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Abstract

The feasibility of low permittivity Sr,Al,SiO; (SAS) ceramic filled high density polyethylene (HDPE) composites for substrate and
packaging applications has been investigated in this paper. The composites were prepared by the melt mixing and hot pressing
techniques. Scanning electron microscopic images of SAS filled HDPE showed the increased connectivity with filler loading. The
composites showed excellent relative density (> 98%) with low bulk density (<2.40 gcm ™) and very low moisture absorption
(<0.10 wt%). The relative permittivity (¢,) and the dielectric loss (tan d) at 1 MHz and at 5 GHz were found to be low and found to
increase with filler volume fraction (V}). The experimentally observed relative permittivity at 5 GHz was correlated with the values
proposed by different theoretical models. Among them, effective medium theory (EMT) gave better fit with experimental values except
at the highest filler loading (0.50 V). Improvement in the thermal properties was also observed with filler content. The coefficient of
linear thermal expansion (CTE) was found to decrease with filler content. Thermal conductivity (TC) of the composite was greatly
enhanced as a function of filler volume fraction. The composite with 0.50 filler volume fraction showed balanced thermal and dielectric
properties with &,=4.2, tan 6=3.9 x 1073, TC=22Wm~! K~ ! and CTE=101 ppm/°C.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recently, wireless communication using microwaves has
become the dominant way of information exchange. The
electronic consumer market is continuously seeking new
low cost light weight microwave modules which can
transfer large amount of information with a high signal
speed. Electrical and thermal behavior of the dielectric
substrate have great influence on the overall performance
of the microwave module [1]. Low relative permittivity (e,)
materials with low dielectric loss (tan ) can be efficiently
used as substrates or packages which can deliver high
signal speed with good selectivity at microwave frequencies
[2-4]. Moreover, a microwave substrate should have a low
coefficient of linear thermal expansion (CTE) and a high
thermal conductivity (TC) for practical applications [3.4].
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Low bulk density is also required for producing light
weight microwave devices. Several silicate based ceramics
were reported as good dielectric materials with low ¢, and
low tand or high quality factor (Q, xf) [4-9]. Brittle
nature of these ceramics prevents their immediate practical
application in portable communication devices. Moreover,
they need high processing temperatures. Polymers on the
other hand, offer good flexibility, low processing tempera-
ture, light weight in nature and excellent electric insula-
tions. Certain polymers show low ¢, and very low tan ¢
[10]. However, poor thermal properties especially low TC
and high CTE restrict their immediate use as substrates
[11]. Recently, Button et al. [12] proposed a method of
reinforcing the ceramic filler into the polymer matrix
thereby achieving balanced thermal, mechanical and
dielectric properties which cannot be achieved by the
individual components alone. The main advantage of this
method is that the properties can be designed as per the
consumer interest by the proper selection of polymer and
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ceramic and also by varying the filler volume fraction.
Recent literature reports utility of several low loss, low
permittivity polymer—ceramic composites for electronic
packaging applications [11,13-18].

The properties of polymer—ceramic composites depend on
the individual components and also the size and shape of the
filler particles. Low loss polymer with good flexibility, ease of
processing at relatively low temperatures can be used as the
matrix. The microwave dielectric properties of several low
loss polymers have been reported in the literature [10].
Fluropolymers like polytetra fluroethylene (PTFE) shows
excellent microwave dielectric properties [10]. Several PTFE
based 0-3 connected low loss polymer—ceramic composites
suitable for substrate applications have been reported in the
literature with excellent dielectric properties [11,13,16,19,20].
However, PTFE is very difficult to process due to its high
melt viscosity [11]. High density polyethylene on the other
hand can be easily processed at a relatively low temperature
(~ 180 °C). Moreover, it shows excellent dielectric properties
at microwave frequencies (¢,=2.3 and tan d~10~%) [10].
A few recent reports show excellent utilization of ceramic filled
HDPE composites as microwave substrates [15,17,21-23].
However, the increase in demand for low cost and light weight
substrates with balanced electrical and thermal properties
stimulated us to develop new HDPE based polymer—ceramic
laminates. Low relative permittivity ceramic with a low
dielectric loss is an ideal choice as the ceramic filler for the
development of polymer—ceramic substrate. In our previous
paper, we have reported the microwave dielectric properties of
Sr,AlLSiO; ceramic with ¢.=7.5 (porosity corrected) and
quality factor (Q, x f)=33000 GHz [7]. Hence in the present
investigation, we have selected Sr,Al,SiO; ceramic as the filler.
The paper reports the effect of SAS filler content on the
thermal and dielectric properties of HDPE composites for the
first time.

2. Experimental

The Sr,Al,SiO; ceramic filler was prepared by the conven-
tional solid state ceramic route. High purity powders of SrCO;
(99.9%, Sigma Aldrich, Inc., Milwaukee, WI, USA), Al,O;
(99.7%, Sigma Aldrich) and SiO, (99.6%, Sigma Aldrich)
were weighed in stochiometric proportions and ball milled for
24 h. The slurry was dried and the powder was calcined
at 1350 °C for 4 h. Calcined powder was again ball milled
in water medium for 24 h for reducing the particle size and
sieved using a 25 um sieve. The melt mixing technique using a
kneading machine was adopted to mix the different volume
fractions (V) of SAS ceramic with high density polyethylene
(HDPE) (Kerala Plastics, Kerala, India) at 180 °C for 30 min.
The composite thus obtained were hot pressed at 180 °C
for 30 min by applying a pressure of 2 MPa for the micro-
wave dielectric (length=50 mm, breadth=50mm and
thickness=0.8 mm), radio frequency (diameter=11 mm and
thickness= 1.5 mm), thermal conductivity (diameter=12.85
mm and thickness=2.5 mm) and linear thermal expansion
(diameter=8 mm and thickness= 10 mm) measurements.

The phase purity of the ceramic filler was characterized
by the powder X-ray diffraction (XRD) techniques (PANa-
Iytical X’Pert PRO Diffractometer having Ni filtered CuKa
radiation, Netherlands). The microstructure of the compo-
sites was studied by a scanning electron microscope (SEM)
(JEOL-SEM 560lv, Tokyo, Japan). The bulk densities of the
specimen were measured by the Archemedies method. The
moisture absorption measurement was done for the samples
used for the microwave measurements (length=350 mm,
breadth=>50 mm and thickness=0.8 mm). The weights of
the samples were noted initially and the samples were
dipped in distilled water for 24 h. The samples were then
taken out and the surface water was wiped out and again
weighed. The percentage of water absorption can be
calculated using the equation

Wy—Wi

i

Y water absorbed = x 100 (1)
where Wyand W; are weight of the samples before and after
immersing in distilled water. The dielectric properties at
1 MHz were measured by an LCR meter (Hioki 3532-50
LCR HIiTESTER, Nagano, Japan) using the parallel plate
capacitor method by silver pasting the samples on both
sides. The microwave dielectric properties were measured
by the TEgy;s resonant mode of the split post dielectric
resonator (SPDR) wusing a vector network analyzer
(E 5071C, Agilent, USA). The quality factor and the
resonant frequencies of the SPDR before and after inserting
the planar samples were measured. The iterative solutions to
the following equations proposed by Krupka [24,25] were
used for the calculation of relative permittivity and the
dielectric loss of the composites.

o f=h
=14 Ko ) @
tan d = (Q;l—QB}q—QEI)/Pes 3)

where /i is the thickness of the sample under test, f; is the
resonant frequency of the fixture without sample, f; is the
resonant frequency of fixture with the sample, K, (¢, /) is
a function of ¢ and /& that has to be evaluated using
Rayleigh—Ritz technique, Q, is the unloaded quality factor
of resonant fixture containing the dielectric sample, Q. '
and Qpg are losses of metallic and dielectric parts of the
resonator respectively and p, is the electric energy filling
factor of the sample. These calculations were done with the
aid of a high precision software (QWED, Poland). The
temperature variation of relative permittivity at 1 MHz was
also measured in the temperature range 25-70 °C using the
LCR meter. The coefficient of linear thermal expansion
were measured using a Dilatometer (DIL 402 PC, Netzsch,
Selb, Germany) in the temperature range 30-80 °C using
the relation

1 AL
CTE:ZXE 4)

where L is the length of sample at 30 °C, AL difference in
length of samples for the difference in temperature AT.



K M. Manu et al. | Ceramics International 39 (2013) 4945-4951 4947

Ceramic pellet (diameter=8 mm and thickness= 10 mm)
sintered at 1525 °C for 4 h was used for the measurement
of CTE of the filler. Thermal conductivity of the samples
were measured by the laser flash technique [26] using a
thermal conductivity analyzer (Flash Line 2000, Anter
Corporation, USA) by the relation

TC=AixCyxp )

where /A is the thermal diffusivity, C, is the specific heat
capacity at room temperature and p is the density of the
sample. The thermal conductivity of virgin HDPE was
measured by coating a thin layer of silver on both sides of
the sample in order to avoid its semi transparent nature and
the ceramic pellet sintered at 1525°C for 4h having
diameter 12.6 mm was used for the measurement of thermal
conductivity of SAS filler.

3. Results and discussion

The ceramic filler must be phase pure for the exact
prediction and control of dielectric as well as thermal
properties of polymer—ceramic composites. Fig. 1 shows
powder X-ray diffraction pattern of Sr,Al,SiO; filler
calcined at 1350 °C for 4 h. The observed patterns were
indexed and found to be matching with the standard
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Fig. 1. Powder X-ray diffraction pattern of SAS filler.

ICDD file no: 38-1333. The absence of any extra peaks
indicates the phase purity of SAS ceramic at this
temperature.

The surface morphology of 0.10 Vr and 0.40 V, SAS
ceramic filled HDPE composites are shown in Fig. 2(a)
and (b) respectively. Connectivity between the ceramic
particles was found to be increasing with the increase in
filler content. Agglomeration of ceramic particles can also
be observed at higher filler loading which in turn increases
the porosity and can be correlated with the reduction in the
relative density with increase in filler content (Table 1).

Table 1 gives the bulk density, relative density, moisture
absorption and the dielectric properties at 1 MHz for
different filler volume fractions of HDPE-SAS composites.
The bulk densities of all the compositions were relatively
low compared to commercially available ceramic based
substrate materials like Al,O5 (bulk density=3.9 gcm™?)
which make them attractive for the development of light
weight microwave modules. A gradual decrease in the
relative density with increase in filler content might be
attributed to development of porosity as a result of
aggregation of ceramic filler (Fig. 2(b)).

Absorption of moisture seriously affects the microwave
dielectric properties of polymer—ceramic composites [27].
The composite when exposed to humid environment can
absorb a few weight percentages of water. The polar water
molecule usually shows high ¢, and high tan §. Moreover,
the water molecule acts as an interlayer between ceramic
and the polymer leading to interfacial polarization thereby
causing an enhancement in the dielectric loss and relative
permittivity [27,28]. The dipolar relaxation caused by the
moisture absorption will degrade the dielectric properties
at microwave frequencies [4,28]. Large moisture absorp-
tion may also degrade the mechanical properties. Hence
low moisture absorption is preferred for practical applica-
tions. It was reported by Laverghetta [28] that the upper
limit of moisture absorption for electronic packaging
applications is 0.10 wt%. In the present investigation, the
moisture absorption of all the compositions were less than
0.10 wt% (Table 1). It can be seen from the Table 1 that
the moisture absorption increased with increase in filler
content and reached a maximum value of 0.09 wt% for

Fig. 2. Scanning electron microscopic images SAS ceramic filled HDPE composites for (a) 0.10 Vyand (b) 0.40 V; of the filler.
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Table 1

Bulk density, relative density, moisture absorption and the dielectric properties (at 1 MHz) of SAS ceramic filled HDPE composites.

Volume fraction of Bulk density (gcm ™)

the filler (V)

Relative density (%)

At 1 MHz Moisture absorption (wt%)

& tan o

0.1 1.2251 99.2
0.2 1.5048 99.0
0.3 1.6269 99.0
0.4 2.0586 98.5
0.5 2.3323 98.2

29 7.6x 1074 0.03
3.3 1.1x1073 0.03
3.8 12x1073 0.03
4.2 12x1073 0.05
4.4 1.9x1073 0.09

0.50 filler volume fraction which is attributed to the
increase in porosity.

Table 1 also gives the dielectric properties of HDPE-SAS
composites at 1 MHz. The values of ¢, and tan § were found
to increase with increase in filler content. The relative
permittivity of HDPE+0.10 V, SAS is 2.9 and that of
HDPE+0.50 V, SAS is 4.4. It has been found that the
relative permittivity of SAS ceramic at 1 MHz is 7.6 which
is relatively higher than that of virgin HDPE (2.5). More-
over, as seen from the SEM images (Fig. 2), the particles
come close to each other with the increase in filler content
and the dipole—dipole interaction increases thereby enhan-
cing the relative permittivity of the composites [23,29].
Various extrinsic and intrinsic factors contribute to the
dielectric loss of the composite system. Intrinsic dielectric
loss is due to the interaction of phonon with the electric field
[30]. The extrinsic loss is associated with heterogeneity and
connectivity of the system, porosity and agglomeration of
ceramic particles [11]. The dielectric losses of individual
components also affect the dielectric loss of the composite
structure. The dielectric loss of SAS ceramic at 1 MHz
sintered at 1525 °C for 4 h is 2.7 x 10~ and that of virgin
HDPE is 6.2 x 10~*. In the present investigation, the value
of tan & was 7.6 x 10~ * for 0.10 V;SAS filled HDPE and it
increased to a value of 1.9 x 10~ for 0.50 ¥ of filler.

Fig. 3 shows variation of relative permittivity and the
dielectric loss of SAS ceramic filled HDPE composites at
5 GHz. The dielectric properties varied in a similar manner
as observed at 1 MHz with filler loading. The maxi-
mum value of relative permittivity was observed for
HDPE+0.50 ¥, SAS composite and it was found to be
4.2. The values of tan 6 were found to be slightly higher
than that observed at 1 MHz which can be attributed to
the increased intrinsic loss with the increase in frequency
[4]. All the composites showed good dielectric properties
with low values of ¢, and tan 6. The observed properties of
HDPE+0.50 V¢ SAS composite (¢,=4.2 and tan
5=3.9 x 1077 indicate its suitability for substrate and
packaging applications.

Exact prediction of dielectric properties is desirable to
develop composite structures as per the requirements of
circuit designer. Various theoretical models for predicting
the relative permittivity of composites have been proposed
in the literature [11,13,31-33]. Fig. 4 shows a comparison of
experimentally observed ¢, values at 5 GHz as a function of
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Fig. 3. Microwave dielectric properties of HDPE-SAS composites as a
function of filler volume fraction at 5 GHz.

4.8 7] | —=— Experimental

4.6 1 | —o— Lichtenecker

44 4 | =——EMT

42 4 | —— maxwell - Wagner
—— Jayasundre - Smith

4.0
3.8
3.6
3.4
32 ]
3.0
2.8 4
2.6 1

Relative permittivity

0.1 0.2 0.3 0.4 0.5
Volume fraction of filler

Fig. 4. Theoretical modelling of relative permittivity HDPE-SAS com-
posites at 5 GHz.

filler loading with the values obtained using the following
theoretical models.
Jayasundare-Smith equation [31]

36m 3Vi(er—em
€m (1 - I/f) +8f I/f |:s;+23,,,:| {1 + ( sf,-(+12£,,, )):|

3em 3V'(C *L‘M)
1- W+ Vf [3, +28,,7:| |:1 + ( s_f/Jrf2£,,, ):|

Lichtenecker equation [33]

Eoff = (6)

Ine,;r = (1 — W-)lnam + Vylng, (7)
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Maxwell-Wagner equation [13]
2ep+er+2Vy (sf—am)

Eoff = &y 8
M bt =V (57—t ®)
Effective medium theory equation [32]

Viler—enm
Eeff = €m 14 f( i ) )

sm+n(1— Vf) (8f—sm)

where, &5 €, and g, are the relative permittivity of the
composites, filler and matrix respectively and V; is the
volume fraction of the filler. Different models follow
different theoretical assumptions. These assumptions are
related to the dielectric properties of individual compo-
nents, size and shape of filler, morphology and the
connectivity of polymer—ceramic composites. In the pre-
sent investigation, all the models agree with experimental
values at lower filler loading and the deviation was
observed at higher filler loading. Imperfect dispersion of
ceramic particles and the porosity observed in the compo-
site system might be the reason for this deviation.
Jayasundare—Smith model showed large deviation from
the experimental values. This model considers the interac-
tion between neighboring particles only which could be the
reason for this poor fitting. Also in this model, particles are
assumed to be exactly in spherical which may not be true
in the present study. The SEM images support this
conclusion (Fig. 2). The most common mixing rule in a
bi-phase system is the logarithmic mixing rule which is
used in the Lichtenecker equation. The values obtained in
this model also make poor correlation with the experi-
mental values. In the Lichtenecker equation, composite
can be considered as a random mixture of dielectric
spheres in the continuous polymer matrix. In the present
investigation, the Maxwell-Wagner model also did not
give the best fit. This model is suitable for a system in
which individual components have similar properties.
Significant difference between the relative permittivities of
the SAS filler and HDPE matrix might be the reason for this
poor fitting. The values obtained by the effective medium
theory (EMT) proposed by Rao et al. gave better fit with
experimentally observed compared to other models. EMT
model assumes the composite system as a random unit cell
consisting of each filler particle surrounded by the continuous
matrix layer [32]. In EMT model the morphology factor ‘»’
was determined empirically and was found to be 0.202. The
small 7 value indicates the nearly spherical shape of the filler
particle which is essential for the exact prediction of relative
permittivity. In the present system, EMT model gives best fit
up to 0.40 V,above which agglomeration of ceramic particles
occurs leading to poor fitting. At 1 MHz also, EMT model
gave best fit up to 0.40 V, of SAS ceramic with the same
‘n’ value.

The variation of relative permittivity at 1 MHz as a function
of temperature is shown in Fig. 5. The ¢, values were found to
decrease with increase in temperature for all the compositions.
On the other hand, SAS ceramic showed a positive
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Fig. 5. Temperature variation of relative permittivity of HDPE-SAS
composites for (a) 0.00 V(b) 0.10 Vy(c) 0.20 V¢(d) 0.30 Vr(e) 0.40 V,and
(f) 0.50 ¥V, of SAS filler.

temperature coefficient of relative permittivity (t;) of
72 ppm/°C. Earlier reports of virgin HDPE [34] and HDPE
based polymer—ceramic composites [22] showed a decrease in
relative permittivity as a function of temperature similar to the
observation made in the present investigation. Thermal
expansions of individual components also play a dominant
role in this behavior. It has been reported earlier that
composites having large mismatch between the thermal
expansion of filler (1.1 ppm/°C in the present investigation)
and the matrix (230 ppm/°C in the present investigation)
would disturb the aggregation of polar components thereby
reducing the relative permittivity with temperature [20,35,36].

The thermal properties of polymeric materials can be
improved with the addition of ceramic filler. Fig. 6 shows
variation of thermal conductivity and coefficient of linear
thermal expansion as a function of filler loading. The
thermal conductivity of HDPE+0.10 V; of SAS is 0.82 W
m~'K~! and reached a maximum value of 22 W m™'
K~ for 0.50 V; of filler. Usually ceramics show high TC
values compared to that of polymers [37]. In the present
study, TC values of HDPE matrix and SAS filler were found
tobe 0.6 Wm ™' K~ "and 42 W m~" K~ respectively. The
number of connecting paths between the filler particles
increases with increase in filler content which in turn increases
transfer of heat through the matrix causing an enhancement
in the thermal conductivity value. The CTE value of HDPE
with 0.10 ¥, SAS is 234 ppm/°C and it decreased to a value
of 101 ppm/°C for 0.50 ¥V of filler content. The movement of
polymer chains will be arrested with the increase in filler
content and unable to expand with temperature thereby
reducing the CTE. CTE value of SAS ceramic is very low
(1.1 ppm/°C) compared to HDPE matrix (230 ppm/°C)
which can also be correlated with the observed reduction in
CTE for HDPE-SAS composites.

4. Conclusions

Low permittivity Sr,Al,SiO; ceramic filled HDPE com-
posites were developed for substrate and packaging
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Fig. 6. Variation of thermal conductivity (TC) and the coefficient of
linear thermal expansion (CTE) of HDPE-SAS composites as a function
of SAS loading.

applications by melt mixing and hot pressing techniques.
The surface morphology using scanning electron micro-
scope was done which confirms the increased connectivity of
the ceramic particles with increase in filler loading in the
composite. The composites showed excellent densification
and it was found to be decreasing with the increase in filler
content. Moisture absorption of all the composites were
found to be very low (< 0.10 wt%). Different theoretical
models were used to predict the relative permittivity at
5 GHz. Among them, only the EMT model gave best fit
with the experimentally observed values. The thermal
properties of HDPE matrix was improved with filler
loading. All the composites showed low relative permittivity
(<4.3) and low dielectric loss (~107°) at 5 GHz. The
composite HDPE+0.50 V', SAS showed balanced dielectric
and thermal properties along with low moisture absorption
and low bulk density. The observed physical, thermal and
dielectric properties indicate its possibility for substrate and
packaging applications in radio as well as microwave
frequencies for the development of light weight electronic
modules.
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