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bstract

r2Ce2Ti5O16 ceramics filled PTFE composites were prepared by powder processing technique. The structure and microstructure of the composites
ere investigated by X-ray diffraction and scanning electron microscopic methods. The effect of Sr2Ce2Ti5O16 ceramic content (0–0.6 volume

raction) on the dielectric properties of the composites was studied at 1 MHz and 7 GHz. The dielectric constant and dielectric loss increased

ith the increase of Sr2Ce2Ti5O16 content. The measured dielectric constant (εr) is compared with the effective dielectric constant calculated by
ichtenecker, Maxwell-Garnet, Jayasundere, Poon-Shin formulae and Effective Medium Theory. The observed dielectric constants are reasonably

n good agreement with that calculated using Effective Medium Theory.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Electronic industries are responding to the increasing con-
umer demand in telecommunication devices and computers for
ost effective product miniaturization.1,2 The requirement for
enser and faster microelectronic circuits limits the use of con-
entional packaging materials.3 Polymers and ceramics have
xtreme electrical, mechanical and thermal properties for the
ackaging materials.4 The electrical properties of microelec-
ronic devices such as signal attenuation, propagation velocity
nd cross talk are influenced by the dielectric properties of pack-
ging materials.1,2,4 The dielectric constant of the composites
annot be increased beyond a certain value as it reduces the
ignal speed. Hence, for a composite material to be used in pack-
ging and substrate applications there must be a compromise
etween signal speed and εr.1–3 So for practical applications
ackaging materials must posses optimum dielectric constant,
ow dielectric loss, high thermal conductivity to dissipate heat
nd thermal expansion should be matching to that of silicon.1–4
ence, polymers filled with low loss ceramics are suitable for
lectronic packaging for device encapsulation and substrates.

∗ Corresponding author. Tel.: +91 471 2515294; fax: +91 471 2491712.
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Polytetrafluoroethylene (PTFE) has been extensively used
n electronic substrates and packaging applications because
f its excellent dielectric properties (εr = 2.1 and tan δ = 10−4

t 800 MHz) and chemical resistances.5,6 However, applica-
ions are limited as the polymer has low dielectric constant
nd high coefficient of thermal expansion. Recently, Chen et
l.7 reported the dielectric properties of PTFE/SiO2 compos-
tes. But the dielectric constant of the composites was low as
iO2 has εr of 4 only; hence, the miniaturization of microwave
evices by the use of PTFE/SiO2 composites is limited. In a
imilar investigation Wang et al.8 reported the dielectric prop-
rties of Ba2Ti9O20/PTFE composites. More recently, Xiang
t al.6 investigated the dielectric properties of composites
nvolving PTFE and low loss, high εr (εr = 94 at 800 MHz)
i2O3–ZnO–Nb2O5 ceramics. However, incorporation of high
mount of ceramics leads to poor process ability of the compos-
tes. Therefore, to improve the process ability of the composites,
ow loss ceramics with high dielectric constant are preferred,
ince addition of small amount of such ceramics can increase
he dielectric constant significantly.

The precise prediction of effective dielectric constant of a
omposite material is very important for the design of packag-

ng materials and substrates. Several quantitative rules9–13 and
imulation techniques14–16 had been proposed for the predic-
ion of dielectric constant. However, very little experimental
vidence was provided to support the rule of mixtures.17 Another

mailto:mailadils@yahoo.com
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roblem in predicting dielectric constant is the non-availability
f εr values of ceramic powders. So in calculations εr val-
es of the bulk ceramics are used instead of the powders.17

r2Ce2Ti5O16 is a high dielectric constant low loss ceramic
aterial (εr = 112 and tan � = 10−4 at 7 GHz).18 In the present

aper, we report the dielectric properties of PTFE/Sr2Ce2Ti5O16
omposites for the first time. Also the experimental dielectric
onstants are compared with that predicted by Lichtenecker,
axwell-Garnet, Jayasundere, Poon-Shin formulae and Effec-

ive Medium Theory.19

. Experimental

Sr2Ce2Ti5O16 ceramics were prepared by the solid-state
eramic route. High purity SrCO3 and TiO2 (99.9+%, Aldrich
hemical company Inc., Milwaukee, WI, USA) and CeO2
99.99%, Indian Rare Earth Ltd, Udyogamandal, India) were
sed as the starting materials. Stoichiometric amount of ceramic
owders were ball milled in distilled water medium using yttria
tabilized zirconia balls in a plastic container for 24 h. The slurry
as dried and calcined at 1300 ◦C/5 h. The calcined material
as ground in to fine powder. Sr2Ce2Ti5O16/PTFE (Hindustan
luorocarbons, Hyderabad, India) composites were prepared by
owder processing technology. In order to create an active sur-
ace for binding with polymer the fine powdered Sr2Ce2Ti5O16
as mixed with acrylic acid solution for 1 h and dried.6 Acrylic

cid is a well-known polymerizing agent. The dried powder
as again treated with 2 wt.% tetra butyl titanate. The uses of

itanate based coupling agents provide excellent mechanical and
lectrical properties compared to other organic functional cou-
ling agents like silane. The evaporation of the solvent gives
r2Ce2Ti5O16 powders cladded with coupling agents. Different
olume fractions (0–0.6) of treated ceramics and PTFE pow-
ers were dispersed in ethyl alcohol using ultrasonic mixer for
bout 30 min. Then, the dry powder mixture was obtained by
emoving the solvent at 70 ◦C under stirring. The homogenously
ixed PTFE/Sr2Ce2Ti5O16 powders were then compacted

nder uniaxial pressure of 50 MPa for 1 min. The cylindrical and
ectangular pellets thus obtained were kept at 310 ◦C for 2 h.

The composites were characterized by X-ray diffraction tech-
ique using CuK� radiation (Philips X-Ray Diffractometer).
he surface morphology of the composites was studied by scan-
ing electron microscope (JEOL-JSM 5600 LV, Tokyo, Japan).

The low frequency dielectric properties were measured by
CR meter (Hioki 3532-50). Electroded samples having diam-
ter of about 14 mm and thickness 1 mm were used for this
easurement. HP 8510 Vector Network Analyzer was used

o characterize the composite materials at microwave fre-
uencies. For this purpose, rectangular samples of dimensions
40 mm × 3 mm × 2 mm) were made and the dielectric proper-
ies were measured using cavity perturbation technique.20,21

. Results and discussion
Fig. 1 gives the XRD pattern of PTFE and its Sr2Ce2Ti5O16
lled composites. The pattern of PTFE (Fig. 1(a)) shows a
trong crystalline peak superimposed over an amorphous halo

c
s
r
t

ig. 1. XRD pattern of (a) PTFE (b) PTFE + 0.3 vf of Sr2Ce2Ti5O16 and (c)
TFE +0.6 vf of Sr2Ce2Ti5O16 composites.

s reported.22 Fig. 1(b and c) show the XRD patterns of
TFE/Sr2Ce2Ti5O16 composites with ceramic volume fraction
vf) 0.3 vf and 0.6 vf, respectively. The XRD peaks correspond-
ng to Sr2Ce2Ti5O16 are indexed based on JCPDS File No.
9–1554.

Fig. 2 shows the SEM pictures of PTFE/Sr2Ce2Ti5O16 com-
osites with different volume fractions. It can be seen that
r2Ce2Ti5O16 particles are well dispersed in the PTFE matrix,
owever, at higher mixing ratios crowding of ceramic particles
ere observed (Fig. 2(c)). Hence, for higher mixing ratios the

onnectivity among the ceramic particles increases. The surface
nergy of PTFE is relatively low and so it is difficult for PTFE
o have good adhesion with ceramics.7 In such cases, the use of
oupling agents will improve filler matrix inter facial strength.
ig. 3 shows the fractogarph of 0.1 vf PTFE/Sr2Ce2Ti5O16 com-
osites. The presence of PTFE fibrils in the fractured surface is
n indication of better adhesion between ceramics and PTFE.7

Figs. 4 and 5 show the variation of dielectric constant and
ielectric loss at 1 MHz and 7 GHz, respectively. The dielec-
ric constant and dielectric loss of the composites increase with
he increase in Sr2Ce2Ti5O16 content. The increase in dielectric

onstant is expected as the ceramic have high dielectric con-
tant compared to that of PTFE matrix. Also at higher mixing
atios, the connectivity (see Fig. 2(c)) among the ceramic par-
icles increases which in turn increases the dielectric constant.
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Fig. 2. SEM micrographs of PTFE/Sr2Ce2Ti5O16 compo

he connectivity of the individual components has maximum
mportance as it controls the electric flux pattern as well as

echanical and thermal properties.23 The dielectric constant and
he dielectric loss of the composites are affected by a number
f factors such as porosity, water content and interface between
he two components in the composite. The dielectric loss of
he PTFE/Sr2Ce2Ti5O16 composites increases with increase in
eramic content. As the volume fraction of ceramic increases the

nterface between PTFE and Sr2Ce2Ti5O16 increases. Hence, the
ncrease in dielectric loss with mixing ratio is attributed to the
ncreased interfacial polarization at higher volume fractions of
he PTFE/Sr2Ce2Ti5O16 composites.

ig. 3. SEM fractograph of PTFE/Sr2Ce2Ti5O16 composites containing 0.1 vf
f ceramics.

F
c

ontaining (a) 0.1 vf, (b) 0.3 vf and (c) 0.6 vf of ceramics.

A number of numerical relations have been put forward
y researchers to predict the effective dielectric constant of
he composites. In the present study, the following equations
ere used to calculate the effective dielectric constant of the
TFE/Sr2Ce2Ti5O16 composites.10,12

n εeff = f ln εi + (1 − f ) ln εm (Lichtenecker equation)

(1)
εeff − εm

εeff + 2εm

= f
εi − εm

εi + 2εm

(Maxwell Garnet equation) (2)

ig. 4. Variation in dielectric constant and loss tangent of PTFE/Sr2Ce2Ti5O16

omposites at 1 MHz.
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ig. 5. Variation in dielectric constant and loss tangent of PTFE/Sr2Ce2Ti5O16

omposites at 7 GHz.

eff = εm(1 − f ) + εif [3εm/(εi + 2εm)][1 + (3f (εi − εm)/(εi

1 − f + f [3εm/(εi + 2εm)][1 + (3f (εi − εm)/(εi +

εeff = εm

[
1 + f ((εi/εm) − 1)

f + (1 − f/3)[(εi/εm)(1 − f ) + f + 2]

]

(Poon-Shin equation) (4)

here εeff, εi, and εm are the dielectric constants of the compos-
tes, Sr2Ce2Ti5O16 and the PTFE matrix, respectively and f is
he volume fraction of the Sr2Ce2Ti5O16 ceramics.

Figs. 6 and 7 depict the comparison of effective dielectric con-
tants of the composites with the values predicted by the above
quations at 1 MHz and 7 GHz. Lichtenecker’s and Jayasun-
ere’s mixing rules fit well with the experimental data at lower

ixing ratios (up to 0.3 vf). At higher mixing ratios the predicted

r values are much higher than the experimental. Maxwell-
arnet relation predicts lower εr compared to the experimental
ata. Hence, Lichtenecker’s, Jayasundere’s and Maxwell-Garnet

ig. 6. Comparison of experimental and theoretical dielectric constants of
TFE/Sr2Ce2Ti5O16 composites at 1 MHz.

ε

F
P
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εm))]

)]
(Jayasundere equation) (3)

elations cannot be used to predict the εr of PTFE/Sr2Ce2Ti5O16
omposites. However, the effective dielectric constant predicted
y Poon-Shin equation nearly fits with the experimental dielec-
ric constant at 1 MHz and 7 GHz. The dielectric constant of
he composites is not only depending on the individual dielec-
ric properties of the components but also on the shape and size
f the ceramic particle, porosity, interface between components
nd on the homogeneity of distribution.6 It will be difficult to
nclude all these parameters in calculations.

In order to predict the dielectric constant of the composites
recisely, the Effective Medium Theory (EMT) model devel-
ped by Rao et al.19 is used. In the EMT model, composites
an be treated as an effective medium whose dielectric con-
tant is obtained by averaging over the dielectric constants of the
onstituents.19 The schematic representation of the microstruc-
ure of polymer ceramic composites is shown in Fig. 8(a)
hich is in agreement with the SEM microstructures shown in

ig. 2. In order to account for the major features of a compos-
te microstructure, a random unit cell is defined as core of εi

urrounded by a shell of host matrix εm as shown in Fig. 8(b)
where εi, εm and εeff are dielectric constant of ceramics, matrix
nd composites, respectively). The basic concept of effective
edium is that when a random unit cell is embedded in an

ffective medium it cannot be detected in the electromagnetic
xperiment.19 Otherwise, the random unit cell can be replaced
y a material characterized by εeff. The EMT model leads to the
ollowing equation to predict the effective dielectric constant of
eramic polymer composites.
eff = εm

[
1 + f (εi − εm)

εm + n(1 − f )(εi − εm)

]
(5)

ig. 7. Comparison of experimental and theoretical dielectric constants of
TFE/Sr2Ce2Ti5O16 composites at 7 GHz.
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Fig. 8. Schematic diagrams of (a) microstructure of composite materi

Fig. 9. The experimental and EMT model prediction of εr of PTFE/Sr2Ce2

Ti5O16 composites at 1 MHz.

Fig. 10. The experimental and EMT model prediction of εr of PTFE/Sr2Ce2

Ti5O16 composites at 7 GHz.
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als and (b) random unit cell embedded in the effective medium.

here εeff, εi, and εm are the dielectric constant of the com-
osites, Sr2Ce2Ti5O16 and the PTFE matrix, respectively, f
s the volume fraction of the Sr2Ce2Ti5O16 ceramics and n
s the correction factor to compensate for the shape of the
llers used in polymer ceramic composites. The value of n

s determined empirically which is found to be 0.165 for the
TFE/Sr2Ce2Ti5O16 composites. A small value of n shows

hat the filler particles have nearly spherical shape.24 The
omparison of experimental and theoretical dielectric constant
alculated by EMT model at 1 MHz and 7 GHz are shown in
igs. 9 and 10, respectively. At 1 MHz measured and predicted
r are nearly equal upto 0.3 vf of Sr2Ce2Ti5O16 ceramics. How-
ver, as volume fraction of the ceramics increases beyond 0.3 vf
slight deviation from the predicted value of εr is observed

n PTFE/Sr2Ce2Ti5O16 composites. At 7 GHz the measured εr

s in good agreement with the EMT model. Hence, it can be
oncluded that EMT model can be used to predict the effective
ielectric constant of the PTFE/Sr2Ce2Ti5O16 composites.

. Conclusions

PTFE/Sr2Ce2Ti5O16 composites are prepared by powder pro-
essing method. The dielectric properties of the composites
ere studied at 1 MHz and 7 GHz. As the volume fraction of
r2Ce2Ti5O16 increases the dielectric constant and dielectric

oss increases. The prediction of εr using Effective Medium
heory is in good agreement with experimental results.
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