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Abstract

The influence of silane coupling agents on the microstructure and dielectric behaviour of epoxy/BaTiO3 composites was studied.
Epoxy was diluted using tetrahydrofuran as solvent in order to facilitate the mixing step. Methoxy silane was applied onto ceramic par-
ticles. Different diluted aqueous solutions with 0.25, 0.35 and 0.50 wt% of silane/BaTiO3 were used. Dipping technique was utilised to
obtain composite films. Dielectric measurements were performed from 25 Hz to 1 MHz and from 20 �C to 120 �C. Composites presented
good dielectric properties and a strong dependence with the silane concentration.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Embedded capacitors are specially printed portions
within the printed-wiring-board (PWB) laminations that
provide the charge storing function without using precious
surface space of the boards. With the use of passive ele-
ments (capacitors, resistors, and inductors) embedded into
PWBs, significant reductions of parasitic impedance,
assembly cost, and device size become possible. Those
applications need capacitances as high as 50 nF/cm2 [1]
for successful implementation. For this reason, one major
challenge is the development of new dielectric materials
that possess good dielectric and mechanical properties [2].

Polymer-ceramic materials are an encouraging choice
for embedded thin-film capacitors. In these composites,
high content and good dispersion of ceramic particles
assure better and homogeneous packaging, resulting in
higher dielectric permittivities and uniform properties of
the film. However, it can be envisaged that an optimum
amount of polymer may be necessary to completely wet
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the particles [3,4]. Low polymer volume fractions result
in a low dielectric constant, presumably because of the
residual porosity of the composites.

To modify properties of a filled polymer, many additives
have been developed. Among these additives, coupling
agents have gained more attention because of their special
structures, which have two different functional groups, one
that is attracted to the resin and the other that is attracted
to the surface of the filler [4]. There are many different com-
mercial alkylsilanes, organozirconates and organotitanates
that have been developed for the use with specific compos-
ites. Coupling agents are usually used for inorganic fillers-
contained plastics to improve the adhesion between fillers
and polymer, preferably via chemical bonds; their use
improves the performance of composite materials [5].

Coupling agents are also adhesion promoters between
substrate and adhesive, which can be applied directly to
the substrate, similar to primers, or they can be mixed with
the adhesive itself. When mixed with the adhesive, the cou-
pling agents are capable of migrating to the interface and
reacting with the substrate surface as the adhesive cures [5].

The objective of the present work is to study the influ-
ence of silane treatments on the microstucture and the

mailto:lramajo@fi.mdp.edu.ar


L. Ramajo et al. / Composites: Part A 38 (2007) 1852–1859 1853
dielectric properties of epoxy/BaTiO3 composite materials.
In order to optimise the dielectric behaviour, three different
silane content were used. Measurements were performed as
a function of frequency and temperature.

2. Experimental

A commercial epoxy resin, DER 325 (Dow Chemical)
and a curing agent, triethylenetetramine (DEH 324, Dow
Chemical), at 12.5 phr (part per hundred of resin) were
employed. Also, tetrahydrofuran (THF, Dorwil Chemical,
boiling point 66 �C) up to 75 wt% was added to reduce the
resin viscosity.

Commercial barium titanate, BaTiO3 (TAM, Ceramics
Inc.) was used as filler. It was doped with 0.6 wt% of
Nb2O5 to modify its dielectrical properties. Powders were
mixed in isopropilic alcohol by agitation at 6000 rpm dur-
ing 5 min. Afterwards, alcohol was eliminated by heating at
65 �C until constant weight. The powder was thermally
treated at 1350 �C for 180 min using a heating and a cool-
ing rate of 3 �C/min. The powder was milled using a plan-
etary mill with ZrO2 balls (Fritsch, Pulverisette 7) for
Fig. 1. FTIR spectra of BaTiO3 powder untreated an
90 min, in isopropilic medium until an average particle size
of 1.4 lm was obtained.

Glycidoxy methoxy silane Z-6040 (Dow Corning) was
applied onto ceramic particles as diluted aqueous solutions
of 0.25, 0.35 and 0.50 wt% (respect to barium titanate) of
silane in order to improve processability and increase filler
wet-out and dispersion. Aqueous solution was prepared,
adjusting the pH of the water to 3.5 with acetic acid and
then introducing the silane. After the silane was added to
the acidified water, the system was stirred for about
15 min before it hydrolysed and formed a clear and homo-
geneous solution. The fillers were mixed with the silane at
low shear for several minutes without additional solvent.
After applying the silane, the BaTiO3 was dried briefly at
110 �C to avoid condensation of silanol groups at the sur-
face. Residual silane was eliminated washing the particles
in toluene at 25 �C and then, the resulting powder was
dried and sieved through 40 lm mesh.

The detection of small quantities of silane in the
products after the silanisation process was achieved by
Fourier Transform Infrared Spectrometry (FTIR) in trans-
mission mode, using a Mattson Genesis II in the range
d treated with 0.25, 0.35 and 0.50 wt% of Z6040.
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400–2000 cm�1 with a resolution of 2 cm�1; and transm-
ition electron microscopy (IEM), using a Philips CM200
with an acceleration of 200 KV.

The composite films were obtained using the dipping
technique. First, a suspension containing 50 vol% of BaTiO3

powder (treated and untreated), solvent (THF), epoxy and
curing agent was prepared in a glass container. After that,
agitation at 2000 rpm during 3–5 min was applied to avoid
ceramic agglomerations. The suspension was placed on a
glass substrate with gold electrodes previously deposited
by dc-sputtering, using a dipping rate of 3 cm/min. The films
were cured at 100 �C for 2 h. Top electrodes were deposited
by dc-sputtering through a shadow mask.

Silane coated powders and their composites were ana-
lysed by thermogravimetry (TGA, Shimadzu TGA-50)
under nitrogen atmosphere with a heating-rate of 10 �C/
min from room temperature to 700 �C. Dispersion of
BaTiO3 particles into the composites was analysed through
scanning electron microscopy (SEM, JEOL 6460LV), after
the dipping and the curing processes. Thicknesses were
measured employing a micrometer (Mitutoyo) and verified
by SEM.

Dielectric measurements were performed using a Hew-
lett Packard 4284A Impedance Analyser in the frequency
range from 20 Hz to 1 MHz. Temperature was varied from
room temperature to 120 �C.
Fig. 2. TEM of particles with (a) 0.35 wt% and (b) 0.50 wt% of silane; and (c) e
3. Results and discussion

3.1. FTIR analysis

Fig. 1 shows the FTIR spectra of the powders treated
with silane from 0.25 to 0.50 wt%. The broad bands at
554 cm�1 are due to Ti–O stretching modes of BaTiO3

[6,7], while peaks at 1430 and 1625 cm�1 are related to
the CO2 absorption [7]. Moreover, peaks at 820 and
1380 cm�1 characteristic of C–C stretching modes and
organic groups of silane, respectively, are observed [8,9].
These peaks increase with silane concentration.

Normalised and amplified spectra were used in order to
obtain additional information about the coupling agents
on the surface of the ceramic powder. The peak appearing
at 950 cm�1, assigned to the structural bridge of silane on
the titanate surface (Ti–O–Ti), suggests that silane is linked
or chemisorbed on the particle surface [9]. Again, silane
peak increases when silane concentration increases.

3.2. Transmition electron microscopy (TEM)

TEM micrographs of powders treated with 0.35 and
0.50 wt% of silane are showed in Fig. 2. Both samples pres-
ent particle agglomeration due to silane effects and some
inhomogeneous organic material dispersion around the
nlargement of picture (a) and (d) amplification enlargement of picture (b).
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BaTiO3 particles. This behaviour increases with the silane
content (Fig. 2b and d).

As it can be seen, the high silane content helps to link
the particles, among themselves and thus, particle agglom-
eration increases. Then, the rheological behavior of the
mixture is affected, modifying the composite final
properties.
Fig. 3. Thermal gravimetric analysis (TGA) of composites with 0, 0.25,
0.35 and 0.50 wt% of Z6040 in current air.
3.3. Thermogravimetric analysis (TGA)

In Table 1 and Fig. 3 the effective silane concentration
and real BaTiO3 volume fraction of composites, measured
by thermogravimetric analysis are shown. It can be seen
that certain silane content is retained in the particles after
the treatment showing that silanisation process was effec-
tive (as already shown by FTIR and TEM). Also, it is
observed that the silane amount does not affect the effective
incorporation of filler. From Fig. 3 can be observed that
Table 1
Silane concentration, BaTiO3 volume fraction, and real permittivity of the
composites

Silane (wt%) BaTiOa
3 ðvol%Þ e 0

Initial Finala

0.00 0.00 49 37
0.20–0.30 0.25 50 39
0.30–0.40 0.35 48 29
0.50–0.60 0.50 51 21

a Determined by TGA.

Fig. 4. SEM of composites with (a) 0 wt%, (b) 0.25 wt%, (c) 0.35 w
silane does not change the degradation process of the
composite.

3.4. Scanning electron microscopy (SEM)

SEM micrographs of transversally cut samples are
observed in Fig. 4. It shows composites with silane concen-
tration between 0 and 0.50 wt%. Areas without filler and
small trails of micro-porosity are observed in samples made
with high Z6040 amounts (Fig. 4c and d). In these samples,
particle distribution is not homogeneous and some particle
t% and (d) 0.50 wt% of Z6040 (50 vol% of BaTiO3). Bar 10 lm.
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agglomeration appears. The addition of 0.25 wt% (Fig. 4b)
of silane gives a more homogeneous distribution and a bet-
ter microstructure.

TEM and SEM results confirm that fine powders form
strong agglomerates which difficult the filler dispersion
when a high solid loading is used (50 vol%). These agglom-
erates increase the effective particle size, restricting the fill-
ing of voids between bigger particles. Nevertheless, when
BaTiO3 is treated with 0.25 wt% of Z6040, a better disper-
sion is attained, providing easy deagglomeration and effi-
cient packing of the particles mixture.

3.5. Electric behaviour

Real permittivity as a function of silane at 30 �C and
2500 Hz is shown in Table 1. Temperature and frequency
selected values were chosen in order to obtain more repre-
sentative data diminishing measurement fluctuations. It
can be seen that real permittivity is influenced by the cou-
Fig. 5. Real (a) and imaginary (b) permittivity vs. frequency curves of the
composites with different silane amount (at 30 �C and 50 vol% of BaTiO3).
pling agent. The system with lower silane concentration
(0.25 wt%) has a slightly improvement in the permittivity
than the system without silane addition. Nevertheless,
higher Z6040 amounts (0.35 and 0.50 wt%) present impor-
tant reductions in the dielectric permittivity.

Frequency dependence of the real (e 0) and imaginary (e00)
permittivity as a function of the percentage of silane at
30 �C are shown in Fig. 5. At low frequency, imaginary
part of permittivity decreases when frequency increases
due to the dc conductivity effect. Nevertheless, after
1000 Hz it increases and a soft loss peak at around
100 KHz, is formed. Real permittivity decreases monoton-
ically as a function of frequency. Composites made of
BaTiO3 treated with 0.25 wt% of Z6040 have a highest
dielectric constant than untreated filler all the over fre-
quency range. It seems that silane act as molecular bridges
between the polymer and the ceramic filler, resulting in the
Fig. 6. Real (a) and imaginary (b) permittivity vs. temperature curves of
the composites with different silane amount (at 2500 Hz and 50 vol% of
BaTiO3).



Fig. 7. Real part (M0) and imaginary part (M00) of electric modulus vs. frequency of samples untreated and treated with 0.25 wt% of Z6040 (50 vol% of BaTiO3).

Fig. 8. Real part (M 0) and imaginary part (M00) of electric modulus vs.
temperature curves of samples untreated and treated with 0.25 wt% of
Z6040 (at 500 KHz and 50 vol% of BaTiO3).
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formation of covalent chemical bonds across the interface,
which improve the dielectric properties, at least at these low
concentrations. Besides the good microstructure obtained
in these composites assures a good distribution of higher
permittivity particles. Nevertheless, higher silane amounts
tend to lower dielectric properties, because of the higher
porosity, agglomeration particles and defect content.

Fig. 6 shows the real and imaginary permittivity at dif-
ferent temperatures and 2500 Hz. Real permittivity
increases slightly with the temperature, while imaginary
permittivity rises abruptly due to the higher segmental
mobility of polymer near Tg. This relaxation associated
with the glass transition is labelled a and it is referred as
the primary or glass–rubber relaxation [10].

In order to understand the frequency relaxation process
and electrical behaviour of the untreated and 0.25 wt%
silane treated systems, electrical modulus and ac conductiv-
ity were used (Eqs. (1) and (2)). It is known that electric
modulus (Eq. (1)) helps to observe bulk relaxation proper-
ties at low frequencies [11], while conductivity phenomena
can be extracted from the dielectric loss by calculating the
ac conductivity (Eq. (2)).

M� ¼ 1

e�
¼ 1

e0 � je00
¼ e0

e02þ e002
þ j

e00

e02þ e002
¼M 0 þ j �M 00 ð1Þ

rac¼ e0 � e00 �x ð2Þ

Fig. 7 shows the real (M 0) and the imaginary (M00) part of
electrical modulus for composites untreated and treated
with 0.25 wt% of silane. The figure shows that M 0 values
increase quickly with frequency until they reach a less
pronouncing slope. A rise in temperature produces a
diminution in the M 0 values at low frequency range, with-
out important changes at higher frequencies. Moreover,
peaks in M00 curves at 120 �C are observed, indicating a



Fig. 9. The ac conductivity (rac) versus frequency of composites with 0 and 0.25 wt% of Z6040 at 30, 90 and 120 �C (50 vol% of BaTiO3).

1858 L. Ramajo et al. / Composites: Part A 38 (2007) 1852–1859
relaxation process which is not evident in the loss tangent
curve. These peaks correspond to a-relaxation and start
to be formed at high temperature near epoxy Tg, as mobil-
ity of polymer molecules is enhanced [12]. Also, silane
dipole contribution modified the frequency of the a-relaxa-
tion. In general, both systems present similar behaviours;
however untreated samples have smaller M 0 and M00 than
treated samples.

Fig. 8 shows the temperature effect on resin relaxation
process of samples with 50 vol% of BaTiO3 untreated and
treated with 0.25 wt% of silane. A rise in temperature pro-
duces the M 0 reduction. Peaks in imaginary modulus
appear at lower temperature than a-relaxation peak, and
they are related to a b-relaxation process. This mechanism
is linked with localised rotational fluctuations of the
dipoles and they are observed at higher frequency and
lower temperature than a-relaxation [13].

In epoxy resin the b-peak is attributed to the relaxation
of the hydroxyether units –O–CH2–CH(OH)–CH2– created
during the cross-linking reactions from the initial epoxy
prepolymer [14]. In this way, samples with silane exhibit
a more notorious peak of b-relaxation. The rise in the
conductivity, caused by the silane influence on polymer-
ceramic interface, could be responsible of the important
b-relaxation peak [4,14].

The ac conductivity of the composites clearly depends
on temperature and frequency, increasing as both rise
(Fig. 9). At higher frequencies, conductivity dependence
on temperature may be neglected. Nevertheless, at low fre-
quencies, relaxation processes are influenced by tempera-
ture and conductivity. The dependence on frequency
could be expressed according to a power law rac � ws

(0 6 s 6 1) [15]. At constant temperature, ac conductivity
can be expressed as rac(x) = rdc + A Æ xs, where rdc is the
x! 0 limiting value of rac(x), A, and s parameters depend
on temperature and filler content [16]. This equation is
often called ‘‘the ac universality law’’ since it has been
found to satisfactorily describe the ac response of numer-
ous different types of materials [16]. In general, conductiv-
ity was higher in treated samples suggesting that silane
helps to increase the electric charge transference at the
interfaces.

On the other hand, a considerable increase of conductiv-
ity appears as temperature is raised, at constant conductive
filler content. Conductivity values are altered by almost
four orders of magnitude with temperature, indicating a
thermally activated process. In this way, at low frequency
the effect is more notorious, due to an effect of molecular
mobility near Tg.

4. Conclusions

Silane influence on dielectric properties and microstruc-
ture of highly loaded epoxy/ceramic composites have been
investigated. It was confirmed that the addition of silane
helped to wet particles and improved the interface contact.
Low silane concentration modified interfaces and helped to
retain the electrical properties of composites. However,
higher silane concentrations increased the porosity and
defects, and impoverished the dielectric properties.



L. Ramajo et al. / Composites: Part A 38 (2007) 1852–1859 1859
From a practical point of view, a reasonably good trade-
off between silane amount, final microstructure and dielec-
tric properties is obtained at 0.25 wt% of Z6040.
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