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ABSTRACT

To study the magnetic loss of electronic devices in high-frequency applications,

Fe–Si–B magnetic powder cores coated with Al2O3 or phosphoric acid–alumina

composite coating were prepared. In this paper, the effects of nano-Al2O3

powders and phosphoric acid with different contents on magnetic properties

such as magnetic loss and permeability of magnetic materials were investigated.

In addition, three kinds of amorphous Fe–Si–B powders (D50 = 21.78 lm,

11.59 lm, 5.554 lm) were mixed to find the best particle size ratio. The results

show that the coating of mixture of 0.8 wt% phosphoric acid and 0.2 wt% Al2O3

achieves excellent magnetic properties (l0 = 22.34; Pcv = 205.4 mW/cm3 mea-

sured at 1000 kHz, 20 mT) with a particle size ratio of 2:6:2.

1 Introduction

Fe-based amorphous magnetic powder composites

(SMCs) have attracted wide attention of researchers

because of their low cost [1], high permeability [2],

high saturation magnetization [3], especially the low

eddy current loss of high frequency [4]. In the

preparation process of magnetic powder core, insu-

lating coating is an effective method to reduce eddy

current loss. The surface of magnetic powder is

coated with an insulating material which can block

the direct contact between magnetic powder particles

at high frequency, thus reducing the eddy current

loss between particles. Commonly used coating

agents can be divided into organic coating agents and

inorganic coating agents. Organic coating agents such

as epoxy resin [5] and phenolic resin [6] have been

widely used because of their excellent adhesion, but

the low temperature stability of organic compounds

limits their application range. Therefore, high-tem-

perature resistant inorganic coating agents, such as

Al2O3 [7], SiO2 [4, 8] and ZrO2 [9], have been used in

the preparation process of partial high temperature

annealing. Furthermore, passivation by phosphoric

acid [10] and direct addition of carbonyl iron [7, 10]

or Ni–Zn [11, 12] ferrite with high magnetic
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permeability are also hot spots of current research.

Therefore, SMCs with low magnetic loss can be

obtained using one or more inorganic coating agents.

Besides the influence of the coating material on

magnetic powder loss, the original particle size of the

material also affects the final molding density and the

properties of the sample after annealing [13, 14]. With

the increase of the particle size of magnetic powder,

the permeability between powder increases, while

SMCs with the same composition and small particle

size have better stability and lower high frequency

magnetic loss [15–17].

Due to the above characteristics, amorphous mag-

netic powders are widely used in magnetic powder

cores, inductive devices, microwave absorbing

materials [18, 19] and other fields, and has high

research value. At present, although there have been

studies on adding phosphoric acid [10] or Al2O3 [7]

separately in the process of preparing amorphous

magnetic powder cores, generally only one of them is

involved and the experiment on particle size distri-

bution is rarely mentioned, which leads to imperfect

experimental results. In this experiment, Al2O3 and

phosphoric acid–alumina double-layer coating agents

were added to prepare magnetic powder cores,

respectively. By comparing the coating results of

single layer and double layer, the best additive

amount of comprehensive performance could be

found. Phosphoric acid and Al2O3 were selected

because of their low cost and good coating effect. This

is why they are widely used in industrial production.

There are many holes in phosphate on the surface of

the powder passivated by phosphoric acid, which is

beneficial to the addition of Al2O3. In addition, to

study the influence of powder particle size and its

ratio on magnetic powder core, three kinds of Fe–Si–

B powders with different particle sizes were mixed in

a certain proportion, and the influence of particle size

ratio on the magnetic properties of the samples was

studied.

2 Experimental details

The gas atomized spherical powders of Fe–Si–B

(AMP-2, Tiz-Advanced Alloy Technology Co., Ltd,

Fujian province, China) with three different particle

sizes (X1: D50 = 21.78 lm; X2: D50 = 11.59 lm; X3:

D50 = 5.554 lm) were used in this experiment. The

specific chemical composition and laser particle size

distribution are listed in Table 1. Besides, nanometer

Al2O3 powders with a particle size of 200 nm were

also used in the experiment. The overall schematic

diagram of the experiment is shown in Fig. 1. First,

0.2 wt%, 0.4 wt%, 0.6 wt%, 0.8 wt%, 1.0 wt%, 1.2 wt%

and 1.5 wt% of alumina powders were added to 20 g

X1 powder respectively and mixed thoroughly for

5 min. Then a certain amount of silicone resin dis-

solved in ethanol was added to enhance cohesive-

ness. After stirring for 10 min and drying at low

temperature, the composites were evenly mixed with

0.5 wt% zinc stearate and pressed into a magnetic

ring (outer diameter = 14.00 mm; inner diame-

ter = 7.90 mm; thickness = 3.50 mm). At last, under

the protection of nitrogen atmosphere, the finished

ring was got after annealing at 480 �C for 1 h to

eliminate the internal stress.

The process of double coating was similar to the

above experiment, but before adding Al2O3, the

amorphous powders needed to be passivated by

adding phosphoric acid dissolved in absolute ethanol

at 55 �C, and then nano-alumina powders were

added after stirring and drying. The specific amount

of phosphoric acid and Al2O3 depended on the pre-

vious experimental results. Similarly, 1 wt% of sili-

cone resin dissolved in ethanol was added, and after

stirring for 10 min and drying, the composites were

evenly mixed with 0.5 wt% zinc stearate and pressed

into a magnetic ring. Finally, the magnetic ring was

placed in nitrogen atmosphere and annealed at 480

�C for 1 h to obtain the final product.

The phase spectrum of amorphous magnetic cores

was examined by X-ray diffraction (XRD, SmartLab)

with Cu Ka radiation. The surface morphology of the

sample was characterized by the scanning electron

microscopy (SEM) model on an electron beam

lithography system (EBL, Zeiss SIGMA500). Last, the

magnetic properties like permeability and static

hysteresis loop of the sample were measured by a

B-H/l analyzer (SY-8258).

3 Results and discussion

3.1 Al2O3 insulation coating only

Firstly, the effect of Al2O3 on the high frequency

magnetic loss of the sample is studied. Figure 2

shows the curve of magnetic loss of magnetic powder

coated different contents of Al2O3 with frequency.
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Obviously, with the increase of frequency, the loss of

magnetic rings rises rapidly. The raw material of X1

powder has the biggest loss of 806 mW/cm3, never-

theless, rings coated with 1.0 wt% Al2O3 only own

532.7 mW/cm3 measured at 1000 Hz, with a decrease

of 33.9%. Adding more than 1.0 wt% Al2O3 will not

further reduce the loss, on the contrary, more Al2O3

coating will increases the loss of the magnetic ring.

Similarly, the permeability of magnetic rings is

tested and showed in Fig. 3. The real part of perme-

ability decreases from 26.01 at 0 wt% to 20.96 at 1.5

wt% while the imaginary part of permeability also

falls distinctly. The decrease in the former is largely

due to an increase in nonmagnetic materials Al2O3.

However, regardless of the content, the true perme-

ability of the sample decreases only slightly (less than

1%) when the frequency increases from 100 kHz to

1 MHz, demonstrating the excellent frequency sta-

bility of the magnetic ring. At the same situation, the

imaginary part of permeability increases constantly

with frequency. It is very small compared to the true

permeability, only about 1–2% of latter.

3.2 Coated with phosphoric acid–alumina
double layer

Based on the results of the above experiment, 0.8 wt%

and 1.0 wt% are selected as the total contents of the

double layer of phosphoric acid–alumina. Figure 4

shows the variation curves of magnetic loss of sam-

ples with frequency in two cases. Compared with the

case of Al2O3 coating only, the magnetic loss of the

double-coated magnetic ring at high frequency is

obviously reduced. In these two cases, the best

magnetic loss properties are 0.8 wt% phosphoric acid

Table 1 Chemical composition and laser particle size distribution of Fe–Si–B powder

AMP-2 Chemical composition Laser particle size distribution (lm)

Item Si B Fe O C D10 D50 D90

X1 Results (wt%) 3.0–6.0 3.0–6.0 Balance 0.2102 0.5403 8.125 21.78 54.02

X2 3.0–6.0 3.0–6.0 Balance 0.2511 0.5193 4.358 11.59 28.54

X3 3.0–6.0 3.0–6.0 Balance 0.4388 0.5439 2.323 5.554 10.96

Fig. 1 The overall schematic diagram of the experiment

Fig. 2 Magnetic loss of magnetic powder coated different

contents of Al2O3 varies with frequency at a magnetic flux

density of 20 mT
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coating, 0.8 wt% phosphoric acid and 0.2 wt% Al2O3

composite coating, respectively. Under the magnetic

flux density of 20 mT and frequency of 1 MHz, their

magnetic losses are 427.3 mW/cm3 and 406 mW/

cm3, respectively, which are reduced by 47.0% and

49.6% compared with the original powder. As shown

in the Fig. 4, the magnetic loss performance of the

magnetic ring coated with phosphoric acid is better

than that of the magnetic ring coated with Al2O3,

which may be caused by the inevitable oxidation of

the sample surface during the preparation process.

However, the phosphoric acid coating formed a

dense passivation layer on the sample surface in the

first step, which effectively preventing the oxidation

of air and retaining good magnetism.

Likewise, the magnetic permeability of magnetic

ring is also studied as another important magnetic

performance index in Fig. 5. In Fig. 5a, c, although

the content of total nonmagnetic substances added in

the two cases is constant, the permeability is different

with different addition ratios. Compare Figs. 4 and 5,

higher magnetic loss usually means higher magnetic

permeability of the sample. The imaginary part of the

permeability of the sample is shown in Fig. 5b and d,

respectively. Like the single coating, their values are

small, which indicates an excellent quality factor of

the sample. According to the results of the above

experiments, the magnetic rings coated with 0.6–0.2

wt% and 0.8–0.2 wt% phosphoric acid–alumina have

the best comprehensive magnetic properties.

Fig. 3 The real (a) and imaginary parts (b) of permeability of Fe–

Si–B amorphous powder coated with Al2O3 with different mass

fraction

Fig. 4 The change of magnetic loss with frequency of magnetic

ring with flux density of 20 mT and total content of a 0.8 wt%, and

b 1.0 wt%

292 Page 4 of 12 J Mater Sci: Mater Electron (2023) 34:292



3.3 Effect of particle size distribution
on magnetic properties of samples

In this experiment, the purpose of using atomized

spherical powder is to make it easier to study the

maximum density of spheres. Figure 6a–c show the

electron microscopy pictures of three powders with

different particle size. It can be clearly found in the

figure that although the three powders are different

in size, they are all spherical with smooth surface,

which is also the basis of follow-up experiments. The

coating conditions of phosphoric acid alone, double

coating and mixed particle size are shown in Fig. 6d,

e, and f respectively. Compared with the original

powder, the surface of the sample coated with

phosphoric acid is obviously rough, which is due to

the passivation reaction between phosphoric acid and

iron powder, resulting in the formation of phosphate

on the particle surface. In Fig. 6f, the uniform

distribution of spheres with different sizes also

proves the feasibility of particle size distribution.

Figure 7 shows XRD pattern of raw materials

powder with three different particle size after

untreated and annealed at 480 �C for 1 h. It can be

clearly found in the figure that the treatment tem-

perature of 480 �C has little effect on the crystalliza-

tion of amorphous powder, which indicates that the

annealing temperature has no obvious damage to the

cladding layer, and the effect of direct contact of

powder on the magnetic properties of the sample is

excluded.

Firstly, the raw powder is analyzed. Only 1.0 wt%

silicone resin is added to increase the cohesiveness,

and the three powders are pressed and molded. The

data after annealing is shown in Table 2. The density

is measured by Archimedes drainage method. With

the decrease of the particle size of the powder, the

magnetic loss of the sample is greatly reduced, but at

Fig. 5 The real (a) and imaginary parts (b) of permeability of Fe–

Si–B amorphous powder coated with phosphoric acid–alumina

double layer of a total content of 0.8 wt%; the real (c) and

imaginary parts (d) of permeability of Fe–Si–B amorphous

powder coated with phosphoric acid–alumina double layer of a

total content of 1.0 wt%
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the same time, the permeability is also decreased a

lot. In order to get the desired sample, it is also the

purpose of this experiment: to reduce the magnetic

loss of the magnetic ring while keeping the perme-

ability of the sample as much as possible. Therefore,

samples mixed with these amorphous powders of

different particle size are prepared. According to

known research [20], 80% of the powder with large

particle size and 20% of the powder with small par-

ticle size can achieve the ideal bulk density and

magnetic properties. Although some other research

results on particle size distribution are somewhat

different [21, 22], the scheme focusing on larger par-

ticle size powder is generally accepted. For this rea-

son, the powder with the smallest particle size (X3)

Fig. 6 The electron microscopy pictures of a X1, b X2, c X3

amorphous powder, d X1 powder coated with 0.8 wt% phosphoric

acid, e X1 powder coated with 0.8–0.2 wt% phosphoric acid–

alumina, and f the powder with ratio of 2:6:2 coated with 0.8–0.2

wt% phosphoric acid–alumina

292 Page 6 of 12 J Mater Sci: Mater Electron (2023) 34:292



are added only 20%, and the other two larger powder

(X1, X2) account for 80% of the total amount.

After repeating the above experimental steps, the

magnetic properties of samples prepared with dif-

ferent particle size are shown in Fig. 8. The density

measured by Archimedes drainage method is shown

in Fig. 9. Compared with the original X1 powder,

composite samples with powder of smaller particle

have more ideal magnetic loss and nearly close true

permeability. With the increase of the proportion of

X1 powder and the decrease of the proportion of X2

powder, the magnetic loss of the sample decreases

slightly at first, and then rises sharply. Accordingly,

the permeability of the magnetic ring also presents

the same trend. Before the ratio of X1 and X2 powder

is the same, the increase of a large proportion of

powder will lead to the deterioration of the magnetic

properties of the samples. This may be related to the

molding density of the sample [23]. As shown in

Fig. 9, with the increase of the ratio of X1 powder, the

density of magnetic powder core increases gradually,

while before the ratio of 4:4:2, the density increases

obviously. When the powder ratio reaches 3:5:2, the

Fig. 7 XRD spectrum of Fe–Si–B amorphous powder after

untreated or annealed at 480 �C for 1 h

Table 2 Magnetic properties of annealed amorphous powder at

1 MHz and 20 mT

Sample name Pcv (mW/cm3) l’ Density (g/cm3)

X1 806.0 26.01 5.483

X2 278.8 22.70 5.545

X3 141.2 19.83 5.404

Fig. 8 The variation curves of magnetic loss and true

permeability with frequency of samples with different particle size

Fig. 9 Density of magnetic cores with different proportion

measured by Archimedes drainage method
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density of the sample is 5.552 g/cm, 0.128 g/cm3

lower than that of 1:7:2, which is due to the decrease

of filling gaps between particles. At the same time,

the sample which the powder ratio of 3:5:2 has the

lowest magnetic loss (Pcv = 298.6 mW/cm3 measured

at 1000 kHz, 20 mT) and the lowest true permeability

(le = 23.3). However, this is not the limit.

In order to obtain better magnetic properties, the

samples with powder ratio of 2:6:2 and 6:2:2 are

selected for insulation coating, because these two

samples have better comprehensive properties. The

best scheme in the experiment of using the above-

mentioned double-layer coating is adopted. The

magnetic loss and true permeability image of the final

powder core are shown in Fig. 10. It can be clearly

seen in the figure that the magnetic loss of the sample

with the ratio of 2:6:2 is lower than that of the sample

with the ratio of 6:2:2, and the magnetic permeability

of the double-layer coating decreases with the

increase of phosphoric acid content, which proves the

accuracy of the experiment. Among them, the loss of

the double-layer coated sample made of powder with

the ratio of 2:6:2 is 260.6 mW/cm3 and 205.4 mW/

cm3, respectively, which is 13.5% and 31.8% lower

than that of the original powder (Pcv = 301.1 mW/

cm3) with the same ratio at 1000 kHz and 20 mT.

Meanwhile, the magnetic loss of the double-layer

coated powder core made of 6:2:2 powder is 365.7

mW/cm3 and 333.5 mW/cm3 respectively, which is

13.6% and 21.2% lower than that of the original

powder (Pcv = 423.4 mW/cm3) respectively. In terms

of true permeability, the results of the four cases are

close. Under the frequency field of 1000 kHz, the true

permeability of the 2:6:2 sample is 22.88 and 22.34,

respectively, which is 1.76 and 2.3 lower than that of

the original powder, while the true permeability of

the core made of two 6:2:2 powder is 22.77 and 22.72

respectively, which is 3.21 and 3.16 lower than that of

the original powder. From the above analysis, it can

be seen that the sample prepared by coating 0.8 wt%

phosphoric acid and 0.2 wt% Al2O3 with the particle

size ratio of 2:6:2 has the best comprehensive mag-

netic properties (l0 = 22.34; Pcv = 205.4 mW/cm3

measured at 1000 kHz, 20 mT).

3.4 Effect of silicone resin in process
of coating

In this experiment, a certain amount of silicone resin

was added as binder in the sample preparation

process to improve the cohesiveness of molding

materials. Therefore, the magnetic ring coated with

phosphoric acid with different content of silicone

resin was analyzed for its possible influence on the

coating layer. The results are shown in Table 3.

When the amount of silicone resin is less than 0.5

wt%, it is difficult to form the magnetic ring under

laboratory pressure, so the experiment was carried

out at about 1 wt%. It can be seen from Table 3 that

the addition of silicone resin has little effect on the

magnetic loss of phosphate coated powder at high

and low frequency, and the loss of the sample with

1.5 wt% silicone resin is only 13.7% (1000 kHz) higher

than that of 0.5 wt%. Meanwhile, with the increase of

the additive amount, the true permeability of the

sample first increases and then decreases, reaching

the peak value (25.34) when the additive amount is

Fig. 10 Magnetic loss and true permeability of Fe–Si–B magnetic

powder core coated with phosphoric acid–alumina double layer

with particle diameter ratio of 2:6:2 and 6:2:2
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1.0 wt%, which is very close to the data of the original

powder. Therefore, 1.0 wt% silicone resin is chosen in

this experiment.

3.5 Study on loss separation of samples

According to Taghvaei’s study [24] of loss separation,

the loss of SMCs (Pcv) is composed of three parts:

hysteresis loss (Ph), eddy current loss (Pe) and excess

loss (Pr). It can be explained in detail as the following

equation.

Pcv = Ph + Pe + Pexc ð1Þ

The total energy loss (Wt) can divide into three

parts by dividing Eq. (1) by frequency factor. The

results are as follows.

Wt=
Pcv

f
=

Ph

f
+

Pe

f
+

Pexc

f
= Ch+ Cef+ Cexc

ffiffi

f
p

; ð2Þ

where Ch, Ce, and Cexc are loss coefficient respectively

of three different loss energy.

According to the above analysis, the excess loss is

caused by the compensation of the external magnetic

field to the inhomogeneous internal counter-fields. In

this experiment, the imaginary part of the perme-

ability of the sample is very small (less than 1% of the

real part), so the excess loss can be ignored. As for the

hysteresis loss energy Wh, it can be reflected by the

area of the static hysteresis loop, so the experimental

loss separation can be achieved by fitting the B–

H loop of the sample. Finally, eddy current loss is

usually divided into inter-particle (it always exists

between particles and is closely related to the degree

of coating of the insulating material) loss and intra-

particle (usually produced within particles, it is dif-

ficult to interfere with) loss, both have direct con-

nection with the density and electric resistance, as

Eqs. (3) and (4) present. Figure 11 shows the loss

separation curve and specific loss of the magnetic

ring coated with different mass fractions of Al2O3 at

0–500 kHz.

PInter
e =

pdeffBm

� �2

bq
f2; ð3Þ

PIntra
e =

pdBm

� �2

20q
f2; ð4Þ

where b is a variable that depends on the material

itself and has to do with the shape and mass of the

material, Bm the magnitude of magnetic induction, q
the electric resistance, f the frequency, deff the effec-

tive distance between particles, d the particle size.

It can be seen from Fig. 11 that the hysteresis loss of

the material increases with the addition of Al2O3,

because the magnetic permeability of the material is

reduced by the addition of nonmagnetic substances

(Fig. 3). However, with the addition of alumina, the

eddy current loss of the sample decreases first and

then increases, and the peak value is 1.0 wt%. The

decrease of eddy current loss is due to the insulation

coating blocking the direct contact between particles,

which greatly reduces the inter-particle loss, while

Table 3 Magnetic properties

of the X1 magnetic ring coated

with 0.8 wt% phosphoric acid

with different content of

silicone resin

Silicone resin content (wt%) Pcv (mW/cm3) l’ (1000 kHz)

100 kHz 500 kHz 1000 kHz

0.50 28.37 157.33 454.77 23.27

0.75 28.31 159.60 449.50 24.44

1.00 32.07 180.50 486.93 25.34

1.25 33.70 198.40 501.17 24.04

1.50 34.92 196.67 516.90 21.30

Fig. 11 Loss of magnetic rings with different alumina coating

amount per cycle
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the abnormal rise after 1.0 wt% may be due to the

excessive addition of alumina, which improves the

brittleness of the sample, and the insulation layer is

destroyed during pressing, and the inter-particle loss

increases again.

The loss separation below 500 kHz as mentioned

above, the fitted function is quite consistent with the

data. However, when the frequency is above

500 kHz, the actual total loss value is larger than the

result obtained by the formula. Detail value shows in

Tables 4 and 5.

From the above data, the excess loss of the sample

can’t be ignored at the high frequency above

500 kHz, and it tends to increase with the increase of

frequency. Meanwhile, in the frequency range that

can keep a linear relationship, it can be clearly found

that the proportion of eddy current loss increases

rapidly with the frequency increasing. For example,

the eddy current loss of the sample with 1.0 wt%

Al2O3 increased from 0.84 mW/cm3 (2.2%) at

100 kHz to 21.05 mW/cm3 (11.0%) at 500 kHz, but

obviously the hysteresis loss still dominates in this

frequency range.

4 Conclusion

In this paper, the magnetic properties of samples

coated with alumina, double-layer coated with

phosphoric acid–alumina and powder with different

particle sizes were analyzed, and the specific change

reasons were studied by loss separation. Electron

microscope image and pictures of B–H analyzer

showed a dense coating layer was formed on the

surface of the sample, and the sample coated with 0.8

wt% phosphoric acid and 0.2 wt% alumina had the

best comprehensive magnetic properties (l0 = 22.34;

Pcv = 205.4 mW/cm3 measured at 1000 kHz, 20 mT)

with the particle size ratio of 2:6:2. Moreover, the loss

separation results showed that when the particle size

is small, the insulation coating had a weak effect on

reducing eddy current loss of Fe–Si–B powder.

Therefore, this study not only provided a feasible

coating method for related research, but also served

as a reference for future research on particle size

ratio. Adjusting the particle size ratio may be a better

choice for small particle size powder.
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