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Abstract—High-frequency electromagnetic properties of Fe-
Al-Si alloy (Sendust) granular composite materials have been
studied by measuring their relative complex permeability (x,. =
M’ —Jj ) and permittivity (&, = &’ —j &) spectra. The bulk Fe-
Al-Si alloy shows metallic electrical conduction, and permeability
decreases rapidly with frequency. On the other hand, Sendust
powder shows relatively high electrical resistivity. Sendust
composite material demonstrates insulating electrical properties
up to at least 80 vol.% particle content. Thus the relatively high
permeability in the microwave frequency range can be obtained.
Frequency dispersion characteristics of permeability for the
composite were analyzed by the superposition of domain wall
and gyromagnetic spin resonance formula. The particle content
variation of permeability can be qualitatively described by a
coherent model mixing rule.

I. INTRODUCTION

The suppression of undesired reflection and scattering
waves is one of the main issues in EMC. In the designing of
electromagnetic wave absorbers (EM-absorbers), the complex
permeability and permittivity of absorbing materials are the
important parameters.

Ferrite materials have been used for EM-absorbers;
magnetic and dielectric properties of ferrites and their
composite materials have been extensively studied [1]-[5].
Generally, the frequency dispersion of permeability in ferrites
contains three components from the magnetizing process by
alternating magnetic fields, the domain wall resonance, the
rotational relaxation of magnetization and the gyromagnetic
spin resonance [3],[5]. In the magnetic granular composite
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materials, the demagnetizing effect by the embedded magnetic
particles must be taken into account for the frequency
dispersion of permeability and the variation of permeability
with particle content [5]. Several mixing rules such as the
logarithmic law [6], the effective medium theory [7],[8] or the
coherent model [9],[10] have been considered.

On the other hand, metal granular composite materials, in
which ferromagnetic metal particles are embedded, have been
the subject of considerable interest [11]-[15]. Since metal
granular composite materials have relatively high electrical
resistance, the eddy current effect can be suppressed even over
the microwave frequency range. However, the high-content
metal granular composite, in which the embedded metal
particles are percolated, has metallic electrical conduction. As
a consequence, eddy current effect appears in the permeability
spectrum [11]. The electromagnetic properties of composites
containing different ferromagnetic metal particles have been
studied, e.g., Fe-Ni alloy (Permalloy) [11], Fe-Co alloy
(Permendur) [15], and Fe-Al-Si alloy (Sendust) [13]. To
improve the high frequency permeability, the oxidation
treatment for particle surfaces can be used to increase the
contact resistance between particles [15], [16]. Among the
ferromagnetic metals, Fe-Al-Si alloy (Sendust) has relatively
high electrical resistivity. This material is brittle. Complex
permeability of Fe-Si-Al alloy flakes composite materials was
studied over the RF and microwave frequency bands to
improve the frequency dispersion of permeability for the EMC
applications [13], [17].
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The objective of this study is to investigate the complex
permeability and permittivity of Fe-Al-Si alloy granular
composite materials containing spherical particles over the
microwave frequency range. Study of the complex
permeability spectra and understanding their frequency
dispersion mechanism for Fe-Al-Si alloy composite materials
are the main problems considered in this work. The mixing
rules of the complex permeability applicable to metal granular
composite materials will be also discussed.

II. EXPERIMENTAL

A. Sendust Particles and Sendust Composite Materials

A commercially available Sendust (Fegs ssAls 9Sig 75) alloy
particles were used for granular composite materials. The
composition of the Sendust particles slightly deviated from the
Sendust alloy composition FegsoAls4Sig e, which exhibits the
highest permeability [18]. Particle diameter was controlled

Fig. 1. SEM photograph of Sendust particles

below 45 pum using a 3 stack sieves with apertures within a
range from 45 to 150 um. Fig.1 shows a SEM photograph of
the sieved particles. Geometry of almost all particles is
spherical, and the particle size ranges from a few um to
several tens um. Using the SEM photographs, the particle size
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Fig. 2. Particle size distribution of Sendust particle
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distribution was evaluated by measuring the diameter of
particles. Obtained particle size distribution of Sendust
particles is shown in Fig. 2. The mean diameter of particles
was determined by fitting this data to the lognormal
distribution function,

1 _(logd—d,,)
fd)=———e " M
2rod

where d is the diameter of particles, ¢ is the variance and d,,
is the mean diameter. The mean particle diameter is 7.31 pum.

Sendust granular composite materials were prepared by the
following process.

(1) Sendust particles were mixed with appropriate amounts

of PPS (polyphenylene sulfide) resin.

(2) Pressed pellet was made using a die. The pellet in the
die was heated to melt the resin and regulated at a
temperature of 300 °C and pressed under the pressure
of 200 kgf/cm®.

(3) Samples were obtained by cooling the pellet to room
temperature.

The particle content was estimated using the density
values of Sendust (p;= 7.10 g/em’®), PPS resin (p, = 1.36
g/em’), and Sendust composite p. Several Sendust composite
materials having the different particle content were prepared.
Obtained samples were cut into the toroidal form for the
measurement of complex permeability and permittivity.
Thickness of the samples was adjusted around 1 mm to avoid
the dimensional resonance in permeability. Rectangle samples
were also cut out for the electrical resistivity measurements.

B. Complex permeability and permittivity measurements

Relative complex permeability s = 1 — ju”” was obtained
from the input impedance of samples loaded in a coaxial line
in the frequency range from 1 MHz to 100 MHz using an
impedance analyzer (HP4194A) [19],[20]. Over the frequency
range from 100 MHz to 6 GHz, the high-frequency complex
permeability g = g’ — ju” and permittivity & = & —j &”
were measured by the transmission / reflection method using a
network analyzer Agilent E5071C. The complex permeability
of bulk Sendust sample over the frequency range from 100 Hz
to 40 M Hz was obtained by measuring the inductance and
resistance differences between two toroidal coils wound
around the toroidal sample and a Teflon blank. Electrical
resistivity was measured by the two-probe method using the
impedance analyzer from 1 kHz to 40 MHz.

III. RESULTS AND DISCUSSION

A. Complex permeability of Sendust Alloy

Fig. 3 shows the complex permeability spectra of the
Sendust alloy prepared from the Sendust particles by arc
melting. Real part of the relative permeability g’ is about
1000 at 100 Hz and begins to decrease rapidly from about 300
Hz with increasing frequency and reaches unity at 10 MHz.
Imaginary part 4" shows the same frequency variation. From
the d.c. electrical resistivity measurement, the resistivity value
of 72.7 pQ-cm at room temperature was obtained. Thus the
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decrease of permeability can be due to the eddy current effect
[11]. Skin depth 6 at 1 GHz estimated by the approximated
formula § =,/2/@uc was 13.6 um, where @, ¢ and p are the

angular frequency, electrical conductivity and permeability,

respectively.
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Fig. 3. Relative complex permeability spectra of Sendust alloy

B. Complex permeability of Sendust Composite Materials

The significant frequency dispersion of permeability of the
Sendust composite materials, as is shown in Fig. 4, appears at
higher frequencies compared to the bulk Sendust (see Fig. 3).

For the 62.9 vol.% sample, the £’ value is about 18 up to
30 MHz, and it decreases at frequencies above approximately
40 MHz. On the other hand, z4" has a maximum at about 400
MHz. As the particle content decreases, the low-frequency 24’
decreases. The maximum frequency of z4" shifts to the higher
frequencies and reaches 1 GHz for the particle content of 36.1
vol.%. The dispersion frequency shift can be produced by the
shift of the resonance frequencies of domain wall vibration
and gyromagnetic spin rotation; this feature has been observed
in ferrite and ferromagnetic metal granular composite
materials [5],[11],[21]. Thus the low particle content
composite has larger permeability in the high frequency range
above 2 GHz.

However, the permeability dispersion of Sendust composite
with the high-particle content is different from that of the
other metal granular composites, such as Permalloy or
Permendur. In these composite materials, permeability
dispersion shows the rapid decrease in high frequency range
due to the eddy current effect. In Permalloy composites,
percolating metal particles cause the increase of electrical
conductivity, and the high frequency permeability is
suppressed by the eddy current effect. The insulating
characteristic of the high-content Sendust composite is
attributed to the high electrical resistivity of Sendust particles
which will be discussed later.

C. Magnetic Circuit Model and the Variation of Permeability
with Particle Content
The frequency dispersion of the-permeability of magnetic
materials can be described by the superposition of domain
wall resonance, magnetization rotational relaxation, and
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Fig. 4. Real (a) and imaginary (b) parts of relative complex

permeability £4' and g" for Sendust composite materials. Solid

circle indicates the data of bulk Sendust alloy.
gyromagnetic spin resonance. In ferrite composite materials,
the coherent model [9] can be applied to explain the variation
of permeability, as well as the resonance or relaxation
frequencies, as the functions of the ferrite particle content [5],
[10]. Herein, permeability of composite materials is calculated
based on the magnetic circuit model [10] as

[+5)

Hp D

o)D),
1+ py D

2

where, D is the average size of the ferrite particles, &/2 is the
average thickness of the nonmagnetic resin layer and s is the
complex permeability of sintered ferrite. Thus, the
permeability value of composite materials can be scaled by
the gap parameter ¢/D. This parameter is connected to the
volume ferrite content ¢ as

5 -3
=|1+—
au

Thus the variation of the permeability with particle content

can be described by the mixing rule called “the coherent
model”,

)

80

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 20,2023 at 14:06:17 UTC from |IEEE Xplore. Restrictions apply.



1/3

M (4)

1_ﬂ3 +;UB¢71/3
Fig. 5 shows the absolute relative permeability of Sendust
composite at 1 MHz as a function of particle content. Solid
circles are the measured permeability values, dash-dotted line
indicates the logarithmic law curve, and the solid line is

calculated from (4). Here, high density 80 vol.% sample was
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Fig. 5. Absolute permeability value at 1 MHz of Sendust composite
materials as a function of particle content. The 100 vol% value is
from the bulk Sendust data at 100 Hz.
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made using the material Sb,O; as a binder by heating at 650 °
C in air. The measured permeability values for all particle
contents are significantly lower than the values predicted by
the logarithmic mixing law. This indicates that the magnetic
circuit model can qualitatively explain the demagnetizing
effect in the Sendust composite, similar to ferrite composite
materials [5]. Thus some other mixing theory such as the
Maxwell Garnet approximation or the Bruggeman's effective
medium theory can be considered to make quantitative
explanation of the permeability variation in Sendust
composite material [22].

D. Contribution of Domain Wall and Natural Resonance to
the Permeability Spectra

The permeability spectra of Sendust composite materials
was analyzed assuming the superposition of the two types of
magnetic resonances, domain wall and gyromagnetic spin
resonance [5]. The following permeability dispersion formula
was applied
wdzldo

o jonor, 5
o -0+ jof (0, + joa)

2

M=+ g+, =1+

where y; and y; are the magnetic susceptibility for domain
wall and gyromagnetic spin motions, respectively; oy = 27 f3
and @, = 27 f; are the resonance angular frequencies of the
domain wall and the spin components; x4 and y are the
static magnetic susceptibilities of each component; and « and
f are the damping factors. Fig. 6 shows the permeability
spectra of the 62.9 vol.% Sendust composite material. The
parameters of the dispersion (5) were obtained by the
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Fig. 6. Complex permeability spectra of 62.9 vol% Sendust
composite material. Solid, dotted and dashed-dotted lines are
calculation curves using fitting parameters determined from equation
(5). Coefficient of determination factor R? is 0.998.

numerical fitting of (5) to the measured data. The estimated
dispersion parameters by the numerical fitting are f; = 2.23
GHz, f; = 844 MHz, y=5.98, ya0=5.74, = 2.52 and f=
6.62 X 10°, respectively. The frequency dispersion of
permeability for the Sendust composites can be described by
two resonance components. High-frequency permeability is
mainly attributed to the spin resonance. The relaxation
characteristics in domain-wall and spin components are
caused by the relatively high damping values. However, there
is a slight discrepancy between the fitted curve and the
measured data over the frequency range from 3 to 6 GHz. This
may be attributed to the eddy current effect in the embedded
metal particle. Considering the dispersed particle size, the skin
depth becomes equal to the average diameter of dispersed
particle at approximately 4 GHz. Though a resonance
behavior can exist at frequencies above 6 GHz, the real part of
permeability ' does not show negative value up to 20 GHz in
the Fe-Al-Si granular composite material [17].

E. FElectrical properties of Sendust Composite Material

Electrical and dielectric properties of Sendust composite
material was evaluated by electrical resistivity and complex
permittivity. In the previous study of Fe-Ni alloy (Permealloy)
composite material, metallic property is observed above 40
vol.% particle content [11]. The electrical percolation of metal
particles produces relatively high electrical conductivity in the
high content permalloy composite. Thus, oxidized Permalloy
particles were used to achieve the insulating high particle
content composite for high frequency applications [16].

Electrical conductivity o, calculated by the resistivity data
is shown in Fig. 7 as a function of frequency. Electrical
conductivity of Sendust particles was measured by the two-
terminal method using cylindrical electrodes [16]. The
resultant conductivity value is 1.397 S/cm at 100 Hz, which is
much smaller than 13755 S/cm for the bulk Sendust alloy. o
of Sendust powder is almost constant up to 1M Hz and
decreases at the higher frequencies. The preliminary
experiments for the temperature variation of o, show that the
Sendust powder behaves as a semiconductive material. Thus,

81
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it is considered that the decrease of o is caused by the
oxidation of the particle surface in the atomizing process.
Further, the contact resistance between particles also enhances
the resistivity of the powder and composite materials.

In the Sendust composite material, the 62.9 vol.%
composite shows an insulating behavior, and the conductivity
value is on the order of 10® S/cm for the frequency range
from 100 Hz to 1 kHz. The value o, increases with frequency
and reaches the order of 107 S/cm at 40 MHz. Since the
particle content in this case is above the electrical percolation
threshold [11], the contact resistance and oxidized surface
layer lead to the low conductivity state. It should be noted that
the 80 vol.% Sendust composite with Sb,O; binder also
exhibits an insulating electrical property as well. From the
above results, the Sendust composite material containing
surface oxidized particles has insulating electrical property at
least up to about 80 vol.% particle content; the eddy current
effect in the bulk composite is not necessary to consider.
However, in high frequency range, the eddy current is

451 | Sendust Composite | |

40 E
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2 30 62.9vol% T

ng 491v0%
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Fig. 8. The complex permittivity spectra of Sendust composite

materials. The open circle and solid circle indicate the real and
imaginary parts, respectively.
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produced in embedded micron order particles by the intrinsic
metallic property and permeability is affected by this effect.

Fig. 8 shows the complex permittivity spectra & = &’ —j&”
of the Sendust composite materials. The real permittivity &’ is
constant up to 6 GHz, and the dielectric loss is almost zero in
all the composite materials. The &’ value increases with an
increasing particle content, and the variation can be described
by the logarithmic law.

IV.CONCLUSION

The magnetic and electrical properties of Fe-Al-Si alloy
composite materials up to the microwave frequency region
have been studied. I Sendust composite material containing
particles with a semiconductive oxidized surface layer
exhibits insulating electrical behavior up to the high particle
content of 80 vol.%. Frequency dispersion of permeability can
be described by the domain-wall and gyromagnetic spin
resonance phenomena. In the microwave range, the eddy
current produced on the embedded particle surface may affect
the permeability spectrum. Permeability variation with
particle content can be qualitatively described by a mixing
rule, the coherent model.

For further investigations, the magnetic field effect on the
high frequency permeability of Sendust composite materials
and the analysis of permeability variation with particle content
by the other mixing rules are now in progress.
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