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bstract

n this work, ceramic–polymer composites were fabricated from barium strontium titanate powder (BST) and polypropylene-graft-poly(styrene-
tat-divinylbenzene) (ER) using a twin-screw extruder. The compounding process was characterized by rheological measurements. The effects
f volume loading of BST on dielectric and mechanical properties were investigated. The dielectric properties were measured as a function of
requency and BST loading. For example, the relative permittivity and loss tangent (tan δ) of the BST–ER composites at 1 GHz were gradually
ncreased from 2.4 and 0.0001 to 28.5 and 0.0085, respectively, as the loading was increased from 0 to 50.5 vol.%. Stearic acid (StA) was used

s a surface-modifier of the BST. With an approximate surface coverage of 83%, an improvement in processability and a slight increase of the
ermittivity was observed, while tan δ remained low. The excellent dielectric characteristics of these composites, with high permittivity and low
an δ, make them attractive novel electronic materials for high frequency applications.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Materials employed in microwave devices and packages
eed to satisfy various requirements, such as low dielectric
oss, appropriate relative permittivity, low moisture absorption,
s well as suitable mechanical stiffness and a low coeffi-
ient of thermal expansion. Recently, there has been huge
nterest in 0–3 ceramic–polymer composites because they
re able to fulfill these demands. Composites using poly-
ers such as PVDF (polyvinylidene fluoride), P(VDF-TrFE),

ilicone rubber, polyimides, polyvinylchloride, cyanoethy-
ated cellulose, polystyrene, and polyurethane have been
nvestigated.1–8 One additional advantage available especially
ith thermoplastic–ceramic composites is a simple, 3D fab-

ication process such as injection moulding of electronic

omponents. The authors have reported the dielectric proper-
ies of the barium strontium titanate (BST) and thermoplastic
olyphenylene sulphide (PPS) and cycloolefine copolymer
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COC) composites that possess low dielectric loss at high
requencies.9,10

In this work, 0–3 ceramic–polymer composites were fabri-
ated from barium strontium titanate (BST) and polypropylene-
raft-poly(styrene-stat-divinylbenzene) (ER). ER is a novel
olymer alloy with excellent dielectric properties (low rela-
ive permittivity and low loss in the GHz region) based on
olypropylene and polystyrene, which shows relatively high
hermal stability and processability.11 The effects of volume
oading of BST powder on the dielectric and mechanical
roperties were investigated. Another task is to research the
ffect of coating the particle surface with stearic acid on
he rheological, dielectric and mechanical properties of the
omposites.

. Experimental procedures

Barium strontium titanate (BST) with a composition
f Ba0.55Sr0.45TiO3 and polypropylene-graft-poly(styrene-stat-
ivinylbenzene) (Dammondex® ER140, denoted as ER) were

upplied from Praxair Inc. (USA) and NOF Co. (Japan),
espectively. Stearic acid (StA) (Sigma–Aldrich Chemie GmbH,
ermany) and ethanol (A Grade; Altia Oyj, Finland) were used

or the coating of the particles.

mailto:ksonoda@ee.oulu.fi
dx.doi.org/10.1016/j.jeurceramsoc.2009.08.019


3 pean Ceramic Society 30 (2010) 381–384

s
T
t
p
6
t
m
n
f
t
c
i

w
o
r
t
5
a
m
F
m

f
T
a
P
s
p
w

t
c
t
I
ε

(
I
p
U
M
e

3

w
l
fi
i
o
S
e
a
d
t

F
S

i
a
t

p
c
t
f

3

u
a
t
B
w
t
c
p

82 K. Sonoda et al. / Journal of the Euro

Composites of BST and ER were fabricated using a small-
cale twin-screw extruder (HAAKE MiniLab Rheomex CTW5,
hermo Scientific, Inc., USA). In compounding, the barrel

emperature was set at 220 ◦C. ER was first supplied to the com-
ounding machine and melted for 10 min at a rotation rate of
0 rpm under circulation. BST powder was then added in por-
ions. After the addition of the BST powder was completed, the

ixture was kneaded for a further 30 min to render it as homoge-
eous as possible. Finally, the composite melt was extruded out
rom the die. Also the composite melt remaining in the circula-
ion bypass was collected. Both the extrudate and the collected
omposite from the bypass were cut into granules. Ceramic load-
ngs of the composite samples were measured by pycnometry.

The surface modification of BST by StA was done starting
ith 30 g of BST powder placed in a beaker with the addition
f 30 ml ethanol. The mixture was mixed well using a spatula to
emove air bubbles. Then the calculated amount (0.24 g, 5 vol.%
o BST volume) of StA was added to the mixture and stirred for
min, after which the beaker was covered by a watch glass
nd placed in a convection oven set at 70 ◦C. After 60 min, the
ixture was mixed well again to ensure uniformity of treatment.
inally, the mixture was dried in the oven to produce the surface-
odified BST powder.
Samples for dielectric and mechanical measurements were

abricated by an injection moulding machine (HAAKE MiniJet,
hermo Scientific, Inc., USA). The temperature of the cylinder
nd the mould were maintained at 220 and 70 ◦C, respectively.
lunging pressure was set at 700 Pa. Rounded-square-shaped
amples with 18 mm side-length and 1.2 mm thickness were pre-
ared for the dielectric measurement. Dumbbell-shaped samples
ere prepared for the mechanical testing.
Rheological properties were measured from the torque of

he screws at various rotation rates and pressure loss in the
irculation bypass at 220 ◦C with the aid of a PC applica-
ion (HAAKE Polylab Minilab Software, Thermo Scientific,
nc., USA). Relative permittivity (ε′) and dielectric loss (tan δ;
′′/ε′) were measured using an RF impedance/material analyzer
E4991A equipped with 16453A fixture, Agilent Technologies,
nc., USA) at a frequency range of 10 MHz to 1 GHz. Tensile
roperties were measured by a universal testing machine (Instron
niversal Testing Machine Model 5544, Instron Co., USA).
icrostructures of the composites were studied by scanning

lectron microscopy (SEM, JSM-6400, JEOL Ltd., Japan).

. Results and discussions

Generally higher loadings of dielectric filler are required
hen a higher relative permittivity is needed. However, higher

oading increases viscosity and thus surface modification of
llers by surfactants or coupling agents is commonly used to

mprove particle dispersion in a polymer matrix and also the rhe-
logical properties of a compound consisting of such matrices.
urface modification of the filler can, on the other hand, have an

ffect on dielectric and mechanical properties of the compound
nd thus the optimum amount needs to be researched to pro-
uce composites fulfilling product established requirements. In
his work, StA was selected as the surface-modifier because of

3

l

ig. 1. SEM pictures of the surface of a composite from untreated BST (A) and
tA-treated BST (B).

ts special molecular structure with one end R-COOH possibly
ttaching to a Ba or Ti ion of the filler.12 StA is also used in indus-
rial filler–polymer composites to improve processability.13

Four different composites with different loadings were pre-
ared for both untreated and StA-treated BST powders. The
omposites were numbered as N1 to N4 and T1 to T4, respec-
ively, with BST loadings set from about 20 up to 50 vol.% in
eed. StA addition was kept at 5 vol.% to BST.

.1. Microstructure of the composites

SEM images of the polished surfaces of composites from
ntreated BST powder (N1) and StA-treated BST powder (T1)
re shown in Fig. 1(A) and (B), respectively. There are found
o be some agglomerates of filler particles in the untreated
ST composite (A). On the other hand, fewer agglomerates
ere found in the StA-treated BST composite. From these pho-

ographs it can be concluded that surface modification by StA
onsiderably improves the filler dispersion condition in the com-
osites.
.2. Rheological properties of the composites

Rheological properties of N1, N3, T1, and T3 with loading
evels of 22.0, 36.8, 17.7, and 37.2 vol.%, respectively are shown
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3.4. Mechanical properties of the composites

The results of the tensile tests are summarized in Fig. 4. It
is shown that increasing the loading of BST makes the Young’s
ig. 2. Apparent viscosity dependence on apparent shear rate of ER and the
omposites from both untreated (N1 and N3) and StA-treated (T1 and T3) BST
owders (logarithmic plot).

n Fig. 2. In all cases, the logarithms of apparent shear rate (γ)
nd apparent viscosity (η) are in a nearly linear relationship,
herefore it is suggested that ER and its composites present typ-
cal pseudoplastic flow in the γ range of 35–400 s−1. As shown
n Fig. 2, η gradually increases as the untreated BST loading
ncreases (N1 to N3). However, the StA coating decreased the
pparent viscosity effectively and thus processing of both com-
osites with treated BST powders (T1 and T3) are easier than
rocessing the pure polymer. When the loading level of treated
ST powder is moderate (T1), the γ of the composite is clearly

educed, but it starts to increase with increased loading (T3).
ctually the viscosity of T3 is almost equal to that of ER. The

eason for this is believed to be caused simply by increased
oading, as in the case of untreated fillers (compare N1 and N3).
owever, with these treated ceramic fillers the intrinsic viscos-

ty level (T1) is low. Further addition of StA is not expected
o improve the situation because according to the specific sur-
ace area of BST (4.18 m2/g) and the molecular occupation of a
tA molecule (0.205 nm2),14 the theoretical surface coverage is
alculated to be ∼83%.

.3. Dielectric properties of the composites

The average values of relative permittivity and loss tangent
easurements at 0.97–1 GHz are summarized in Fig. 3. When

urface-treated BST was used (T1–4), a slight increase in the
elative permittivity was observed, while there was no significant
ffect on the tan δ.

The relative permittivities of the BST–ER composites with
nd without StA treatment were applied to the modified Licht-
necker’s logarithmic equation15:

og ε = log εp + vb(1 − k)log

(
εb

ε

)
. (1)
p

here k is an empirical fitting constant of the composites, vb is
he volume fraction of the ceramic, and εp and εb are the relative
ermittivities of the matrix polymer and ceramic, respectively. In

F
m

ig. 3. Relative permittivity and loss tangent of the composites with untreated
©, �) and StA-treated (�, �) BST powders at 0.97–1 GHz.

his study, εp and εb were 2.37 and 2543, respectively at 1 GHz.
he experimental data are fitted to the equation by the least-
quares method. As a result of the fitting, k values of 0.27 and
.29, with coefficients of correlation R2 of 0.9992 and 0.9978
ere obtained for the BST–ER composites with and without

urface modification, respectively.
From our earlier result employing PPS and COC as

he matrix polymer,9,10 k of 0.37 and 0.43 were obtained,
espectively. It is also reported that k = 0.3 for well-dispersed
eramic–polymer composites.15 On the other hand, it was sug-
ested that de-agglomeration of dielectric filler particles leads
o a higher permittivity of composites.16 Considering those pre-
ious reports, the results obtained in this study would indicate
hat ER polymer improves filler dispersion in comparison to
PS and COC. The slight decrease of parameter k from 0.29
or the composites without modification to 0.27 for the compos-
tes with StA-modification would indicate also that the surface

odification by StA accelerates the filler dispersion during the
ompounding process and improves the particle dispersion in
he resulting composites.
ig. 4. Tensile strength (© for untreated and � for StA-treated) and Young’s
odulus (� for untreated and � for StA-treated) of the composites.
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odulus gradually increase. Also it was observed that the tensile
trength was decreased as the loading increased. It is well-known
hat spherical fillers generally enhance the modulus of a com-
osite while they cause a remarkable decrease both in elongation
rior to breaking and in tensile strength.17,18 From comparison
f the properties of untreated and StA-treated BST composites,
t was observed that the elastic modulus of the T series (StA

odified) samples increases more rapidly with increasing load-
ng than that of the N series (untreated). Furthermore, the tensile
trength of the composites of the T series is lower than that of
he N series. The former result can be explained by the existence
f a boundary layer around a particle embedded in a polymer
atrix. Molecular conformation in the boundary layer is limited

o give a higher modulus than in an unaffected matrix and the
hickness of this boundary layer is influenced by compatibility
etween the surface and the matrix.19 In the case of the com-
osites from StA modified powder, particles are well dispersed
herefore the area of the boundary can be larger than that of
ntreated BST composites. Moreover, the layer can be thicker
ue to its higher compatibility with the matrix. Thus it can be
upposed to have a higher content of the boundary layer with
igher modulus. Therefore the tensile modulus can be increased
hen the surface is modified by StA.
The latter result is rather contradictory to that of previous

esearch.20 Since StA has no functional group that reacts with
he matrix, the adhesion strength between the surface and the sur-
ounding polymer is supposed to be poor. This is the same with
n untreated BST surface. Consequently, there should be no dif-
erence in tensile strength between the two cases. The observed
ifference in tensile strength might come from uncertain exper-
mental error such as micro-crack formation. More experiments
hould be done to explain this phenomenon.

. Conclusion

In this work, we have fabricated 0–3 ceramic–polymer com-
osites from BST and ER, and their rheological dielectric and
echanical properties are characterized. We have also investi-

ated the effect of surface-coating by StA on the aforementioned
roperties of the composites. As a result, we confirmed that
urface modification by StA greatly reduces the apparent viscos-
ty of a BST–ER composite. We also confirmed that BST–ER
omposites show good dielectric properties with low loss, and
heir relative permittivities accord to the modified Lichtenecker’s
ogarithmic equation with a k factor of 0.29. It was found that
urface-coating with StA slightly increases the relative permit-
ivity of the composites without increasing their dielectric loss.
cknowledgements

This research was supported by the CoNaPo and CoNaPo-
XT projects. The authors would like to acknowledge the

2

Ceramic Society 30 (2010) 381–384

innish Funding Agency for Technology and Innovation
Tekes), NOF Corp., Perlos Oyj, Pulse Finland Oy and Premix
y for funding the projects. The authors express gratitude to Mr.
imo Vahera for preparation of the samples and assistance in all

he experiments.

eferences

1. Murailidhar, C. and Pillai, P. K. C., Dielectric behavior of barium titanate
(BaTiO3)/polyvinylidene fluoride (PVDF) composite. J. Mater. Sci. Lett.,
1987, 6, 346–348.

2. Adkary, S. U., Chan, H. L., Choy, C. L., Sundaravel, B. and Wilson, I.
H., Characterisation of proton irradiated Ba0.65Sr0.35TiO3/P(VDF-TrFE)
ceramic–polymer composites. Compos. Sci. Technol., 2002, 62, 2161–2167.

3. Liou, J. W. and Chiou, B. S., Dielectric tunability of barium strontium
titanate/silicone–rubber composite. J. Phys. Condens. Matter, 1998, 10,
2773–2786.

4. Xie, S. H., Wei, X. Z., Xu, Z. K. and Xu, Y. Y., Polyimide/BaTiO3 composites
with controllable dielectric properties. Compos. A, 2005, 36, 1152–1157.

5. Olszowy, M., Pawlaczyk, C., Markiewicz, E. and Kulek, J., Dielectric and
pyroelectric properties of BaTiO3–PVC composites. Phys. Stat. Sol. (a),
2005, 202(9), 1848–1853.

6. Chiang, C. K. and Popielarz, R., Polymer composites with high dielectric
constant. Ferroelectrics, 2002, 275, 1–9.

7. Badheka, P., Magadala, V., Devaraju, N. G., Lee, B. I. and Kim, E. S., Effect
of dehydroxylation of hydrothermal barium titanate on dielectric properties
in polystyrene composite. J. Appl. Polym. Sci., 2006, 99, 2815–2821.

8. Abbas, S. M., Chandra, M., Verma, A., Chatterjee, R. and Goel, T. C.,
Complex permittivity and microwave absorption properties of a composite
dielectric absorber. Compos. A, 2006, 37, 2148–2154.

9. Hu, T., Juuti, J. and Jantunen, H., RF properties of BST–PPS composites.
J. Eur. Ceram. Soc., 2007, 27, 2923–2926.

0. Hu, T., Juuti, J., Jantunen, J. and Vilkman, T., Dielectric properties of
BST/polymer composite. J. Eur. Ceram. Soc., 2007, 27, 3997–4001.

1. Sugiura, M. and Amaya, N., Japanese Patent 3,438,319, 13 June 2003.
2. Wu, X., Zou, L., Yang, S. and Wang, D., Structural characterizations of

organo-capped barium titanate nanoparticles prepared by the wet chemical
route. J. Colloid Interface Sci., 2001, 239, 369–373.

3. Mareri, P., Bastide, S., Binda, N. and Crespy, A., Mechanical behavior
of polypropylene composites containing fine mineral filler: effect of filler
surface treatment. Compos. Sci. Technol., 1998, 58, 747–752.

4. Gregg, S. J. and Sing, K. S. W., Adsorption Surface Area, and Porosity.
Academic Press, London, 1967, p. 337.

5. Rao, Y., Qu, J., Marinis, T. and Wong, C., A precise numerical prediction
of effective dielectric constant for polymer–ceramic composite based on
Effective-Medium theory. IEEE Trans. Comp. Pack. Technol., 2000, 23(4),
s680–s683.

6. Ogitani, S., Bidstrup-Allen, S. A. and Kohl, P. A., Factors influencing the
permittivity of polymer/ceramic composites for embedded capacitors. IEEE
Trans. Adv. Pack., 2000, 23(2), s313–s322.

7. Nielsen, L. E., Mechanical Properties of Polymers and Composites, vol. 2.
Marcel-Dekker, New York, 1974, p. 405.

8. Osswald, T. A. and Menges, H. G. L., Material Science of Polymers for
Engineers. Carl Hanser, Munich, Vienna, New York, 1996.
0. Fu, S.-Y., Feng, X.-Q., Lauke, B. and Mai, Y.-W., Effects of particle size, par-
ticle/matrix interface adhesion and particle loading on mechanical properties
of particulate–polymer composites. Compos. B, 2008, 39, 933–961.


	Fabrication and properties of composites from BST and polypropylene-graft-poly(styrene-stat-divinylbenzene)
	Introduction
	Experimental procedures
	Results and discussions
	Microstructure of the composites
	Rheological properties of the composites
	Dielectric properties of the composites
	Mechanical properties of the composites

	Conclusion
	Acknowledgements
	References


