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Elastomeric composites for flexible microwave substrates
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(Received 21 December 2015; accepted 18 March 2016; published online 31 March 2016)

Manipulating dielectric properties of polydimethylsiloxane (PDMS) is an important consideration
for flexible, low-loss device design. This paper presents a method for reducing dielectric loss (tan d)
by forming PDMS composites loaded with various concentrations of either alumina (Al,O3) or
polytetrafluoroethylene (PTFE) particles. The structural, mechanical, and electrical properties of
the composites are investigated. Theoretical mixing models were used to predict the relative per-
mittivity (¢,) of PDMS composites, and good similarity with the measured ¢ was observed. The
incorporation of either low dielectric loss filler in the PDMS matrix (up to 50 wt. % filler loading)
is shown to reduce the dielectric loss while maintaining the flexibility of the host matrix. The fillers
can also control the permittivity of the composite, either increasing or decreasing relative permit-
tivity from that of PDMS. Interestingly, a strain of ~500% can be applied to 15 wt. % PDMS/PTFE
composites, compared with ~350% for pure PDMS. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945037]

I. INTRODUCTION

The demand for flexible, low-loss substrates for micro-
wave frequencies is increasing, with many examples presented
for radio-frequency (RF) switching/tuning mechanisms'? and
biomedical applications.” However, it is very difficult to iden-
tify a homogeneous material which possesses these desired
properties. Alternatively, polymer-ceramic composites are
commonly proposed, as most polymers like silicone rubber,
butyl rubber, and fluoro-polymer offer excellent flexibility
at low cost, while several ceramics have low dielectric loss
properties.*®

The challenges associated with creating polymer-ceramic
composites to form flexible-low loss materials often stem
from inhomogeneous distribution of the fillers within the poly-
mer host-matrix, and compatibility between the fillers and the
polymer. Among the existing polymers, polydimethylsiloxane
(PDMS) has been extensively used to fabricate stretchable
microwave devices like resonators, antennas, switches, filters,
and oscillators.””"' PDMS polymer nanocomposites have also
been employed for many other diverse functions and applica-
tions.">™" In general, the dielectric properties of the compos-
ite depend on structure, size, morphology, and concentration
of filler loadings.'®'” However, PDMS exhibits significant
dielectric loss at microwave frequencies, which limits its
application for use as a flexible dielectric material.

Numerous polymer-ceramic composites have been
reported to demonstrate flexible substrates.™'*'"*? Koulouridis
et al. presented flexible substrates for antenna and filter design
at microwave frequencies made from composites of PDMS and
various ceramic powders, namely, barium titanate (BT:
BaTiO;), Mg-Ca-Ti (MCT), and Bi-Ba-Nd-titanate (BBNT)."’
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At 1GHz, the loss tangent of the BT/PDMS composite was
comparatively higher (tand of 0.04) than the loss tangent of
MCT/PDMS and BBNT/PDMS composites (tan 6 < 0.009) for
0.25 volume fraction of the ceramic. A microwave antenna and
filter were constructed using the developed composites.
However, the structural performance of these composites has
not been quantified.

Namitha er al. recently studied the effect of particles
size on the microwave properties of silicone rubber-alumina
composites.'” Nano-size Al,O5 (alumina) fillers were shown
to produce increasingly higher dielectric loss with respect to
the filler loading, which contradicts perceived trends about
such mixtures. The increment of dielectric loss was reported
to be due to higher moisture contents and the large interface
area of the nano-alumina particles. In addition, the nano-size
alumina-filled silicone rubber composite produced better me-
chanical properties than micro-sized alumina fillers.
However, the investigation is limited to a relatively low vol-
ume fraction (0.05%) of nano-alumina filler due to issues
with the mixing process for higher filler loadings. Alumina-
filled Butyl Rubber composites are studied by Chameswary
et al.;* however, the study also uses a low volume fraction of
0.1 for the nano-alumina filler.

Polytetrafluoroethylene (PTFE) has been extensively
used as matrix polymer and mixed with several ceramic fill-
ers to form microwave dielectric composites.™*' A com-
parison of alumina- and magnesia-filled PTFE composites in
terms of dielectric, structural, microstructure, and moisture
absorption properties was reported by Murali et al.*'
Alumina and magnesia were chosen because of their almost
identical dielectric properties. The loss tangent of both com-
posites also showed an increasing trend with respect to filler
loading up 60 wt. %, with PTFE/magnesia composites exhib-
iting high loss tangent values compared with the correspond-
ing PTFE/alumina composite. No measurements have been

© 2016 AIP Publishing LLC
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conducted to study the mechanical properties and flexibility
of the proposed composites. Recently, PDMS-PTFE mem-
brane composite was fabricated for pervaporation of chloro-
form?> and the structural, mechanical, and thermal properties
were studied. Nevertheless to-date, a gap exists in the litera-
ture in identifying the dielectric properties of composites
using PTFE as filler for flexible electronics applications at
microwave frequencies.

This paper studies the effects of two low dielectric loss
fillers within a PDMS matrix on the structural, mechanical,
and dielectric properties of the resulting composite. Alumina
(&: ~10, tand: ~0.0003 at 10GHz) and PTFE (g: ~2.1,
tan 0: ~0.0004 at 10 GHz) are chosen fillers since both of
them have lower dielectric loss than the PDMS matrix.
Alumina has higher ¢, while PTFE has a lower ¢, than the
PDMS; hence, controlled mixtures can also be used to tailor
the relative permittivity of the composite. Experimentally
obtained values of ¢, are compared with the Maxwell-Garnet,
Lichtenecker, and Effective Medium theoretical (EMT) mix-
ing laws. Furthermore, the structural and mechanical proper-
ties of PDMS/alumina and PDMS/PTFE composites are
examined up to 50 wt. % filler loading.

Il. EXPERIMENTAL SECTION
A. Material and composite sample preparations

To investigate the impact of the composite fillers on the
permittivity and dielectric loss of PDMS, the following prep-
aration process was used. Dow Corning’s Sylgard 184™
PDMS with relative permittivity (¢;) of 2.68 and dielectric
loss (tan §) of 0.00133 at 100 kHz was selected as the host
phase because it has been commonly used in practical appli-
cations.””'" The properties of PDMS have been measured
using a coaxial dielectric probe (Agilent Technologies,
Model 85070E) to give ¢=3.0 and tand=0.05 at
3.45GHz.** At frequencies up to 20 GHz, PDMS has the
reported properties of ¢, =2.72 and loss ranging from 0.0366
to 0.0433 (0.055-0.065dB cm™' GHz™")."" The properties
can be dependent on the preparation process. Hence, in this
work, the composites will be benchmarked against measured
values of PDMS prepared in the same fashion. Alumina
nanoparticles (average dimension <50 nm) and PTFE micro-
particles (average dimension <10um) purchased from
Sigma-Aldrich, Australia were used as the filler phase. The
alumina nanoparticles were pre-baked at 100°C for seven
days to remove any additional moisture content which could
introduce additional loss in the resulting composite.

The mixing process begins with the preparation of PDMS
by adding one part (by weight) of a proprietary curing/cross-
linking agent (Sylgard 184, Dow Corning Corporation) to ten
parts (by weight) of PDMS pre-polymer. The desired amount
of filler particles was added to the PDMS mixture and heavy
stirring by hand was applied for 10 min. Because of higher fil-
ler loadings (particularly the 50 wt. %), a magnetic stirrer or
any other controllable stirrer cannot be used as the mixture
forms a thick paste. The obtained PDMS composites were
degassed in a vacuum oven for ~1h to remove air bubbles.
The resulting fully degassed mixture was molded into
bar-shape of 3.2mm x 3.2mm x 10mm size and cured for
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solidification at room temperature for ~24h. The sample
dimensions were prepared to suit the dielectric measurement
procedure using the waveguide resonant cavity method.
Samples with filler concentration of 15wt. % (4.35 vol. %),
30 wt. % (9.94 vol. %), and 50 wt. % (20.48 vol. %) for PDMS/
alumina composites and 15wt.% (7.80 vol. %), 30wt. %
(17.03 vol. %), and 50 wt. % (32.39 vol. %) for PDMS/PTFE
composites were prepared using this method.

The same preparation steps were applied to create sam-
ples for tensile strain, moisture absorption, density, and swel-
ling measurements. For the tensile stress-strain measurement,
a composite sheet of ~2mm thickness was prepared. The
composite sheets were die cut into dumb-bell shapes with an
overall length of 75 mm, a 30 mm long narrow section with a
width of 4 mm, and a gauge width of 12 mm. For the moisture
absorption, density, and swelling measurements, a sample
dimension of 3.2mm x 3.2 mm x 20 mm size was used.

B. Characterization

The microstructure of the composites was examined using
an environmental scanning electron microscope (ESEM, FEI
Quanta 200). The tensile stress-strain of pure PDMS, PDMS/
alumina nanocomposites, and PDMS/PTFE microcomposites
were measured using a Universal Testing Machine (UTM; WL
2100; Instron, Norwood, MA) with a rate of grip separation of
500 mm/min.

Archimedes’ principle was used to determine the density
of the composites.”> The samples were dried for 1h at
110°C in an oven and weighed in air (W,;,). Then, they were
carefully immersed in 2-propanol fluid and immediate
weight was taken (Wa_propanot). The measured density of the
composite was calculated using the following equation:

P _ Wair P2—propanol (1)
med Wair - Wz—propanol '
where p,,, is the measured density of the composite,
P2—propanol 18 the density of 2-propanol fluid of 0.789 gfem?,
Wi is the weight of the sample in air, and W5 p,opanor 18 the
weight of the sample in 2-propanol fluid.

The dielectric properties of the PDMS composites were
measured using a rectangular waveguide cavity resonant
method. The cavity was custom-built to resonate at approxi-
mately 10GHz using a section of WR-90 waveguide with
irises at either end, as shown in Figure 1. Although the results
are at single frequency, they should not vary greatly over
X-band (8-12GHz). A bar-shaped sample is located in the
position of the maximum electric field for the TE;y; mode,
causing a shift of the resonant frequency and a decrease of the
quality factor of the cavity. The real (¢/) and imaginary (¢”})
parts of the PDMS composite permittivity can then be calcu-
lated from the changes of the resonant frequency and quality
factor of the cavity, respectively.”® The dielectric loss (tan &)
is the ratio of imaginary part to the real part of the permittivity

/ VC(fC _fs)

& W, +1, 2

b Ve[l 1
T, (Qs Q(~>’ @
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(a) Vector Network
Analyzer

FIG. 1. Experimental setup for dielectric property measurement of PDMS
composites. (a) The interfacing of the WR-90 waveguide to the vector net-
work analyzer is shown. (b) A magnified view of the boxed region in (a)
showing the position of the sample in the waveguide.

where f. and f; are the resonant frequencies, Q. and Q; are
the quality factors of the cavity without and with the sample
inside the cavity, respectively, and V. and V are the volumes
of the cavity and sample, respectively. The validity of the ex-
perimental setup is determined by measuring a standard
made of Rogers RT/Duroid 5880 material. To ensure the
repeatability and accuracy of the measurement, five different
samples of each individual composite are measured, and the
average value of dielectric permittivity and loss tangent was
calculated and plotted.

For calculating the ¢ using the theoretical mixing
laws,”®?” the volume fraction (V) of alumina and PTFE par-
ticles for a given weight fraction (Wy) can be determined using
the equation

W
vy /

:—', 4

where pyis the density of the filler particles, and Wy, and pp,
are the weight fraction and density of PDMS matrix,
respectively.

Moisture absorption of the composites was also meas-
ured. Test samples were initially desiccated at 110°C for 1 h
in an oven. Weight of the samples was taken in air and then
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submerged in deionized water at room temperature 25 °C for
24h. The specimens were taken out and the excess water
from the surface was removed by carefully wiping with a dry
cloth followed by immediate weighing. The water absorption
of the composite is calculated from the weight gain.

Solvent swelling measurements were also carried out.
Test samples were initially pre-weighed and then totally
immersed in pure toluene at room temperature (25°C) for
24h until equilibrium swelling was reached. The swollen
samples were then taken out and, after the excess toluene
from the surface was carefully removed by wiping with a dry
cloth, immediately weighed. To ensure repeatable results,
the measurement was repeated three times.

lll. RESULTS AND DISCUSSION
A. SEM of the PDMS composites

Figure 2 presents scanning electron micrographs of
PDMS/alumina composites for 15, 30, and 50 wt. %, respec-
tively. Further images for multiple samples of each compos-
ite are included in the supplementary material®® (see Figure
S1 of supplementary material). It can be seen that alumina
particles are uniformly dispersed throughout the PDMS ma-
trix, validating the effectiveness of the manual stirring
method. As the filler content increases, the agglomeration
also increases, as evident in Figure 2(c).

In Figure 3, micrographs of PDMS/PTFE composites
with different weight fractions of the micro-PTFE filler are
shown, with additional images supplied in the supplementary
material®® (see Figure S2 of supplementary material). Figure
3(a) indicates that PTFE particles have an average size of
<10 um. As the filler content increases, particle agglomera-
tion appears and air inclusions also arise.

B. Density

Figure 4 demonstrates the variation in the calculated and
measured values of the density for PDMS/alumina and PDMS/
PTFE composites verses weight fraction. The uncertainties for

FIG. 2. Cross-sectional electron micro-
graphs of PDMS/alumina composites
with filler concentrations of: (a) 15 wt. %,
(b) 30 wt. %, and (c) 50 wt. %.

FIG. 3. Cross-sectional electron micro-
graphs of PDMS/PTFE composites with
filler concentrations of: (a) 15 wt. %, (b)
30 wt. %, and (c) 50 wt. %.
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FIG. 4. (a) and (b) Measured and calculated density of composites at different weight fractions of filler. (c) and (d) Calculated relative density of PDMS/alu-
mina composites and PDMS/PTFE composites, respectively. (e) and (f) Calculated porosity of PDMS/alumina composites and PDMS/PTFE composites.

the measured density for both composites are around
*2.5%. The calculated values of the density of composites,
Peal> are obtained using equation®

Peal = pfvf_"pm(l - Vf)» (5)

where p; and p,, are the density of the filler and the matrix,
respectively, and Vis the volume fraction of the filler.

The values of p.,; and average measured density (0,,04)
exhibit a similar increasing trend with greater filler load-
ings, since the density of both alumina (p; =4 g/cm®) and

PTFE (p; =2.15 g/cm?) is higher than that of cured PDMS
(p,,=1.03 g/cm3). However, the p,,., is smaller than the
calculated density at specific weight fractions of the fillers.
This is a result of the formation of pores in the composites
which is not considered in the calculated values. The poros-
ity, p, of composites can be calculated from the measured
and calculated density of composites®’

p med

=1- Prels (6)
Pcal

p=1-
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where p,.; is the relative density of the composites. The po-
rosity of PDMS/alumina composites decreases as filler load-
ing increases indicating the good compatibility and uniform
blending between the PDMS matrix and alumina filler as in
Figure 4(e). However, a contradictory trend is observed for
PDMS/PTFE composites which implies the increasing void
formation/air inclusion as the PTFE filler loading increases.
This supports the observations of porosity in Figure 4(f). A
~7.3% porosity can be seen for 50wt. % of PTFE filler
loading.

C. Dielectric properties of the composites at
microwave frequencies

The variation in relative permittivity and loss tangent of
the composites as a function of alumina and PTFE filler load-
ing in the PDMS matrix is shown in Figure 5. As ¢; of the
alumina filler is higher than the PDMS matrix, the &, of
PDMS/alumina composites shows an increasing trend with
filler loading. A contrasting trend can be seen for the PDMS/
PTFE composites due to slightly lower relative permittivity
of PTFE compared with the PDMS matrix.

The dielectric loss of PDMS/alumina and PDMS/PTFE
composites decreases as the filler weight fraction increases is
shown in Figure 5. The lowest dielectric loss is achieved for

—eo — with pre-bake
—>— humidified
---&-- without pre-bake

w
©
—

34
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50 wt. % PDMS/alumina and 50 wt. % PDMS/PTFE compo-
sites, showing loss tangents of 0.018 and 0.017, respectively.
We hypothesize that this is due to the lower dielectric loss
of filler compared with the PDMS matrix at microwave fre-
quencies. The decreasing trend of dielectric loss with the
increment fillers loading up to 50 wt. % opposes the previous
findings for the silicone-rubber/nano-alumina composites as
reported by Namitha er al.'” To further investigate and clar-
ify this, two additional experiments were carried out. First,
preparation of the PDMS-alumina composites without any
pre-bake process and second, the nano-alumina particles
were purposely left in a humid environment for 5h to force
the particles to absorb as much water as possible. The com-
posites were then prepared and the dielectric properties were
measured using the same method as described in Section II.
In both cases, the measured of dielectric loss exhibits similar
reduction trends with the incremental filler loading as the
prolonged pre-bake findings, as can be seen in Figure 5(a).
Even in the extreme case of deliberately humidifying the fil-
ler particles, we have been unable to reproduce the increase
in loss reported by Namitha ef al., which they attributed to
water absorption of the filler. This enhancement indicates
that the incorporated PDMS composites are suitable to be
implemented as microwave substrate for applications with
the requirement for low dielectric loss.

e
B
T

o

N
o
T

Relative Permittivity (g )
N
tn

40 50

2I0 3I0
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0.026 |- E

—
Q.
N

)
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0.022 - b

0.020 - b

0.018 | -

0.016 | L
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FIG. 5. (a) and (b) Variation of relative permittivity of composites with respect to the filler loading at 10 GHz. (c) and (d) Variation of loss tangent of compo-

sites with respect to the filler loading at 10 GHz.
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The uncertainty of the resulting relative permittivity and
loss tangent using the waveguide resonant cavity approach is
calculated at =2% and *£0.06%, respectively. These values
are congruent with other reported results for this method.*"'!
Figure 5 also highlights the highest standard deviation of rel-
ative permittivity and loss tangent for PDMS/alumina com-
posites without the pre-bake process. Hence, the uncertainty
of the water content in the non-prebaked alumina filler has
an impact on the characterization accuracy of the dielectric
properties.

The following dielectric mixing law models are used to
calculate the effective relative permittivity of PDMS-
composites at 10 GHz.

Maxwell-Garnett model*®
T ?
Lichtenecker model®’
Ing,rr = Vilngs + (1 — V¢)lng,,. ®
EMT model*?
PR F— L ) ©)

em + (1 = Vi) (& — &m) ’

where &7, &, and ¢, are relative permittivity of composite,
filler, and matrix, respectively, V; is the volume fraction of
the filler, and n is the morphology/shape factor. For the EMT
model, the n is determined by empirical calculation where
lower values signify filler particles of a near-spherical shape.

The predicted values of relative permittivity for PDMS/
alumina and PDMS/PTFE composites are compared with the
experimental results in Figure 6. For PDMS/alumina compo-
sites, the EMT model was found to have good agreement
with the experimental results at n of 0.275. However,
Maxwell-Garnett and Lichtenecker theoretical models match
closely with experimental values at lower weight fractions of
filler. Beyond 15 wt. %, the experimental relative permittiv-
ity slightly deviates from the theoretically predicted models.
This can be attributed to the agglomeration of alumina par-
ticles at higher filler loading."”

For PDMS/PTFE composites, the experimental values
present a small deviation from the predictions by all the the-
oretical models. This again may be due to the increase in
agglomeration as a result of higher filler loading in the
PDMS matrix. However, the relative deviation between pre-
dicted and experimental values for both composites is <2%.
Both composites exhibit small deviations at higher filler
loading, due to agglomeration/air inclusions;**** therefore,
all the theoretical models used should only be considered as
a rough estimator of relative permittivity for higher loadings.

D. Stress-strain measurement results

The characteristics stress-strain data of Figure 7 show that
the tensile stress drops significantly with addition of fillers to
the PDMS matrix. Increasing the alumina concentrations also
decreases the elasticity/flexibility of PDMS/alumina composites

J. Appl. Phys. 119, 124109 (2016)
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124109-7 Awang et a/.

as the presence of the alumina particles weakens the filler-
matrix mixture interface. In the worst case, approximately
100% strain can be applied to 50 wt. % of PDMS/alumina com-
posite before it breaks.

In contrast, the PDMS/PTFE composites exhibit an
increasing flexibility for 15 wt. % and 30 wt. % of PTFE con-
centration as depicted in Figure 7. A strain of ~500% can be
applied for 15 wt. % concentration, exceeding the 350% for
pure PDMS. However, as the filler contents increases, the
agglomerations also increase which may be the reason why
less flexibility occurs at the higher filler loading (50 wt. %).

E. Moisture absorption

Moisture absorption is a major concern in microwave
circuit applications since water will degrade the dielectric
properties of composites substrate material and may cause
damage to metallic tracks and other circuitry. Figure 8 indi-
cates that as the filler loading increases, moisture absorption
also increases. The highest deviation of moisture absorption
is measured at higher filler loadings, with only =0.1% varia-
tion. At 50wt. % filler loading, PDMS/alumina composite
and PDMS/PTFE composite have a moisture absorption of
0.20% and 0.45%, respectively. For the PDMS/alumina

N
T

Moisture Absorption (%)
o o o o
N w KN 3]
L] ” ) L L

e

-

T T
1

—

Moisture Absorption (%) o

© o o o
N w - (3]
L) L = T L)
L L L L

o

-

T T
1

‘10.20.30.40.50
PTFE (wt%)

o

FIG. 8. Moisture absorption of the composites with respect to the filler load-
ing. (a) PDMS/alumina composites and (b) PDMS/PTFE composites.
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composites, the slightly increased moisture absorption is due
to agglomeration and hydrophilic nature of ceramic fillers.
However, for the PDMS/PTFE composites which exhibit
superhydrophobic behavior,* the increasing trend of mois-
ture absorption with respect to filler loading concentrations
is likely due to increase of porosity/air inclusions in the
microstructure which has been identified by examining the
composite density in Figure 4(f).

F. Swelling measurements

Equilibrium swelling measurements of the composite
were investigated and compared with a pristine PDMS refer-
ence to evaluate any changes in cross-linking density.>> The
solvent uptake, or mass swelling degree (MSD), is presented
in Figure 9. The MSD of pristine PDMS published in the pre-
vious studies is in agreement with the obtained result.**-*

Figure 9 shows the MSD decreases with the increase of
alumina or PTFE filler loadings. It also reveals a steep
decrease in the MSD for PDMS/alumina composites com-
pared with PDMS/PTFE composites at the same weight frac-
tion loading. At a filler loading of 50 wt. %, a decrease in
MSD of approximately 65% and 22% is observed for
PDMS/alumina and PDMS/PTFE composites, respectively.
The reduction of MSD implies an increasing cross linking
density which is associated with a decreasing chain length
between the cross-links within the polymer.*®

The MSD of PDMS/alumina composites in Figure 9
shows a large difference/reduction with respect to what the
theoretical calculation of MSD would be if the crosslinking
density of the PDMS remained constant. The substantial
reduction of MSD was associated with higher cross linking
density, producing shorter chain length and therefore a
tighter polymeric matrix. This also causes a reduction in
the elasticity/flexibility of PDMS/alumina composites, as
confirmed through the stress-strain measurements seen in
Figure 7.

140 | @ Experimental (PDMS/Alumina) -
B Experimental (PDMS/PTFE)
120 —— Theoritical (PDMS/Alumina)

-------- Theoritical (PDMS/PTFE)

40| .

20 .

i [ 2 1 i 1 " 1 i 1
0 10 20 30 40 50
Filler (wt%)

FIG. 9. Cross-linking study of the PDMS/alumina and PDMS/PTFE compo-
sites at different weight fractions of filler based on mass swelling degree
(MSD).
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The PDMS/PTFE composites show a contrasting result
for MSD implying a reduction in crosslinking density of the
base PDMS. The measured MSD is slightly higher than the
theoretical MSD which can be ascribed to a reduction in
crosslinking density, creating a looser polymeric matrix.
Consequently, the PDMS/PTFE composites (15 wt. % and
30 wt. %) are more flexible than pure PDMS as verified by
the tensile strain of Figure 7. However, the lower flexibility
the 50 wt. % of PDMS/PTFE composite can be attributed to
particle agglomeration as confirmed in SEM image of
Figure 3(c).

IV. CONCLUSION

The properties of PDMS/alumina and PDMS/PTFE
composites have been examined in terms of their structural,
dielectric, and mechanical properties. Scanning electron
micrographs reveal an occurrence of agglomeration and air
inclusions with increasing of filler loadings for both compo-
sites, in particular, the PDMS/PTFE composites. The density
was measured and the porosity calculated as confirmation.
The experimental relative permittivity of both composites
exhibits control over the dielectric properties and is in good
agreement with the predicted theoretical models. Increases/
decreases in relative permittivity corresponded to the addi-
tion of more alumina/PTFE into the PDMS as hypothesized.
Dielectric loss tangent was also shown to decrease with filler
loading. At 50wt. % filler loading, the loss tangent was
0.018 and 0.017 for PDMS/alumina and PDMS/PTFE com-
posites, respectively. The PDMS/PTFE composites exhibited
higher flexibility/elasticity compared with PDMS/alumina
composite as supported by mass swelling degree results.
However, both composites had an increasing trend of mois-
ture absorption with respect to the filler loading. The study
shows that PDMS/alumina and PDMS/PTFE composites
offer a potential solution for flexible microwave substrate
applications.
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