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trical resistivity, lower core loss, better frequency stability of permeability and
large higher quality factor than that of raw Fe core without insulated SiO,. The
thickness of SiO, insulating layer, electrical and magnetic properties of inter-
granular insulated Fe/SiO, composite cores could be readily controlled by
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lating layer and resistivity of Fe/SiO, composite cores first increased and then
dropped with increasing the tetraethyl orthosilicate concentration, while the
permeability and core loss changed in the opposite direction. Fe/SiO2 com-
posite core showed the optimal performance when the tetraethyl orthosilicate
concentration was 0.135 mol 17!, which exhibited better frequency stability at
high frequencies, much higher electrical resistivity, higher quality factor and
lower core loss.
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Introduction

Thanks to the development of powder metallurgy,
the soft magnetic composites (SMCs) have been
employed widely to design the magnetic cores for
various AC and DC electromagnetic applications [1].
Consisting of ferromagnetic powder particles coated
with electrical insulating layer, the SMCs offer some
unique properties such as high electrical resistivity,
3D isotropic ferromagnetic behavior, good relative
permeability, very low eddy current loss and rela-
tively low total core loss at medium and high fre-
quencies [2-6]. Nowadays the demand for efficient
generation, transmission and distribution of electric
power is ever growing, while the annual electric
losses are surpassing annual increases in electricity
consumption [7]. As the key materials of electro-
magnetic transduction, there is an ever-increasing
need for SMCs with better soft magnetic properties
and their core losses are the most important param-
eters for applications.

Generally, the SMCs are produced by powder
metallurgy process including mixing soft ferromag-
netic powder particles with insulating phases and
lubricant substances, compacting and pressing them
to the desired shape, as well as a subsequent
annealing treatment for relieving stress [8]. To pre-
pare high-performance SMCs with lower core losses
and optimum magnetic properties, it is very impor-
tant to select suitable coating materials and coating
process. Thus, many efforts have been carried out to
improve the magnetic performance of the SMCs by
selecting suitable inorganic or/and organic insulating
material and applying suitable coating method. Resin
as the most common organic coating agent has been
used to bond and cover magnetic particles in SMCs
[9-12]. But the stress relief of the SMCs with organic
coating cannot be completed as the thermal treatment
temperature is limited to below 500 °C, which results
in higher coercivity and hysteresis loss [13, 14].
Therefore, some inorganic materials (SiO,, CuO,
MgO, Fe;,O;, ALLO;3, etc.) were used as the insulating
layers [15-22] to prepare SMCs. FeSiAl SMCs with
hybrid phosphate—alumina coating presented signif-
icantly improved soft magnetic performance [16].
FeSiAl-based soft magnetic composites with Al,O3
and AIN insulating coating can obviously increase
electrical resistivity, decrease the loss factor and
improve the frequency stability and the quality factor
in high-frequency range [17].
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As it is well known, as the insulated layer, the inor-
ganic materials are nonmagnetic and their presence
will degrade the magnetic induction. Thus, it is critical
to control the amount and thickness of insulating
coating inside SMCs to obtain the balance between the
low core loss and high magnetic induction. In the fol-
lowing work, we tried to control the thickness of
insulating layer and investigated the effect of the
thickness of insulating layer on the electrical and
magnetic properties of Fe/SiO, soft magnetic com-
posites to obtain the balance between the low core loss
and high magnetic induction. In order to achieve the
above objects, silica as the coating agent was used to
prepare Fe/SiO, core—shell particles by a modified
Stober process with a silane-coupling agent as modi-
fication additives [23, 24] and various amounts of tet-
raethyl orthosilicate were used to provide the silicon
source to produce Fe/SiO, core-shell particles with
different thickness of the coating layer. And then the
subsequently spark plasma sintering (SPS) technology
was used to consolidate the composite cores. The
magnetic powder particles are separated by SiO; layer,
which can prevent the eddy current paths; the eddy
current is confined within the magnetic powder par-
ticles and hence reduces the eddy current losses
induced by AC magnetic field.

Experimental

The raw material is spherical/quasi-spherical car-
bonyl iron powder with an average particle size of
<10 pm. 3-Triethoxysilypropylamine (APTES, 99
wt%), tetraethyl orthosilicate (TEOS, 98 wt%+),
aqueous ammonia (28 wt%, lab grade) and absolute
ethanol were purchased from Tianli Chemical
Reagent Company, Tianjin, China. Distilled water
(H,O) was obtained by Automatic Double Pure
Water Distillatory (5Z-93A, China) in laboratory. All
chemicals used were of analytical grade and were
used as received without further purification.

In a typical chemical coating procedure, 50 g car-
bonyl iron powder particles, 3.0 g APTES and 10 ml
deionized water were dispersed in 500 ml absolute
ethanol by mechanical stirring for 1 h at 50 °C. Then,
the reaction temperature was raised to 60 °C and
2 ml aqueous ammonia (25 wt%) and a certain con-
centration of TEOS was introduced by dripping
slowly using injection pump (LSP01-1A) at a constant
speed for 20 h. After washing with absolute ethanol
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Figure 1 SEM images of Fe particles before (a) and after
chemical coating process added TEOS concentration of
0.045 mol 1! (b), 0.090 mol "' (c), 0.135 mol 1! (d) and
0.180 mol 17! (e); f XRD patterns of Fe particles before (1) and

several times, the suspension was dried at 60 °C for
24 h. During the chemical coating process, various
concentrations of TEOS ranging from 0.045 to
0.180 mol 1™" were used to produce Fe/SiO, core-
shell particles. The Fe/SiO, core-shell particles
obtained above were sintered at 1050 °C under a
uniaxial pressure of 30 MPa by SPS process with a
heating rate of 50 °C:min~". In all the cases, the
holding time at the sintering temperature was
10 min. Finally, the Fe/SiO, composite cores (outer
diameter = 20.3 mm, diameter = 12.7 mm,
height = 6.35 mm) were obtained after annealing at
800 °C for 2 h under pure argon atmosphere to
release the internal stress. To investigate the effect of
insulated SiO, layer on the electrical and magnetic
properties, the raw Fe core without insulated SiO,
layer was also prepared under the same conditions.

X-ray diffraction (XRD) was analyzed on an X-Pert
Philips diffractometer with Cu Ko radiation
(. = 1.5418 A). The morphology and local chemical
homogeneity of the as-prepared samples were
observed by scanning electron microscopy (SEM)
(Nova 400) equipped with an energy-dispersive X-
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after chemical coating process added TEOS concentration of
0.045 mol 1! (2), 0.090 mol 1! (3), 0.135mol I™' (4) and
0.180 mol 17! (5).

ray spectrometer (EDS) (IE350PentaFETX-3). Fourier
transform infrared spectra (FTIR) were recorded in
the wave number range from 400 to 4000 cm™' at
room temperature. The real density of raw Fe parti-
cles and Fe/SiO, core-shell particles was measured
using an automatic density analyzer (AccuPyc 1330).
The resistivity was measured by a four-probe
method. Core loss at high frequency was obtained by
an autotesting system for magnetic materials (MATS-
2010SA). The inductance (L) and quality factor (Q)
were measured under a constant voltage of 0.3 Vin a
frequency range from 50 Hz to 1000 kHz by impe-
dance analyzer (HIOKI 3532-50 LCR HiTESTER). The
effective permeability (ues) was calculated using the
following formula (1) [25, 26]:

IL
Hetr = ,UOZV—ZA (1)

where | means the average length of the magnetic
circuit, N refers to the number of turns of inductor,
A stands for the effective area of magnetic circuit, pg
represents the permeability of vacuum, and it is 47 x
107 Hm™".
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Results and discussion

Figure la—e shows the SEM images of Fe particles
before and after chemical coating process added
different TEOS concentration. All of the particle
samples are micron-grade spheroids with a diameter
of less than 10 pum. It can be seen that the surface of
raw Fe particles is very smooth and clean (Fig. 1a).
When introducing TEOS  concentration  of
0.045 mol 1!, the surface of Fe particles became
rough as shown in Fig. 1b. With TEOS concentration
increased to 0.090 mol 17}, the surface tended to be
rougher and coated with some deposition gathered
with nanoscaled particles (Fig. 1c). The size and
quantity of nanoparticles were increased obviously
with increasing the TEOS concentration. When the
TEOS concentration is increased to 0.135 mol 17}, the
Fe particles were completely covered with a layer of
nanoparticles (Fig. 1d). With further increasing the
TEOS concentration to 0.180 mol 17!, some free

Transmittance (a.u.)

| 1074720 465

2960 2920 2880 2840 1618
Wavelength (cm‘1)

After coating

Transmittance (a.u.)

Before coating

i 1 A L A 1 A L i 1 i 1 A 1
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 2 FTIR spectra of the Fe particles before and after
chemical coating process.

Table 1 EDS analysis of raw
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flocculent precipitate formed and most of them
aggregated away from the Fe particles (Fig. 1le).

Figure 1f shows the corresponding XRD patterns of
Fe particles before and after chemical coating process
added different TEOS concentration. The three dis-
tinguishable diffraction peaks at 20 of 44.663° (110),
65.008° (200) and 82.314° (211) of crystalline iron with
body-centered cubic (BBC) structure [space group Im-
3m (229), JCPDS 03-065-4899] can be detected in all
particle samples. The other diffraction peaks are
absent even for Fe particle samples added TEOS
concentration of 0.135 mol 17!, suggesting that the
obtained coating layer may be amorphous.

The chemical compositions of Fe particles after
chemical coating process added different TEOS con-
centration are characterized by EDS as depicted in
Table 1. As revealed in Table 1, only elements Fe and
O exist on the surface of raw Fe particles, but another
Si signal is also present after chemical coating. And
the concentration of Si and O elements increases from
0 and 2.74 wt% to 9.35 and 12.99 wt % with increas-
ing TEOS concentration from 0.045 to 0.135 mol 17},
respectively, causing the opposite tendencies for Fe
element. However, with further increasing TEOS
concentration to 0.180 mol 17}, the concentrations of
Si and O elements declined to 3.02 and 8.74 wt %,
respectively. It is because the free flocculent precipi-
tate containing Si and O elements was formed away
Fe particles instead of coating on their surface. It is
evident that the obtained coating containing Si and O
elements should be SiO,. Concentration variations of
Si and O elements should be attributed to the changes
of thickness for SiO, coating layer.

To gain further insight into the microstructure of
the coating layer coated on Fe particles, the FTIR
measurements were taken for both of Fe particles
before and after chemical coating process (Fig. 2). By
comparing their spectra, it can be found that there is

Fe particles and Fe particles TEOS concentration (mol 17"

Elements (wt %)

after chemical coating process Fe K oK SiK Totals
added different TEOS .
concentration Raw Fe particles
97.26 2.74 - 100
Fe particles after coating
0.045 92.95 4.5 2.55 100
0.090 85.45 6.09 8.46 100
0.135 77.66 12.99 9.35 100
0.180 88.24 8.74 3.02 100
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Table 2 The densities of raw
Fe particles and Fe particles Density Raw Fe particles Fe particles after coating
after chemical coating process 0.045 mol 1"' 0.090 mol I 0.135 mol 1"" 0.180 mol 1™
added different TEOS
concentration p(gem™) 7.78 7.63 6.51 5.75 5.85
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Figure 3 SEM image (backscatter images) of the polished surface for the sintered samples from raw Fe particles (a) and Fe/SiO, core—
shell particles added TEOS concentration of 0.045 mol 17! (b), 0.090 mol 17! (c), 0.135 mol 17! (d) and 0.180 mol 1™! (e).

no characteristic absorption peak for raw Fe particles,
while some strong absorption peaks occur after
chemical coating. The peak of 1634 cm ™! is attributed
to the adsorbed water and structural hydroxyl
groups, which is the characteristic of the bending
vibration of 8(H-O-H) [27, 28]. Two weak absorption
peaks near 2900 cm ™' are owing to the symmetric
and asymmetric vibration of C-H bands originated
from C,HsOH [29]. And the strongest band centered
at 1074, 790 and 465 cm ™' corresponds to the asym-
metric stretching of Si-O-5i, the symmetric stretching
of 5i-O-5i and the bending of O-5i-O, respectively
[30, 31]. The result of FTIR confirms that the obtained
coating layers on the surface of Fe particles are SiO..

Table 2 illustrates the evolution of the densities of
raw Fe particles and Fe particles after chemical
coating process. Fe particles after chemical coating
show lower densities than that of raw Fe particles

(7.78 g cm ™) without SiO, coated on their surface.
And the densities of the composite powders drop
from 7.63 to 5.75 g cm > with increasing the TEOS
concentration from 0.045 to 0.135 mol 17!, while rise
up to 5.85gcm > with further increasing TEOS
concentration to 0.180 mol 17!, which should be
ascribed to the decreasing coating thickness of the
amorphous SiO, layer due to their dissociation and
aggregation.

Analyses above demonstrate that the layer coated
on Fe particles must be amorphous SiO, and the Fe/
SiO, core-shell particles are obtained successfully.
The thickness of amorphous SiO, layer can be
adjusted and controlled by varying the TEOS con-
centration. With increasing TEOS concentration from
0.045 to 0.180 mol 17}, the thickness of SiO, layer first
increases and then drops. High concentration of
TEOS leads to a fast hydrolysis rate, the monomer

@ Springer
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Figure 4 SEM micrograph for cross sections of Fe/SiO, composite core with TEOS concentration of 0.135 mol 17! and corresponding

elements distribution mapping (a), Fe (b), O (c) and Si (d).

Table 3 Comparison of electrical resistivity and core loss between the raw Fe core and Fe/SiO, composite cores

TEOS concentration (mol 171 p (uQ m) Core loss (W kg™1): Pio mT/x Kz
x =10 x =30 x =50 x =70 x = 110 x = 130
Raw Fe core
0 0.13 12.44 59.24 120.20 190.81 310.80 448.54
Fe/Si0, composite core
0.045 0.147 10.59 49.34 103.1 167.3 275.2 405
0.090 0.498 9.954 48.94 99 161.4 262.9 383.1
0.135 8.53 3.139 23.07 57.47 103.29 187.78 283.76
0.180 0.689 8.875 43.28 87.59 140.3 231.5 337.12

and oligomer of polysiloxane agglomerated before
coating on the surface of Fe particles. When intro-
ducing TEOS of 0.135 mol 17!, the Fe/SiO, core-shell
particles show the maximum coating thickness.
Figure 3 shows the SEM images of the polished
surfaces for the sintered samples from raw Fe parti-
cles (raw Fe core) and Fe/SiO, core—shell particles
added different TEOS concentration (Fe/SiO, com-
posite cores). From the cross section of all cores, we
can see that the structure is compacting and no sig-
nificant defect is observed. For raw Fe core (Fig. 3a),
only gray-white zones distribute on the polished
surface, while another gray-black zone is found for
the Fe/SiO, composite cores. With increasing TEOS
concentration from 0.045 to 0.135 mol 17!, the
amounts or thicknesses of gray-black zones increase
clearly. In particular, for Fe/SiO, composite core
prepared by introducing TEOS of 0.135 mol 17!, gray-
white zones are separated by gray-black zones or the
gray-white zones are enclosed by gray-black zones
completely. While with further increasing TEOS
concentration to 0.180 mol 17}, the nonuniform dis-
tribution of gray-black zones is occurred, such as

@ Springer

regions A and B in Fig. 3e, and the amount or
thickness of gray-black zones decreases. This should
be attributed to the formation of free flocculent
precipitate.

The EDS analysis of Fe/SiO, composite core
introduced TEOS of 0.135 mol 1" is shown in Fig. 4.
The EDS analysis reveals that element Fe distributes
mainly in the gray-white zones and elements Si, O
distribute mainly in gray-black zones. Namely, Fe
particles are surrounded by SiO,. The element Fe
distributes at the core zones and SiO, distributes
around the core particles, or it can be stated that the
Fe particles are isolated from each other by SiO,
layer.

Based on these observations, the intergranular
insulated Fe/SiO, composite cores have been
obtained. The thickness of insulated SiO, layer
increased with increasing the TEOS concentration
from 0.045 to 0.135moll™'. And with further
increasing the TEOS concentration to 0.180 mol 177,
the thickness of insulated SiO, layer decreased
because the free SiO, agglomerates together instead
of coating on the surface of Fe particles.
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Table 3 shows the total core loss as a function of
frequency for raw Fe core and Fe/SiO, composite
cores measured under magnetic field of 10 mT. The
electrical resistivities are also summarized in Table 3.
All Fe/SiO, composite cores exhibit higher electrical
resistivity than that of raw Fe core due to the pres-
ence of insulated SiO, layers between Fe particles.
The resistivity of Fe/SiO, composite core first
increases and then decreases with increasing the
TEOS concentration. When introducing TEOS of
0.135 mol 17}, the Fe/SiO, composite core shows the
maximum resistivity of 8.53 uQ m.

In addition, the increasing core loss is observed for
all the cores with raising testing frequency. Under the
same testing conditions, Fe/SiO, composite cores
show much lower core loss than raw Fe core because
of the existence of insulated SiO, between Fe parti-
cles. The total core loss of SMCs in AC applications
can be expressed as [30]:

242 12
WwWe—I—Wh:%—i-f?{HdB (2)
where C means constant, p stands for the resistivity,
B refers to the magnetic flux density, f represents the
frequency, and d is the thickness of bulk materials.
The insulated SiO, layer not only can increase the p
but also can confine the eddy current in individual Fe
particles to reduce the effective radius of eddy cur-
rent at the same time, resulting in lower core loss. It is
also noticed that the core loss of Fe/SiO, composite
core changed with opposite tendency compared with
the resistivity with increasing the TEOS concentra-
tion, which should be ascribed to the thickness and
uniformity of the insulated SiO, layer. When intro-
ducing 0.045 mol I"" TEOS, there are only a very
small amount of S5iO, distributed between Fe particle
and the insulation effect is poor, so resulting in low
resistivity and high core loss. When the TEOS con-
centration was 0.135 mol 17, the thickness and uni-
formity of the insulated SiO; layer is optimal and Fe/
510, composite core present with the highest resis-
tivity and lowest core loss due to most of eddy cur-
rent is confined in the Fe particles. The P19 mt/10 k12
of Fe/S5i0, composite core added TEOS of
0.135 mol 1! (3.14 W kg ™) is only about a quarter of
that of the raw Fe core (12.44 W kg ~'). Unfortu-
nately, when the TEOS concentration was further
increased to 0.180 mol 17}, the thickness and unifor-
mity of the insulated SiO, layer between Fe particles
decreases due to the dissociation and aggregation of
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Figure 5 Effective permeability as a function of frequency for the
raw Fe core and Fe/SiO, composite cores added different TEOS
concentration.

5i0,, resulting in the abnormal low resistivity and
high core loss.

Figure 5 depicts the variation of pi.¢ with frequency
for raw Fe core and Fe/SiO, composite cores added
different TEOS concentration. The value of peg for
most samples firstly drops intensely with testing
frequency and then becomes stable, which is con-
nected with the variation of L with frequency. The
L was measured to characterize the ¢ by means of
conversion of formula (1). At high frequencies, the
effective resistance of the conductor increases
because of the skin effect phenomenon, thus
decreasing the skin depth and effective cross section
of the conductor. Less effective cross section of the
conductor means less L. The value of L is inversely
proportional to frequency, so is peg. At low fre-
quencies (<2 kHz), the value of p; for Fe/SiO,
composite core is much lower than that of raw Fe
core due to the introduction of nonmagnetic SiO,
phases. What's more, acting as an air gap, insulated
5iO, layers generate more inner demagnetizing field,
resulting in a smaller g [31]. Interestingly, Fe/SiO,
composite cores exhibit better frequency stability at
the high frequencies (>2 kHz) due to the decreasing
eddy current. Smaller eddy current leads to larger
skin depth and advanced frequency stability [32]. For
Fe/SiO, composite cores, frequency stability of peg
tends to be better with increasing TEOS concentration
from 0.045 to 0.135 mol 17, but it falls with further
increasing TEOS concentration to 0.180 mol 177,
which is closely linked with the variation of eddy
current.

@ Springer
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Figure 6 Frequency dependence of the quality factor for the raw
Fe core and Fe/SiO, composite cores added different TEOS
concentration.

Figure 6 illustrates the variation of Q with fre-
quency for raw Fe core and Fe/SiO, composite core.
The Q is a dimensionless parameter that describes the
high-frequency properties of soft magnetic materials.
Higher Q means lower energy loss rate. The Q can be
obtained from the following formula:

1
Q= Wy

(3)

where W stands for the core loss and y; represents the
initial permeability [33]. As can be seen, the Q is
similar for all the samples at frequencies below 1 kHz
and above 100 kHz, while the Q of Fe/SiO, com-
posite core added TEOS concentration of
0.135 mol 1" increases sharply at 1 kHz and exhibits
the maximum value of 3.5 at the frequency of 10 kHz.
It shows much higher Q than that of the other com-
posite cores in the frequency ranges of 1-100 kHz.
From formula (3) we know that the permeability and
core loss greatly affect the variation tendency of Q.
The introduction of inorganic insulating layer
between Fe particles provides many advantages such
as high density, high strength, low core loss and high
permeability for soft magnetic composites. Further-
more, it develops an intergranular insulation and
confines the eddy current inside particles, which can
increase the resistivity so as to decrease the eddy
current loss, increase the Q and enhance the fre-
quency stability of permeability. It is also believed
that soft magnetic composites with intergranular
insulation between ferromagnetic particles are
indeed suitable for application in electromag-
netic transition in the mid and high frequency, and
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the as-prepared intergranular insulated Fe/SiO,
composite core can obviously improve energy con-
version efficiency and is benefited to energy-saving
for electric-magnetic switching device.

Conclusions

The intergranular insulated Fe/SiO, soft magnetic
composite cores with insulated layers of
adjustable thickness were successfully prepared by
the modified Stober method combined with the spark
plasma sintering. Most of the conductive Fe particles
were coated by insulated SiO, using the modified
Stober method. In the spark plasma sintering, the
high compact and intergranular insulated cores were
obtained quickly. All of Fe/SiO, composite cores
exhibited much higher electrical resistivity, lower
core loss, better frequency stability of permeability
and large higher quality factor than that of raw Fe
core. By controlling the TEOS concentration, the
microstructure and magnetic properties of the inter-
granular insulated Fe/SiO, composite cores could be
readily adjusted. The intergranular insulated Fe/SiO,
composite core added TEOS of 0.135 mol 1" showed
the highest electrical resistivity (8.53 p€ m), lowest
core loss (P19 mrT/130 ktz = 284 W kgfl), best fre-
quency stability of permeability and largest quality
factor (3.5 at a frequency of 10 kHz). It is believed
that the as-prepared intergranular insulated Fe/SiO,
composite core can obviously improve energy con-
version efficiency and is benefited to energy-saving
for electric-magnetic switching device.
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