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a b s t r a c t

This paper focuses on novel iron-based soft magnetic composites synthesis utilizing high thermal stability

silicone resin to coat iron powder. The effect of an annealing treatment on the magnetic properties of

synthesized magnets was investigated. The coated silicone insulating layer was characterized by scanning

electron microscopy and energy dispersive X-ray spectroscopy. Silicone uniformly coated the powder

surface, resulting in a reduction of the imaginary part of the permeability, thereby increasing the electrical

resistivity and the operating frequency of the synthesized magnets. The annealing treatment increased

the initial permeability, the maximum permeability, and the magnetic induction, and decreased the

coercivity. Annealing at 580 1C increased the maximum permeability by 72.5%. The result of annealing at

580 1C shows that the ferromagnetic resonance frequency increased from 2 kHz for conventional epoxy

resin coated samples to 80 kHz for the silicone resin insulated composites.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Soft magnetic composites (SMCs) are widely used in electro-
magnetic applications. They consist of ferromagnetic powder
particles initially surrounded by an electrically insulating film.
Powder metallurgy (PM) methods and annealing treatments are
utilized to achieve desired properties in specific applications
[1–4]. Insulated iron powder offers several advantages over
traditional laminate steel in some applications. For example, the
isotropic nature of the SMC, combined with new shaping meth-
ods, opens up possibilities for 3D design solutions [5–8]. The
unique properties of the soft magnetic composite materials
include magnetic and thermal isotropy, very low eddy current
loss and a relatively low total core loss at low and medium
frequencies, high magnetic permeability, high resistivity, a low
anisotropy constant and low coercivity [9–13].

In order to achieve higher efficiency of soft magnetic materials
in motor applications, they need to have higher density and
electrical resistance. Processing pressure increase is a conven-
tional method utilized to improve density and strength of the
compressed SMCs. On the other hand, the high pressure also
increases the dislocation density and the number of
ll rights reserved.
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imperfections, resulting in higher hysteresis losses. Therefore,
an annealing treatment is employed to minimize the deleterious
effects of cold working on the magnetic performance of the core
material [14,15]. Organic and inorganic insulating coatings both
increase the SMCs’ resistivity [9,16,17]. Organic coatings are
widely used in SMCs due to the rapid non-hazardous coating
process and improved cured-film properties [18]. Compared with
other PM processes, annealing is utilized less in conventional
SMCs because the resistance temperature of phenolic or epoxy
resin, when used as the insulating layer, is lower than 200 1C
[19–21]. Therefore, choosing the high resistance insulation and
the optimal annealing temperature has become a focus of modern
SMCs development.

In this paper, a novel kind of SMC was prepared by utilizing
silicone resin as the insulator, since its maximum thermal
stability temperature exceeds 600 1C. This study focuses on
investigating the effects of different annealing temperatures on
the DC magnetic properties and the AC permeability of the
synthesized SMCs.
2. Experimental details

2.1. Materials

The iron powder was supplied by Licheng Co., Ltd. with
particle size o150 mm. The purity of Fe was above 98%
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Fig. 1. DTA curve of the silicone resin in air.
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containing �0.02 wt% C, 0.01 wt% Cu, 0.01 wt% Zn and some
oxides. 3-aminopropyltriethoxy silane (APTS, A1100) was used for
the iron powder surface modification in order to create a uniform
organic surface layer. The silicone resin (DC-805) consists mainly
of polysiloxane and utilizes xylene as the auxiliary solvent. The
3-aminopropyltriethoxy silane and the silicone resin were sup-
plied by Union Carbide and Dow Corning companies, respectively.
The epoxy resin and the hardener are both widely used and were
supplied by Fluka such that a comparison could be made.

2.2. Composite fabrication

The preparation of the SMCs was divided into two steps: the
coating process and the PM process. In the first step, the iron
powders were surface treated in APTS, which was diluted by a
95 vol% alcohol solution. In the surface treatment process, the
iron powder to APTS mass ratio was adjusted to 100:1. To remove
the additional coupling agent from the surface, the powders
were washed three times in ethanol and were then dried at
50 1C. The modified iron powders were coated by being mixed
with 4 wt% silicone resin (the modified iron powders to silicone
resin mass ratio was 100:4). The silicone resin was dissolved in
the xylene solvent, with the silicone resin to xylene mass ratio
being adjusted to 1:10, and the solution was then blended with
the powders in a spiral mixer. Lastly, the coated powders
were dried at 150 1C for 1 h in order to ensure that the xylene
had completely evaporated and that the silicone resin had
adequately adhered.

In the second step, the insulated silicone resin and epoxy resin
powders were compressed into toroidal samples (40 mm outer
diameter, 32 mm inner diameter and 4 mm height) at 500 MPa
pressure. The prepared samples were then annealed at 200 1C,
300 1C, 500 1C, 580 1C and 650 1C for 1 h, in nitrogen. For the
purposes of comparison, the green compacts (without annealing)
and the uncoated powders were prepared and their magnetic
properties were subsequently measured.

2.3. Characterization

The silicone insulating layer was characterized via scanning
electron microscopy (SEM, ZEISS EVO 18, Germany) coupled with
energy dispersive X-ray Spectroscopy (EDS). The coverage of
particles with the silicone coating was observed in SEM. After
polishing, the compositional distribution of the coated powders
was characterized via elemental line scanning. Both the max-
imum permeability and the saturation magnetic induction of the
synthesized samples were measured by a B–H curve analyzer
(MATS-210SD, China). The complex permeability of the toroidal
samples was measured by an AC performance tester (NIM-3000,
China, 400 Hz–500 kHz) at low flux densities. The electrical
resistivity measurement was performed using the four points
probe method according to the ASTM D4496-87 standard.
3. Results and discussion

3.1. Silicone resin differential thermal analysis

Fig. 1 shows the differential thermal analysis (DTA) curve of
the silicone resin, as measured at a heating rate of 10 K/min in air.
The small endothermic peak, which appears at 150 1C, was caused
by the volatility of the xylene contained within the silicone resin.
There is a steep exothermic peak at 6001C due to the oxidation of
the silicone resin in air. Therefore, the maximum processing
temperature that the silicone resin could withstand in air is about
600 1C.
3.2. Insulating layer characterization

Fig. 2(a) and Fig. 2 (b) show SEM micrographs of pure iron and
the silicone coated iron powder particles, respectively. As can be
seen, the coated iron powder exhibits fewer voids and metallic
clusters. Fig. 2(c) shows the EDS analysis of the silicone coated
iron powder. The surface layer of the iron powder consists of iron
and silicon. Therefore, it is reasonable to assume that the silicone
layer had formed around the iron powder particles, themselves. A
comparison between the peak intensities of the silicon and the
iron indicates that the silicon layer is thin.

Line scan mapping was utilized for further characterization
after the samples were compacted. Fig. 3 depicts the maps of the
iron and silicon distribution for a certain cross-section of the
sample. Fig. 3(a) shows the selected line scanning area and
direction. As shown in Fig. 3, the points A and B correspond to
voids between the iron particles, whereas point C corresponds to
a void in the iron particle itself. It is clear that the iron content
reduced, while the silicon content increased significantly,
along the boundaries of iron particles at points A and B. However,
the silicon content did not change at point C, within the bulk of
the iron particle itself. Based on these observations, it can be
stated that each particle was coated by a uniform and thin
silicone layer.
3.3. Magnetic properties

3.3.1. Insulating layer effect on the magnetic properties

Fig. 4 shows the real part of the permeability of the uncoated
samples, and the green silicone resin insulated samples, as a
function of frequency. The change in the real part of the perme-
ability of the silicone coated samples is almost negligible, which
explains why the silicone coated samples have excellent fre-
quency characteristics. At lower frequencies (o20 kHz), the real
part of the permeability of the silicone coated samples is less than
that of the uncoated samples. This can be explained by the
silicone layer presence. Hence, a large fraction of non-magnetic
material results in lower magnetic permeability. At higher
frequencies (420 kHz), the silicone powder, having a lower
effective particle size, exhibits a higher magnetic permeability
as a result of the eddy current reduction. The smaller eddy
current means a larger skin depth, which leads to a higher
operating frequency and, subsequently, lower losses at high
frequencies [22].



Fig. 2. SEM micrographs of (a) the pure iron powder; (b) the silicone resin coated iron powder; (c) EDS analysis of the silicone resin coated iron powder.

Fig. 3. (a) SEM image of the silicone-resin insulated compact showing EDS line scan and direction; (b) corresponding iron and silicon line profiles.
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3.3.2. Annealing temperature effect on the magnetic properties

Although iron-resin composites are designed for AC magnetic
applications, their DC characteristics are useful in better under-
standing their behavior when subjected to an alternating mag-
netic field, especially at low frequencies [23]. Table 1 depicts the
effect of different annealing temperatures on the DC performance
for a Hm¼5000 A m�1 driving field. The annealing treatment
increases the initial permeability, the maximum permeability,
and the magnetic induction, and decreases the coercivity. The
heat treatment reduces distortions within the particles, lowers
the dislocation density, and thereby increases the magnetic
permeability [24]. Samples annealed at 580 1C exhibit better DC
properties, having a maximum permeability 72.5% greater than
that of the non-annealed samples. The differences in the max-
imum permeability and the magnetic induction within the
samples themselves, including those annealed at 580 1C and
650 1C, are negligible. This can be explained by the degradation
of the silicone insulation at 650 1C.



Fig. 4. Real part of the permeability for uncoated and green silicone resin insulated

compacts.

Table 1
Effect of annealing treatment at different temperatures on the DC performance

(Hm¼5000 A m�1).

Sample Density

(g cm�3)

Initial

permeability

Maximum

permeability

Magnetic

induction

(mT)

Coercivity

(A m�1)

With silicone

4% (without

annealing)

6.04 66.3 159.2 775.2 517.6

With silicone

4% (300 1C)

6.07 87.1 210.3 894.7 490

With silicone

4% (500 1C)

6.08 114.2 247.5 910.1 426.2

With silicone

4% (580 1C)

6.08 117.2 274.6 928.8 411.7

With silicone

4% (650 1C)

6.15 122.5 273.3 925.3 400.1

Fig. 5. Effect of annealing treatment at different temperatures on the perme-

ability: (a) the real part and (b) the imaginary part.

Table 2
Effect of annealing treatment on the electrical resistivity of silicon resin and epoxy

resin coated compacts.

Electrical resisitivity

(mO m) silicone resin

Electrical resisitivity

(mO m) epoxy resin

Annealing

temperature (1C)

401.3 284.7 Without

annealing

297.2 170.9 200

213.5 53.5 300

69.5 12.6 500

54.1 8.5 580

16.7 3.2 650
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Fig. 5 shows the effect of the annealing temperature on the real
and imaginary parts of the permeability. As shown in Fig. 5(a), the
permeability of the annealed silicone sample is higher than that of
the green sample. The reason for this is that the compaction step
always creates some plastic deformation in the powder particles
and, consequently, increases the dislocation density within the
particles. The dislocations act as pinning centers and thus impede
the movement of the magnetic domain walls. The heat treatment
provides the low-volume fraction of defects, reduces the distortion
within the particles, and lowers the dislocation density, thereby
increasing the magnetic permeability [25]. The real part of the
permeability continuously decreases with frequency, having a
faster rate of decline at higher temperatures. Fig. 5(b) illustrates
that the annealing treatment increases the magnitude of the
imaginary part of the permeability, especially at higher tempera-
ture. The imaginary part of the permeability gradually increases
after annealing at 300 1C, 500 1C and 580 1C for different frequen-
cies. The imaginary part of the permeability has a maximum for the
samples annealed at 650 1C, which corresponds to the resonant
frequency [26]. The sample annealed at 650 1C exhibits a much
lower electrical resistivity and a lower real permeability at high
frequencies, whereas its imaginary permeability is higher at all
frequencies. It has thus been confirmed that the insulating layer is
failing at this annealing temperature. From Fig. 5, it is clear that the
sample annealed at 580 1C has a higher real permeability and an
acceptable imaginary permeability, in comparison with other
annealed samples. As a result, it can be concluded that 580 1C is
a relatively ideal annealing temperature for silicone-coated, iron-
based soft magnetic composites.

Table 2 shows the effect of an annealing treatment on the
electrical resistivity of the silicon resin and epoxy resin coated
compacts. As a general trend, the electrical resistivity decreased
with the annealing temperature. The resistivity of the composite
material strongly depends on the amount of resin and on defects
such as porosity, point defects, residual stress, distortions and
dislocation density. Annealing can reduce these imperfections and



Fig. 6. Variation of the real and imaginary part of permeability with frequency for

silicone resin and epoxy resin insulated compacts annealed at 580 1C.
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release the residual stress. Therefore, annealed compacts have
lower resistivity [27]. The resistivity of the samples with epoxy
resin insulation sharply dropped at 300 1C, due to the epoxy resin’s
degradation, but the values of the resistivity for the silicone resin
insulated samples are obviously greater than those of the epoxy
resin compacts at each annealing temperature. Therefore, the
silicone resin insulation has superior heat resistance when com-
pared to the epoxy resin insulation.

Fig. 6(a) and (b) shows the real and imaginary permeability
versus frequency for silicone resin and epoxy resin insulated
compacts annealed at 580 1C. As shown in Fig. 6(a), the real part
of the permeability of the samples coated with epoxy resin exhibits
a lower value, which significantly decreased, even at the relatively
low frequencies. This reduction results from degradation of the
epoxy resin layer. This degradation severely decreases the electrical
resistivity and increases the imaginary part of the permeability.
Meanwhile, the ferromagnetic resonance frequency decreased from
80 kHz for the silicone resin powders to below 2 kHz for the epoxy
resin insulated compacts, as shown in Fig. 6(b). The samples with
silicone resin insulation possess higher electrical resistivity, a higher
ferromagnetic resonance frequency, higher frequency stability and a
lower imaginary permeability after annealing at 580 1C, as com-
pared with the epoxy resin coated compacts.
4. Conclusions

Iron-based soft magnetic composites with a silicone coating were
investigated and the effect of an annealing treatment on the magnetic
properties was studied. The following conclusions could be drawn:
1.
 SEM, EDX analysis, and element distribution maps showed
that the particle surface layer contains a thin insulating layer
of silicone with high particle surface coverage.
2.
 The silicone layer decreases the imaginary permeability, as
well as increases the electrical resistivity and the operating
frequency. For this reason, these samples have good magnetic
characteristics in a wide range of frequencies.
3.
 Annealing increases initial permeability, maximum perme-
ability, and magnetic induction, and decreases coercivity. For
example, the maximum permeability for the sample annealed
at 580 1C increases by about 72.5% when compared with the
samples absent of annealing.
4.
 The SMCs with the silicone resin coating had higher electrical
resistivity and lower imaginary permeability in a wide range of
frequencies after annealing at 580 1C, as compared to the
conventional epoxy resin coated samples.
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