powder

and FeSiB amorphous powder, the decrease of core loss

with phosphated iron powder addition can be explained

by the reduced contact of magnetic particle.

Table 1 shows the density and resistivity of the FeSiB/

Fe SMC with prepared with untreated and phosphate Fe

powders. Compared with FeSiB amorphous powder core

with untreated iron powder, FeSiB/Fe SMC with phos-

phated iron powder has higher density. As we know, the

fluidity of powder can be enhanced by the formation of a

continuous and smooth insulating layer. During the pro-

cess of cold pressing, the coarse particle and fine particle

with good fluidity are pressed tightly, which leads to an

increase in phosphatized Fe/FeSiB SMC. For the samples

with untreated Fe powder, the electrical resistivity decreases

with the increasing pure iron powder weight, due to the

lower resistivity of Fe than Fe-Si-B. Similar variation is

also observed for the samples added with phosphated Fe

powder. Compared to the samples without phosphori-

zation, the samples added with phosphate Fe powders

show higher resistivity due to the integrated inorganic

insulation formed on the iron powders.

4. Conclusion

The amplitude permeability of FeSiB SMC can be effec-

tively enhanced by adding untreated iron powder. Both

amplitude permeability and magnetic magnetization of

FeSiB/Fe SMC increased with the increase of iron powder

content. 30 wt.% Fe powder addition led to 62.3 % increase

in the amplitude permeability but also an increase in the

core loss. The addition of phosphated iron powder is

benefit for decreasing the core loss of Fe/FeSiB amorph-

ous powder and maintaining high amplitude permeability.

Compared with the SMC added with untreated Fe powder,

the FeSiB SMC with 20 wt.% phosphate Fe powder

exhibits 22.5 % decrease in the magnetic core loss at 100

kHz for 50 mT. The present results indicate that adding

phosphated Fe powder is a good approach to improve the

performance of FeSiB SMC.
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