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Abstract

Composites fabricated with SrTiO; ceramic filler dispersed inside a thermoplastic polyolefin elastomer (POE) polymer matrix, with excellent
dielectric properties and good flexibility, have been studied in this paper. The relative permittivity of SrTiO3;/POE composites blended with
different volume fraction of ceramic filler was investigated as a function of temperature and frequency. The results indicated that with the increase
of ceramic filler, both the relative permittivity and the dissipation factor of composites increased. Good frequency stability within a wide range
was observed in all the samples. The theoretical dielectric constant obtained from the effective medium theory of Bruggeman’s model is in good
agreement with the experimental data. For the composites containing 40 vol.% SrTiOs, the dielectric constant and the loss tangent were 11.0 and
0.01 at 900 MHz, respectively, while the mechanical test results showed good flexibility on the final quality of the composites with the elongation
of 90%. This indicates that the ST/POE composites have the promising characteristics for potential applications in the flexible dielectric waveguide

and related flexible microwave devices.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, there is an increasing interest on the flexi-
ble dielectric waveguide in the microwave frequency because
it has various potential applications, including communication,
military and medical care.'™> The flexible dielectric waveg-
uide consists of a flexible core and a flexible cladding. The
core would be a flexible dielectric material with high dielec-
tric constant and low dielectric loss in the microwave frequency
range. The cladding would also be made of a low loss dielectric
material with low dielectric constant, and its dielectric constant
should be smaller than that of the core.*> However, all flexi-
ble dielectrics with low losses in the microwave frequency, such
as polystyrene, polyethylene, polypropylene, and polytetraflu-
oroethylene (PTFE), have small dielectric constants (about 2).
On the other hand, the flexibility of the high dielectric constant
ceramic material is very poor. Therefore, the application of a
flexible polymer or a kind of ceramic is greatly restricted in
the core of the flexible dielectric waveguide.* Polymer-matrix
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composites reinforcing by ceramic powder would be an effec-
tive approach to improve the properties of dielectric materials in
order to satisfy the requirement of the flexibility and high dielec-
tric constant.®’ By integrating high dielectric constant ceramic
powder with superior flexibility of the polymer matrix, one can
obtain composites with high dielectric constant and good flexi-
bility. This kind of composites is highly suitable for the flexible
core of the waveguide.

In this paper, high dielectric constant flexible microwave
composites were achieved by introducing the ceramic filler with
high dielectric constant into polymer matrix with high flexibil-
ity. Thermoplastic polyolefin elastomer (POE) is selected as the
polymer matrix. SrTiO3 dielectric ceramic (ST) is selected as
the ceramic filler. POE is an ethylene—octene copolymer that
has excellent flow characteristics and performs well in a wide
range for general purpose of thermoplastic elastomer appli-
cations. ST ceramic has attracted attention of researchers in
microwave dielectrics because of their low loss tangent, high
relative permittivity, and wide adjustable o, range.® ST/POE
flexible composites with various ST filler volume fractions were
prepared by using the extrusion technology. The dielectric prop-
erties and the mechanical properties of the ST/POE composites
were investigated and reported in detail.
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2. Experimental

The raw materials selected were a thermoplastic polyolefin
elastomer (POE) for the matrix and a SrTiO3 dielectric ceramic
for the filler. The POE (density: 0.87 g/cm?; glass transition
temperature: —55°C; elongation exceeds 600%) used was
Engage™ POE 8100 (Dupont Dow Co., USA). The pure
SrTiO3 filler (GuoTeng Co. Ltd., China) has an average grain
size of about 100nm and a density of about 5.3 g/cm?®, with
the dielectric constant and the loss tangent of 160 and 0.006,
respectively in the 1-5 GHz frequency range. The filler and
the POE were mixed with various volume fractions for 20 min
in a Rheomix600p system (HAAKE Co., Germany) operated
at 60 rpm and 220 °C. Then, the mixture was put into a disk
mold and hot-pressed under stress of 10 MPa at a temperature
of 150 °C for 10 min. The sample was allowed to cool down
and the stress was removed after that. In order to let the ST
filler to distribute uniformly in POE matrix, the above mentioned
technological parameters were found to be the optimum.

In the high frequency range of 1 M—1 GHz, the relative per-
mittivity and dissipation factor were measured by HP4291B
impedance analyzer with HP16453A dielectric material test fix-
ture. For the dielectric measurement, the samples are discs with
a diameter of 15 mm, about 1 mm thick.

The frequency dependant dielectric behavior of the samples
in microwave range from 500 M to 5 GHz were obtained by using
open-reflection method with a HP8270ES network analyzer and
a HP85070c open-ended coaxial line probe.”~'! For the error
correction over the measurement frequency range, a calibration
was performed by placing known standards (air, short, deionized
water) on the end of the open-ended coaxial line probe.

The microwave dielectric measurement at approximately
5.011 GHz were performed on a 5.011GHz split post-
resonator! =13 with a HP8270ES network analyzer. The samples
fitted the cavity dimension were 1 mm thick and 35 mm diameter
discs as used in the open-reflection method.

Dielectric measurements as a function of temperature were
carried out with a HP4284 LCR meter from 1 KHz to 1 MHz
between —180°C and 65 °C, measurement were made while
heating at a rate of 3 °C/min. For this measurement, silver elec-
trodes were painted on the both side on the sample.

Density measurement was made by Archimedes method with
distilled water as the liquid medium. Microstructure of the
composites was observed using scanning electron microscopy
(SEM). Tensile tests were made on hot-pressing samples (thin
plate) using a tensile test machine PT-1036PC (Perfect Instru-
ment Co. Ltd., China, Taiwan) with a 5 mm/min deformation
speed.

3. Results and discussion
3.1. Micrographs

Fig. 1 shows SEM micrographs of the 40% ST composites.
In this image few large ST filler agglomeration can be observed.

There is no obvious phase separation, which means that the
ST filler is compatible with the POE matrix, the ST filler can

Fig. 1. SEM image of 40 vol.% ST composites.

be distributed uniformly in POE matrix. It is indicated that the
composites sample has excellent homogeneity.

3.2. Dielectric properties

Fig. 2(a) presents frequency dependence of relative permit-
tivity of the composites. With the increase of ST filler amount,
the dielectric constant of composite increases significantly. For
the 40 vol.% ST composites, the average dielectric constant can
reach approximately 11.0, which is highly improved compared
with the pure polymer matrix (about 2.1). As shown in Fig. 2(b),
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Fig. 2. The frequency dependence of the relative permittivity &; (a) and dissi-
pation factor tan § (b) for ST/POE composites blended with different volume
fraction of ST ceramic filler (measured by HP4291B impedance analyzer).
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ume fraction of ST ceramic filler at microwave frequencies from
500 MHz to 5 GHz appear nearly a constant in the whole mea-
surement range. The plotin Fig. 3 show similar features as thatin
Fig. 2. It reveals that the good frequency stability of the ST/POE
composites has been obtained over a wide range from 1 MHz to
5 GHz.

The microwave dielectric properties of the ST/POE compos-
ites were measured by a 5.011 GHz split post-resonator and the
results are shown in Table 1. The dielectric constant and the
loss tangent at about 5 GHz correspond well with the results of
Figs. 2 and 3, showing good stability within a wide range of
frequency. The results indicate that the 40 vol.% ST composites
can satisfy the requirement of high dielectric constant for the
core of the flexible dielectric waveguide.

There are some defects such as air gap and the interface phase
between ST and POE in the composites materials, which can
influence the relative permittivity and the dielectric loss of the
composites.'* Assuming that there are only three phases in the
composites, the volume fraction of the air in the composites can
be calculated by equation:
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the composites. The pmeasured Was measured using Archimedes

Fig. 3. The frequency dependence of the real (a) and imaginary (b) part of the method. The Peomposites Was determined using mixing rule!d:

relative permittivity of ST/POE composites with different volume fraction of ST
ceramic filler at microwave frequencies (measured by open-reflection method).

Pcomposites = Zpi Vi ()

the dielectric loss of the composites slightly increases with the '

amount of ST filler increasing. At 900 MHz, the loss tangent is
0.01 for the composites containing 40 vol.% SrTiOs3.

AS seen in Fig. 3(a) and (b), real and imaginary part of the
relative permittivity of ST/POE composites with different vol-

where p; is the density of inclusion; V; is the theoretical volume

fraction of inclusion. These results are shown in Table 2.
Considering the influence of air gap, there are three phases

in the composites. The theoretical dielectric constant can be

Table 1
Microwave dielectric properties of ST/POE composites (measured by 5.011 GHz split post-resonator, 25 °C)

Sample Resonant frequency (GHz) 0 Loss (dB) & tand (x1073)
Empty cavity 5.011848084 14,028 41.386
Polymer matrix 4.963332779 12,245 41.500 2.1 0.2
10% ST
4.940197478 3866.6 41.244 34 4.5
20% ST 4.896465809 2,793 41.549 4.6 4.7
30% ST 4.878503448 2094.1 41.203 6.5 6.3
40% ST 4.749000814 899.6 41.746 10.5 8.5
Table 2
The density of ST/POE composites and the virtually volume fraction of inclusion
ST filler volume fraction (%) Pcomposites (g/cm3) Pmeasured (g/cm3) Vst (vol.%) VpoE (vol.%) Vair (vol.%)
0 0.87 0.87 0 1 0
10 1.313 1.239 9.45 85.05 5.5
20 1.756 1.567 17.85 71.38 10.77
30 2.199 1.883 25.1 58.56 16.34
40 2.642 2219 32.52 47.78 18.7
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Fig. 4. The experiment and calculated dielectric constant of ST/POE compos-
ites.

calculated with the Bruggeman’s model, 1”7

ZVI ( &i — Ecomposites > -0 3)
i

&+ 2800mposites

where gcomposites and &; is the dielectric constant of composites
and inclusion, respectively. According to Eq. (3) and Table 2,
the dielectric constant of ST/POE composites was calculated.
The result is shown in Fig. 4, which is in good agreement with
the experimental result.

The relative permittivity and dissipation factor as a func-
tion of temperature for composites fill with 40 vol.% of ST are
shown in Fig. 5(a) and (b), respectively. The peak-like changes
of the relative permittivity and the dissipation factor at —75 °C
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Fig. 5. The relative permittivity &, (a) and the dissipation factor tand (b) as a
function of temperature for a composites containing 40 vol.% ST composites.
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Fig. 6. The stress—strain curve of the 40 vol.% ST composites.

could be observed. Both transitions are native characteristics
of POE, which have been inherited by the composites. In the
ST/POE composites, the relative permittivity shows decrease
with temperature increases in the range from —180 °C to 65 °C.

3.3. Mechanical test

As the matrix of composites, the good flexibility of POE
polymer (more than 600% elongation) makes the flexibility of
the composites also good. As shown in Fig. 6, the stress—strain
curve of the 40% ST composite is presented. The composite has
a critical stress of 2.75 MPa with an elongation at break value
of about 90%. It is flexible enough to reach the requirement of
flexible dielectric waveguide applications.

4. Conclusions

By using the extrusion technology, the SrTiO3; ceramic filler
were dispersed inside of the POE polymer matrix and the
ST/POE composites with various volume fractions have been
obtained successfully. The measurement results indicate that the
composites have high relative permittivity, the low dissipation
factor, and good stability within a wide range of frequency from
1 MHz to 5 GHz. At high frequency, the dielectric constant and
the loss tangent of 40 vol.% ST composites are 11.0 and 0.01,
respectively. It also shows a very good flexibility with elongation
at a break value of 90%. This indicates that the ST/POE com-
posites have the promising characteristics for potential use as
the flexible dielectric waveguide and related flexible microwave
devices.
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