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Abstract The effects of fiber electrical properties on
electromagnetic wave absorbing potential in short
Si-Ti—C-O fiber-dispersed epoxy matrix composites
were studied. Six kinds of short Si-Ti-C-O fibers with
different respective electrical resistivity were incorpo-
rated into an epoxy matrix and the dielectric properties
of the composites in a frequency range from 1 MHz to
1 GHz were measured. The penetration depth of
electromagnetic wave, which is defined as the distance
to reduce 1/e of the incident electromagnetic wave
power, is obtained from the measured dielectric
properties. It is found that the dielectric properties of
the composites are strongly dependent on the electrical
resistivity of the fiber: the use of lower electrical
resistivity fiber leads to a shorter penetration depth.
Independent of the electrical resistivity of fiber, the
penetration depth decreases with increase in the
frequency. This result demonstrates the potential of
the composite as a thin electromagnetic wave absorb-
ing material.
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Introduction

Electromagnetic waves are now used in various
environments, and especially are in demand in the
fields of advanced wireless communication systems.
The wireless system requires wide frequency range
electromagnetic wave absorbing material as well as
electromagnetic wave reflecting and transmitting
materials [1-3]. Various kinds of electromagnetic
wave absorbing materials have been developed, such
as ferrite-dispersed polymers [4-7], carbon-dispersed
polymers [8, 9] and SiC fiber-embedded polymers
[10-12].

Among the existing electromagnetic wave absorbing
materials, non-stoichiometric SiC-base fiber-reinforced
polymer matrix composite is believed to have both
mechanical and electromagnetic wave absorbing prop-
erties and can applied as a structural electromagnetic
wave absorbing material [10-12]. Although studies on
the SiC-base fiber-reinforced polymer matrix compos-
ites demonstrated their high potential as an absorbing
material, the potential of the SiC-base fiber for
electromagnetic wave absorbing material has not well
examined.

It was reported that heat treatment of SiC-base
Si-Ti-C-O fiber (Tyranno®, Ube Industries, Ltd.,
Yamaguchi, Japan) allowed production of a wide range
of electrical resistivity from 10~ to 10* Qm while retain-
ing the fiber’s original mechanical performance [13]. This
widely variable range of fiber electrical resistivity is due to
the participation of a nanometer order thick carbon rich
layer near the surface, which is induced from the non-
stoichiometric chemical composition of the fiber [13, 14].
However, the effect of fiber electrical properties on the
electromagnetic wave absorbing potential of the
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composite has not been well studied. In the present study,
attention was focused on the effect of the electrical
resistivity of the Si-Ti-C-O fiber on electromagnetic
wave penetration depth in the short Si-Ti-C-O fiber-
reinforced epoxy matrix composite.

Experimental procedure
Composite material

Six kinds of Si-Ti-CO fiber (diameter: 8.5-13 pm,
Tyranno®, Ube Industries Ltd.) were used as electro-
magnetic wave absorbing materials. The electrical
resistivity and some properties of the fibers used are
listed in Table 1. All fibers had nearly the same
mechanical properties except for differences in their
electrical resistivity. The chemical composition of the
original fiber, i.e., before heat treatment, was Ti: 0.78,
C: 44, O: 21 and the remainder was Si (at %). Control
of the electrical resistivity of the fiber was carried out
by heat-exposure in a high purity N, gas atmosphere of
the original fiber. The chemical composition of the
fiber was known to be the same after heat exposure
[15]. The electrical resistivity of the fiber had a range
from 107 to 10* Qm, this change originated from the
change in distribution and content of precipitated
carbon near the fiber surface, especially within ~50 nm
of the surface. A typical example of the distribution of
C and Si concentration near the surface determined by
Auger electron spectroscopy was reported elsewhere
[14]. Figure 1 shows a schematic drawing of the
distribution of chemical composition of the heat-
exposed Si-Ti—C-O fiber. The thickness of the carbon
rich layer, x., is defined as the distance from the fiber
surface to half the difference between carbon content
at the fiber center and at the surface.

The as received fiber bundle was mechanically cut
into chopped fibers in which the average length was
~2.5 mm. The chopped fibers were incorporated into
an epoxy matrix. The matrix epoxy employed was a

Table 1 Properties of the Si-Ti—-C-O fibers

Carbon Content

(Average value: 44 at%)

Carbon content

C

Distance from fiber surface
‘ Si-Ti-C-O Fiber

Diameter: 8.5 ~ 13 um

Carbon Rich Layer

Fig. 1 Schematic drawing of the distribution of precipitated
carbon in Si-Ti—C-O fiber and definition of the carbon rich layer

clear grade epoxy resin (Epikote 828, Yuka-Shell
Epoxy Corp., Tokyo, Japan). The resin was cured
using 46 wt% of curing agent (Ricaside MH-700E,
New Japan Chemical Co. Ltd., Osaka, Japan) and
0.13 wt% of accelerator (DBU, Sun-Apro Corp.,
Kyoto, Japan). The above three components were
mixed together in ambient air. The chopped Si-Ti-C-O
fibers were put into the epoxy-base mixture and
mechanically mixed for about 5 min and the mixture
was degassed in a vacuum of 10~ Pa for 1 h. Detailed
processing of the epoxy mixture was reported else-
where [16].

The mixture was poured into a Teflon®-coated tray
and slightly pressed, then cured at 373 K for 4 h in
ambient air using an oven. After curing, the composite

Properties Fiber

A B C D E F
Fiber diameter (um) 8.5 8.5 8.5 11 11 13
Density (g/cm?) 2.27 2.35 2.39 2.46 2.48 2.55
Thickness of carbon rich layer, X. (nm) 0 1 7 15 20 27
Electrical resistivity, p; (Qm) 1.5 x 10* 1.3 x 10" 4.5 %10 52 %1072 2.0 x 1072 6.5x 1073
Young’s modulus (GPa) 162 170 168 192 198 224
Tensile strength (GPa) 3.00 2.93 2.72 321 3.27 3.10

The definition of carbon rich layer thickness is shown in Fig. 1
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Fig. 2 Examples of the polished sections of the composite; (a)
parallel plane, (b) through-the-thickness plane, and (¢) schematic
drawing of fiber distribution with definition of coordinates

was allowed to cool in the oven at a natural rate. The
volume fraction of fiber was controlled by weighing the
fiber before mixing, knowing the density of the fiber
and the matrix after curing. The fiber volume fraction
was fixed at 0.05. Figure 2 is examples of the polished
sections of the composite perpendicular (a) (r—0 plane)
and parallel (b) (r—z plane) to through-the-thickness
plane. Detailed observation of the polished section
shows that the chopped fibers were quasi-two dimen-
sional in-plane imhomogeneously oriented in the
epoxy matrix, as schematically shown in Fig. 2c. The

@ Springer

definition of coordinate is also shown in Fig. 2c. It was
found that the fiber distribution was nearly the same at
any fiber electrical resistivity.

Dielectric properties and electrical resistivity

As fabricated composites were cut into disk-shaped
samples using an ultrasonic machining process. The
prepared samples were 12 mm in diameter and 1 mm
thick. The parallel surfaces of the sample were polished
to 0.5 um with a diamond paste finish to provide a
mirror surface, cleaned and dried completely by air
blowing. Thereafter, a thin Au coating (~0.2 um) was
applied to both parallel surfaces by a vacuum sputter-
ing process. This Au coating allowed good electrical
connection between the fixture for dielectric measure-
ment and the composite specimen.

The electrical resistivity of the Au-coated composite
in the through-the-thickness plane was measured by a
four probe method with a constant DC current
~0.1 mA at randomly selected points. Dielectric prop-
erties of the composites were measured using broad
dielectric spectroscopy (Novocontrol GmfH, Hund-
sangen, Germany). The measurement was done in
ambient air at room temperature (297 K), and mea-
sured frequency range was from 1 MHz to 1 GHz.
Relative dielectric constant, ¢, relative dielectric loss
factor, ¢,”, and electrical resistivity, p., of the compos-
ites were measured at the same time.

Results and discussion
Dielectric properties of composites

Figure 3 shows examples of frequency dependence of
the dielectric constant, ¢, and the dielectric loss, ¢,”, of
the composites with the electrical resistivity of the Si—
Ti—C-O fibers. The dielectric constants and losses show
different frequency dependence according to the elec-
trical resistivity of the Si-Ti-C-O fiber used. This
dependence becomes more remarkable with decrease
in the electrical resistivity of the Si-Ti-C-O fiber.
When the electrical resistivity of the fiber is as high as
pr=15x% 10* Qm, the dielectric constant shows only
slight frequency dependence. This suggests that the
composite with low electrical resistivity fiber gives
higher dielectric constant and dielectric loss compared
to those with higher electrical resistivity of the fiber at
the same frequency. The maximum dielectric constant
and dielectric loss of the composite, respectively, are
an order of ~10” and ~10°, indicating that the change of
electrical resistivity of the Si-Ti—C-O fiber is effective
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Fig. 3 (a) Frequency dependence of the dielectric constant, ¢,
of the composites with the electrical resistivity, py, of the Si-Ti—
C-O fiber. (b) Frequency dependence of the dielectric loss, &,”,
of the composites with the electrical resistivity, py, of the Si-Ti—
C-O fiber

way for controlling the dielectric constant and dielec-
tric loss of the composite in wide range.

The frequency dependence of the electrical resistivity
of the composites is shown in Fig. 4. Like the frequency
dependence of ¢, and ¢,”, the electrical resistivities of all
the composites tend to decrease with the increase in
frequency. At the same frequency, the electrical resis-
tivity of the composite tends to decrease with decrease in
the electrical resistivity of the Si-Ti—~C-O fiber. When
the conductive fillers are incorporated into an insulating
matrix, electrical resistivity of the composite is known to
change over a wide range by the percolation effect [17,
18]. Since the epoxy matrix has a very high electrical
resistivity (>10'° Qm at DC [19]), this behavior obvi-
ously originates from the percolation effect among the
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Fig. 4 The frequency dependence of the electrical resistivity of
the short Si-Ti—C-O fiber-reinforced epoxy matrix composites, p.

fibers, i.e. direct touching of the fiber to fiber in the
epoxy matrix [20].

Electromagnetic wave absolving potential

Electromagnetic wave absorbing properties of the
composites were evaluated using penetration depth of
the electromagnetic wave from the surface of the
composite material. Assuming that the composite is a
homogeneous and isotropic material’, the electric field,
E(x), as a function of depth from the surface, x, under
incident amplitude of electric field, Ey, is given by [21]

E(x) = Egexp(—acx)exp{j(2nft — fx)} (1)

where f is the phase constant, j is the complex
operator, ¢t is the time, and o. is the attenuation
constant given by [21]

12
aczg{2<\/s’,2+s’,’2—s',>} (2)

Here, ¢ is the velocity of electromagnetic wave in
vacuum (3.0 x 10® m/s [22]). From Eq. (2), it is clear
that larger dielectric constant, ¢’, and dielectric loss, &”,
give larger attenuation constant, and therefore, the

!'In the present composite, the fiber is distributed quasi two-
dimensionally in-plane random-oriented and therefore the
anisotropic property should be considered in the calculation.
However, the article deals with only through-the-thickness
direction, and therefore, Egs. (1) and (2) give approximate
values. The error associated with this assumption is neglected in
this paper.
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Fig. 5 Plots of the attenuation constant of the composite, o, and
frequency, f, for the composite with the electrical resistivity of
the Si-Ti—C-O fiber, p;. Attenuation constant, o, is calculated
from the Eq. (2)

discussion hereafter is focused on the composite with
the highest ¢, and ¢,”, i.e., the penetration depth using
Si-Ti-C-O fiber with a lower electrical resistivity
(pr=2.0 x 102 and 6.5 x 10~ Qm).

Figure 5 is plots of the attenuation constant of the
composite, o, versus the frequency, f, for the composite
with the electrical resistivity of the Si-Ti—C-O fiber. The
attenuation constant is obtained from Eq. (2) using
measured frequency dependence of dielectric proper-
ties. Figure 5 demonstrates that the attenuation con-
stant of the composite, ¢, increases with increase in
frequency and this dependency is observed indepen-
dently of the electrical resistivity of the fiber, p;. The
dependence of the attenuation constant on the electrical
resistivity of the six kinds of composites for frequencies
of 1, 10, 100 MHz and 1 GHz are shown in Fig. 6. It is
clear that the attenuation constant increases with
decrease in electrical resistivity of the composite, which
is observed independently of the frequency range. This
suggests that the fiber with lower electrical resistivity
gives a higher attenuation value. Using the estimated
attenuation constant, o, the penetration depth of the
electromagnetic wave to reduce its energy to 1/e is
defined as xy/. and the value is given by

Xije =1/ac 3)

Figure 7 shows the penetration depth of electro-
magnetic wave for the composites obtained from Eq.
(3). The penetration depths for all the measured
frequency ranges decrease with the decrease in elec-
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Fig. 6 Electrical resistivity dependence of the attenuation
constant for frequencies 1, 10, 100 MHz and 1 GHz

trical resistivity of fiber as expected from Fig. 6. Within
the same fiber electrical resistivity the penetration
depth decreases with the increase in frequency. This
experimental result suggests that Si-Ti—-C-O fiber-
reinforced epoxy matrix composites have suitable
electromagnetic wave absorbing potential within the
present frequency range, and that the material is
suitable for a high frequency region.

Conclusion

The effects of electrical resistivity of the Si-Ti—-C-O
fiber on dielectric properties and electromagnetic wave
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Fig. 7 Plots of penetration depth, xy/, of composite with the
electrical resistivity, py, of the Si-Ti—-C-O fiber versus frequency, f
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penetration depth of in-plane random-oriented short
Si-Ti—-C-O fiber-reinforced epoxy matrix composites
were studied. Dielectric properties of the composites
were measured in frequencies from 1 MHz to 1 GHz
and the penetration depth of electromagnetic wave for
the composites was estimated from the dielectric
properties of the composites.

The result demonstrated that these dielectric prop-
erties are strongly dependent on the electrical resistiv-
ity of the dispersed Si-Ti-C-O fiber. The penetration
depth became thinner with decrease in electrical
resistivity of the fiber and with increase in frequency,
respectively.
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