
Effect of silane coupling agent on the morphology, structure,
and properties of poly(vinylidene fluoride–trifluoroethylene)/
BaTiO3 composites

Sara Dalle Vacche • Fabiane Oliveira •

Yves Leterrier • Véronique Michaud •
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Abstract Micron- and submicron-sized barium titanate

(BaTiO3) particles, untreated and surface modified with

aminopropyl triethoxy silane, were incorporated in

poly(vinylidene fluoride–trifluoroethylene) to fabricate

composites with up to 60 vol% of ceramic phase. The

morphology and structure of solvent cast and compression-

molded films, and their thermal, viscoelastic, and dielectric

properties were investigated. When surface-modified

BaTiO3 was used, it was possible to decrease both the

viscoelastic and the dielectric losses of highly filled solvent

cast films, while their storage modulus and relative per-

mittivity either increased or remained equal, owing to

reduced porosity and improved matrix-filler compatibility.

The effect of BaTiO3 surface modification on the mor-

phology of compression-molded films was less marked,

leading to unchanged viscoelastic properties, and lower

permittivity and dielectric losses. For all composites the

frequency dependency of the dielectric properties at low

frequencies was suppressed with modified BaTiO3.

Introduction

Vinylidene fluoride (VDF) is a monomer with CF2=CH2

formula, which can polymerize alone or with other co-

monomers, some of the most commonly used being tri-

fluoroethylene (TrFE) and hexafluoroethylene (HFP), to

form VDF-based polymers. The high electronegativity of

the fluorine atoms present on the polymer chains and the

spontaneous alignment of the C–F dipoles in the crystalline

b-phase, in which the molecules are arranged in all-trans

(TTTT) planar configuration, impart to VDF-based poly-

mers peculiar characteristics that attracted considerable

research interest in the last decades [1]. Besides being

among the few existing ferroelectric polymers, VDF-based

polymers show good dielectric properties, which makes

them excellent candidates for the development of high

energy density materials for energy storage applications.

Extensive reviews on high-permittivity materials and their

applications have been published recently [2, 3]. The

energy density of a dielectric material is proportional to its

relative permittivity, e, and to the square of the applied

electric field. The latter is limited by the breakdown

strength, i.e., the threshold electric field above which

charges start flowing through the dielectric material. The

dielectric breakdown is a complex phenomenon that has

been related to several mechanisms, among which the

accumulation of heat due to dissipation of energy by

dielectric losses [2–4]. VDF-based polymers have high

electrical breakdown strength; however, their relative
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permittivity, although fairly high for a polymer, is much

lower than that obtainable for ceramic materials, which on

the other hand suffer from lower breakdown strengths [4].

It is therefore desirable to increase the relative permittivity

of VDF-based polymers, maintaining low dielectric losses

and high breakdown field. With this purpose, copolymeri-

zation of electron beam irradiated PVDF with several co-

monomers was successfully performed, leading to

copolymers with improved dielectric properties [5–7].

Another possible route is the development of nanocom-

posite materials [4]; both fillers with high permittivity, as,

e.g., BaTiO3 [8–13], and conducting fillers, as metal

nanoparticles and graphite nanosheets, which can form

percolative composites [14, 15], have been added to PVDF

and its copolymers.

While most of the research on VDF-based polymer

composites historically focused on their dielectric and

electromechanical properties, recently more attention has

also been dedicated to the understanding of their pro-

cessing and their morphological, structural, thermal, and

mechanical properties [16–23]. The fabrication of VDF

polymer-based composites poses challenges due to the

difficulty of homogeneously dispersing the inorganic filler

into the fluoropolymer matrix and to the poor matrix-filler

adhesion. Furthermore, in several instances fairly high

volume fractions of filler (above 50 %) are needed in

order to obtain the desired dielectric and electromechan-

ical properties, and, particularly when solvent-based fab-

rication routes are used, porosity plays an important role

[17].

As matrix–filler interfacial interactions largely deter-

mine the final structure and properties of these compos-

ites, increasing effort has been devoted to the

understanding and tailoring of the matrix–filler interface

[9, 20, 24, 25]. The surface functionality of modified

fillers was found to influence the crystalline structure of

VDF polymer matrices. Clay modified with alkyl, aryl,

and hydroxyl groups [26] and silica nanoparticles modi-

fied with amino and alkyl groups [27] induced the for-

mation of different crystalline structures in P(VDF–HFP)

and PVDF, respectively, depending on the type of surface

functionalization. Clay modified by alkyl functionalized

ionic liquids (ILs) formed intercalated structures in PVDF

nanocomposites, while functionalization with fluorinated

ILs led to exfoliated structures, greatly enhancing the

strain at break [28]. Boron nitride nanotubes (BNNT)

surface modified with dopamine allowed obtaining a

higher increase of the elastic modulus and yield strength

of PVDF composites with respect to pristine BNNT [29].

Surface functionalization of CaCO3 with a fluorinated

alkoxysilane led to PVDF nanocomposites with enhanced

filler dispersion, better thermal stability, and improved gas

barrier [30], while a commercial organo-silane coated

ZnO only slightly increased the storage modulus of a

P(VDF–TrFE)-based nanocomposite versus uncoated

ZnO, with no influence on the dispersion state of the filler

or on the crystallinity of the matrix [31]. High permit-

tivity nanocomposite films were fabricated by embedding,

into VDF-based polymer matrices, BaTiO3 particles that

were surface modified with fluorinated phosphonic acid

[32], dopamine [27, 33], organofunctional titanates with

long alkyl chains [34, 35], aminopropyl triethoxy silane

[25], or surface hydroxylated by refluxing in aqueous

H2O2 [36, 37]. Furthermore, in a different approach,

BaTiO3 nanoparticles were generated in situ in a PVDF-

g-HEMA copolymer, in which the –OH group of the

HEMA units acted as a bridge with the nanoparticles

surface, obtaining high dielectric constant, although the

dielectric losses also increased with BaTiO3 concentration

[38]. Nevertheless, although the possibility to improve the

dielectric properties of nanocomposites based on PVDF

and its copolymers with BaTiO3 by tailoring the matrix–

filler interactions has been pointed out, the effect on their

thermal, functional, and mechanical properties is still

largely unexplored.

In this work, the effect of the surface modification of

three BaTiO3 powders with aminopropyl triethoxy silane

on the thermal, viscoelastic, and dielectric properties of

P(VDF–TrFE)/BaTiO3 composites containing up to 60 %

volume of ceramic particles was investigated and discussed

with respect to their structure and morphology.

Materials and methods

Materials

P(VDF–TrFE) (77/23 mol%) in powder form was provided

by Solvay Solexis SpA (Bollate, MI, Italy). Three BaTiO3

powders were used as piezoelectric ceramic fillers. The first

powder (BT1) was barium titanate (IV), \2 lm, 99.9 %

from Sigma-Aldrich (St. Louis, MO, USA), with a declared

average particle size of 1.1 lm. The second one (BT2) was

an in-house made BaTiO3 powder (0.7 lm), obtained by

milling BaCO3 and TiO2 powders in stoichiometric ratio,

and performing calcination at 1100 �C for 3 h followed by

further milling. The characterization of the BT1 and BT2

powders was reported in detail previously [17]. The third

powder (BT3) was BaTiO3 99.95 %, electronic grade,

average particle size 0.2 lm from Inframat Advanced

Materials LLC (Manchester, CT, USA). The silane cou-

pling agent was (3-aminopropyl)triethoxysilane (APTES),

99 %, supplied by Sigma-Aldrich (St. Louis, MO, USA).

Methyl ethyl ketone (MEK, 2-butanone, 99? %) was

supplied by Acros Organics (Geel, Belgium) and ethanol,

94 % by Reactolab SA (Servion, Switzerland).
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Surface modification of BaTiO3

The BT1 powder was surface modified with 0.5, 1.0, and

2.0 wt% APTES in ethanol/water (95/5 vol%). The etha-

nol/water solutions containing BaTiO3 and APTES were

first sonicated with an ultrasonic horn (Digital Sonifier 450,

Branson Ultrasonics Corporation, Danbury, CT, USA) for

5 min, then stirred with a magnetic stirrer at 70 �C for 1 h.

The BaTiO3 powder was then separated by centrifugation

on a CR412 centrifuge (Jouan S.A.S., St. Herblain, France)

at 4700 rpm for 10 min and dried at 110 �C for 1 h to

allow for silanol condensation. Washing with ethanol and

centrifugation were repeated twice, and finally, the pow-

ders were dried at 80 �C in vacuum overnight. The BT2

and BT3 powders were surface modified with 1 wt%

APTES following the same procedure.

Preparation of the films

Solvent cast films were obtained as follows. The polymer

powder was dissolved in MEK at 60 �C. For the compos-

ites containing 30, 45, and 60 % in volume of BaTiO3

appropriate quantities of the powders, calculated taking the

density of the BaTiO3 equal to 6.0 g cm-3 according to the

suppliers’ information, and that of P(VDF–TrFE) equal to

1.9 g cm-3 [39], were slowly added to the P(VDF–TrFE)/

MEK solution while stirring. The solids (polymer ?

ceramics) to solvent weight ratio was 1:10 for all compo-

sitions. The mixtures were then further stirred with a

magnetic stirrer for 1 h at 60 �C. Sonication with the

Digital Sonifier 450 ultrasound horn for 5 min with 50 s

on/off pulses followed, then the mixtures were homoge-

nized with a mechanical disintegrator (IKAWERK Ultra-

turrax T25) at 5600 rpm during 20 min, and finally left in

vacuum for 10 min in order to remove the entrapped air

before casting on glass. The solvent was evaporated in a

vacuum oven, increasing the temperature to 80 �C over

5 min and allowing the film to dry at these conditions for

4 h. The films were then annealed at 135 �C for 15 min to

increase crystallinity. The films obtained were 80–130 lm

thick.

Compression-molded films of PVDF–TrFE and of the

composites were obtained by superposing two layers of

solvent cast films and hot pressing them in a TP50

hydraulic press (Fontijne Holland, Netherlands) with a

pressure of 5 MPa, heating from 25 to 200 �C in 20 min,

holding at 200 �C for 10 min, and cooling to 25 �C in

20 min. The composites containing up to 45 vol% of

ceramics were prepared inside a thin aluminum mold,

obtaining thicknesses of 60–120 lm. As this set-up proved

unsuitable for the composites containing 60 vol% particles,

they were therefore prepared in a larger steel mold,

obtaining 130–180 lm thick films. The steel mold had a

higher thermal inertia, therefore the temperature control

was somewhat less precise than with the aluminum set-up.

Composites were prepared containing 30, 45, and 60

vol% of the unmodified and modified BT1 powders, and 60

vol% of the unmodified and modified BT2 and BT3 pow-

ders. In what follows solvent cast films are indicated with

the code SCx-y-z and compression-molded films with the

code CMx-y-z, where x is equal to 1, 2, or 3 for materials

containing BT1, BT2, or BT3 particles, respectively,

y indicates the amount of BaTiO3 in volume percent, and

z the amount of APTES (in weight percent) used for the

powder modification.

Characterization techniques

The surface modification of the powders was verified by

means of thermogravimetric analysis (TGA) with a TGA/

SDTA 851e apparatus (Mettler Toledo, Switzerland),

heating from 30 to 800 �C at 10 K min-1 under a

30 ml min-1 N2 flow in alumina crucibles.

The morphology of the nanocomposites was observed in

a Philips XL30 FEG (Philips, The Netherlands) scanning

electron microscope (SEM). The samples were prepared by

cryo-fracture and carbon coated to prevent charging.

The density of the nanocomposite films was measured

on an AT261 DeltaRange balance equipped with a density

determination kit ME-210250 (Mettler Toledo, Switzer-

land), by weighing the samples in air and water. The

porosity of the composites was estimated by comparing the

measured density to the expected one calculated on the

basis of the weight fractions and densities of the matrix and

filler. Due to the weighing error induced by the thin film

shape of the samples when immersed in water and to the

uncertainties on the real densities of the BaTiO3 particles,

the porosity values obtained by this method cannot be

considered absolute values; however, they are suitable for

comparing porosity of films made with the same BaTiO3

powder, pristine, and surface modified.

X-ray diffraction was performed on the films using

CuKa radiation on a D8 DISCOVER diffractometer

(Bruker AXS, USA) to assess the crystalline structure of

BaTiO3 in the composites. The scans were run with a 0.02�
increment and at 1� min-1 speed.

The crystallinity and thermal transitions of P(VDF–

TrFE) in the films were studied by means of differential

scanning calorimeter (DSC Q100, TA Instruments, USA).

The measurements were carried out between -80 and

200 �C at a heating rate of 10 K min-1 under N2 flow.

Dynamic mechanical analysis (Q800 DMA, TA Instru-

ments, USA) was performed on the films in tensile config-

uration with an excitation frequency of 1 Hz. An applied

strain of 0.05 % was chosen in order to stay within the linear

viscoelastic region, which was smaller for the composites
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than for the pure polymer. The temperature was raised from

-50 to 150 �C at a heating rate of 3 K min-1.

Gold electrodes were sputtered on the SC and CM

samples containing 60 wt% BaTiO3 in order to enable their

dielectric characterization. Capacitance and losses were

measured as a function of frequency with an impedance/

gain-phase analyzer HP4194A (Hewlett Packard, USA) at

room temperature between 100 Hz and 1 MHz and with a

voltage of 1Vrms. Relative permittivity was then calculated

from capacitance, knowing the area and thickness of each

sample.

Results

Powder surface modification analysis

Figure 1 shows the evolution of the weight of the untreated

and surface-modified BaTiO3 powders with increasing

temperature. The unmodified powders show an initial

weight decrease up to 200 �C that is attributed to loss of

surface adsorbed water, then a plateau until about 500 �C,

when the loss of surface hydroxyl groups occurs. The

surface-modified powders show a less steep initial weight

loss before 200 �C, indicating that less water is adsorbed

due to the presence of hydrophobic groups on their surface.

At about 300 �C a weight loss due to the decomposition of

the hydrocarbon tails of the silanes occurs. One can notice

that for all BT1-modified powders the weight loss attrib-

utable to the silane is of about 0.2 %, showing that

increasing the silane/BaTiO3 ratio during the modification

procedure did not lead to a significant increase of the

amount of silane on the surface of the particles.

Morphology and structure of the composites

The SEM observation of cryo-fractured surfaces of the

solvent cast and compression-molded composites showed

a homogeneous through thickness distribution of the

BaTiO3 particles in all materials. Figures 2 and 3 show

the micrographs obtained for the composites containing

60 vol% of BT1, BT2, and BT3 untreated (a, c, e), and

modified with 1 wt% APTES (b, d, f). For the composites

made with BT1 and BT3, when surface-modified powders

were used, the occurrence of large particles aggregates

was reduced. For the composites made with BT2, as the

untreated powder was already well dispersed, the

improvement obtained with powder modification was less

marked. Generally for the composites made with

unmodified BaTiO3, the surface of the bare particles was

exposed after fracture, while for the composites made

with surface-modified powders the particles remained

covered by a layer of polymer, as shown in the insets of

Fig. 3e, f, indicating a better matrix–filler compatibility

and adhesion. For the solvent cast composites made with

BT1 and BT3 powders one can observe that the presence

of large pores was reduced upon surface modification of

the BaTiO3 particles. This is in agreement with the

porosity values calculated from density measurements for

the solvent cast materials containing 60 vol% BaTiO3:

about 28 % porosity for the materials made with untreated

BT1 and BT3 particles, and 14–20 % porosity for the

other solvent cast materials. On the other hand, as the

compression-molding step reduces the porosity, this dif-

ference was largely suppressed for the resulting CM

composites. The porosities calculated from density mea-

surements were lower than 10 % for all compression-

molded films containing 60 vol% BaTiO3, with no sig-

nificant differences between the different materials. In

lower magnification images of CM1-60-0 and CM1-60-1

(insets of Fig. 3a, b), the interface between the two films

superposed to make the CM materials was visible, while

it was not for the composites made with BT2 and BT3.

This might be due to differences in the rheology of the

molten composites, which would need to be investigated

further.

The XRD patterns of CM composites with 60 vol% of

particles are shown in Fig. 4, and are representative also of

the SC composites. The tetragonal form of BaTiO3 crystal

structure can be identified by the double peak corre-

sponding to the reflections of the (200) and (002) planes,

indicated by arrows in the figure. No difference in the

tetragonal structure of the BaTiO3 particles embedded in

the polymer matrix due to the surface modification was

detected both for solvent cast and compression-molded

films.

Fig. 1 TGA of BaTiO3 particles: BT1 unmodified (a) and modified

with 0.5 % (b), 1 % (c) and 2 % (d) APTES; BT2 unmodified (a) and

modified with 1 % APTES (b); BT3 unmodified (a) and modified

with 1 % APTES (b)
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Thermal transitions and crystallinity of the polymer

matrix

The thermograms of SC and CM composites made with

unmodified and modified BaTiO3 particles, are shown in

Figs. 5 and 6. The thermograms of the composites made

with BT1 modified with 1 % silane are representative also

of those of the composites made with BT1 modified with

0.5 and 2 % silane. All DSC thermograms showed the two

endotherm peaks corresponding to the ferroelectric to

paraelectric phase transition (Curie transition) of P(VDF–

TrFE), at the lower temperature, and to the melting of the

crystallites of P(VDF–TrFE), at the higher temperature. It

has to be noticed that the BaTiO3 has a Curie transition at a

similar temperature to that of the P(VDF–TrFE); however,

due to the much lower intensity, the corresponding peak

was not detectable. The Curie temperatures (TC) and

melting temperatures (Tm) of all tested materials are sum-

marized in Table 1. The structural differences between SC

and CM composites arising from the different fabrication

processes, which are reflected in the DSC thermograms,

were discussed in detail in a previous paper [17] and will

not be specifically covered here.

For all composites, upon addition of BaTiO3 particles,

only the intensity of the endotherm peaks was reduced with

increasing ceramic volume fraction, but their shape and

Fig. 2 SEM micrographs of a SC1-60-0, b SC1-60-1, c SC2-60-0, d SC2-60-1, e SC3-60-0, and f SC3-60-1
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position did not change. No significant differences could be

detected between the thermograms of the composites made

with unmodified and modified powders over the whole

range of compositions. Only the CM composites containing

60 vol% BaTiO3, showed some variability in the shape and

position of the endotherm peaks, however with no corre-

lation with the BaTiO3 surface modification. The broad-

ening of the Curie transition peak and the appearance of a

shoulder at the lower temperature side of the transition is

consistent with the formation of a less-ordered ferroelectric

phase, as described for P(VDF–TrFE) crystallized above

TC [40]. This variability is thought to be mainly due to

small temperature variations in the steel mold, as indeed

the P(VDF–TrFE) polymer crystalline structure is very

sensitive to even small variations in the processing

conditions.

The effect of the addition of unmodified and modified

BaTiO3 particles on the degree of crystallinity of the

polymer matrix was assessed by calculating for each

composite the enthalpy of fusion normalized to the mass

fraction of the polymer, DHf (reported in Table 1), as

follows:

DHf ¼
DH

exp
f

x
p
w

; ð1Þ

where for each composite, DH
exp
f is the measured enthalpy

of fusion, and xp
w is the mass fraction of the polymer.

Although there is a certain scattering of the DHf data, a

Fig. 3 SEM micrographs of

a CM1-60-0, b CM1-60-1,

c CM2-60-0, d CM2-60-1,

e CM3-60-0, and f CM3-60-1
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slight decrease in crystallinity at the high ceramic volume

fractions can be noticed both for the SC and the CM

composites. However, at each powder volume fraction, no

significant differences related to the surface modification of

the BaTiO3 particles could be detected.

Viscoelastic properties

Figures 7 and 8 show the temperature dependence of the

storage modulus (E0) and of the damping factor (tand) of

P(VDF–TrFE) and composite films fabricated using

untreated and surface-modified powders. In order to better

visualize the trends of the storage moduli with BaTiO3

concentration and surface modification, in Fig. 9a are

shown the values of E0 measured at 25 �C, and their the-

oretical lower and upper bounds calculated with the Ha-

shin–Shtrikman (H–S) model [41]. The calculation of the

H–S bounds was reported in detail elsewhere [17]. For

BT1, the results shown for the composites made with

particles modified with 1 % APTES are representative of

all materials made with BT1 surface-treated particles.

For the solvent cast materials, the storage modulus

decreased with temperature, and two steep drops of E0 were

observed corresponding to the phase transitions of P(VDF–

TrFE), i.e., the ferroelectric to the paraelectric phase

transition at about 110 �C and the onset of melting above

130 �C. For all the composites containing 30 vol% BT1,

untreated, and modified, the modulus was more than dou-

ble with respect to the one of the pure polymer. With BT1

unmodified particles no further increase was obtained at 45

vol% and then E0 decreased markedly at 60 vol%, falling

well below the H–S lower bound. When surface-modified

BT1 particles were used, at 45 vol% E0 slightly increased,

having a value about 20 % higher than that of SC1-45-0,

and with 60 vol% E0 decreased somewhat, to a value higher

by about 60 % than with unmodified BT1, just slightly

below the H–S lower bound. A similar behavior was

observed with BT3, for which the composite containing

modified particles showed a 100 % increase in modulus

with respect to the one containing pristine particles. The

SC2-60-0 composite showed the highest E0 values among

the composites made with untreated BaTiO3, particularly

above room temperature, consistently with the better dis-

persion of BT2 in the matrix. The modulus of SC2-60-1

was similar to that of SC2-60-0 until about 50 �C, and then

it decreased somewhat more rapidly with temperature until

melting of the polymer matrix. It must be also noted that in

Fig. 4 XRD patterns of composite CM films with 60 vol% BaTiO3,

unmodified and modified with 1 % silane

Fig. 5 DSC thermograms of solvent cast films of P(VDF–TrFE) and

composites made with unmodified BaTiO3 and with BaTiO3 modified

with 1 % silane

Fig. 6 DSC thermograms of compression-molded films of P(VDF–

TrFE) and composites made with unmodified BaTiO3 and BaTiO3

modified with 1 % silane
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several DMA tests the SC composites made with 45 and 60

vol% of untreated BaTiO3 powders already failed at about

110 �C under the small strain applied, while this did not

happen for the materials made with modified powders.

During the preparation of the samples it was also qualita-

tively observed that they were more fragile and easily

broken while handling in comparison with their homo-

logues made with modified powders. In order to evaluate

whether the low modulus for the SC materials made with

60 vol% untreated BT1 and BT3 could be attributed to their

higher porosity, the H–S bounds were recalculated by

taking into account the porosity of the composites. The

porosity was considered concentrated in the matrix, and the

modulus of the porous matrix was calculated as that of a

closed cell foam, for which:

Ef

Ep

¼ 0:32 1� /vð Þ2þ 1� /vð Þ
h i

; ð2Þ

where Ef and Ep are the moduli of the foam and of the

polymer, respectively, and /v is the volume fraction of the

pores [42]. The values of E0 at 25 �C obtained introducing

the calculated moduli for the porous matrices into the H–S

bounds equations are reported in Fig. 9b together with the

experimental values. As it can be observed, the calculated

H–S bounds and the experimental data follow similar

trends.

The storage modulus of the compression-molded films

showed two small inflections corresponding to the

b-relaxation and a-relaxation, and two steep drops corre-

sponding to the Curie transition and melting. The storage

modulus increased with increasing BaTiO3 content, fol-

lowing a similar trend as the H–S lower bound. No sig-

nificant differences between the composites made with

untreated BT1 and their counterparts made with function-

alized BT1 were detected. Only the CM1-60-1 composite

failed around 110 �C under the small strain applied; how-

ever, the reason for this is not fully understood as no other

compression-molded samples made with modified powder

failed before the melting point of the matrix. On the other

hand, the compression-molded composites containing

unmodified BT2 and BT3 were too fragile, and it was not

possible to obtain proper samples to be tested by DMA.

When modified BT2 and BT3 powders were used, DMA

tests could be performed and their storage moduli were

similar to that obtained with modified BT1 powder.

For the solvent cast films, the tand values were generally

higher for the composites than for the pure polymer, and

the composites made with untreated ceramic particles had

higher tand values than their homologues made with trea-

ted particles. For the compression-molded materials the

tand values of the composites, both with unmodified and

silane-treated particles, were similar or lower than those of

the polymer, as it would be expected. Generally, the tand
curves of P(VDF–TrFE) show three transitions in the

temperature range explored, before the melting point. At

the lower temperature, the b-relaxation peak is usually

attributed to segmental motions in the amorphous phase

(glass transition) [43–45], although recently some authors

proposed a contribution by domain walls and defects in

crystalline phase [46, 47]. In the region between 0 and

100 �C, a second relaxation process appears, indicated as

a-relaxation, the nature of which has not been fully clari-

fied yet [48–50]. Finally, a peak just before the steep

increase due to the melting corresponds to the Curie tran-

sition of P(VDF–TrFE). The b-relaxation peak was well

defined in the tand curves of all SC and CM materials, and

Table 1 Curie temperature (TC), melting temperature (Tm), and heat

of fusion (DHf) of the SC and CM materials (the standard deviation

has been indicated in parenthesis for the unfilled polymers)

TC (�C) Tm (�C) DHf (J/g)

SC0 127.2 (0.5) 147.1 (1.4) 30.0 (1.5)

SC1-30-0 126.5 146.7 31.7

SC1-30-0.5 127.4 146.7 27.1

SC1-30-1 126.1 147.2 35.6

SC1-30-2 126.5 147.2 33.1

SC1-45-0 126.6 146.8 29.4

SC1-45-1 126.7 146.8 30.5

SC1-60-0 126.6 147.1 26.4

SC1-60-0.5 126.2 147.0 28.6

SC1-60-1 125.4 147.5 25.8

SC1-60-2 126.0 147.2 27.6

SC2-60-0 127.2 146.9 33.1

SC2-60-1 127.1 147.0 28.6

SC3-60-0 126.8 147.0 26.7

SC3-60-1 125.8 146.9 27.2

CM0 124.7 (0.5) 148.3 (1.0) 27.3 (0.5)

CM1-30-0 123.1 150.1 30.3

CM1-30-0.5 124.1 148.9 26.3

CM1-30-1 124.1 149.1 28.6

CM1-30-2 122.9 149.8 31.5

CM1-45-0 123.3 149.4 28.3

CM1-45-0.5 123.2 149.5 26.8

CM1-45-1 122.8 149.6 29.2

CM1-45-2 123.2 149.4 35.8

CM1-60-0 121.4 150.0 24.2

CM1-60-0.5 124.4 149.3 25.2

CM1-60-1 126.8 150.3 26.8

CM1-60-2 123.5 148.5 24.4

CM2-60-0 122.5 148.2 28.5

CM2-60-1 123.5 148.6 26.7

CM3-60-0 124.1 150.1 24.9

CM3-60-1 122.4 147.6 21.8
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its intensity decreased with decreasing polymer volume

fraction. The peak maximum shifted at lower temperatures

with increasing volume fractions of BaTiO3. The a-relax-

ation, that appeared for SC0 as a broad and not well-

defined peak around 50 �C, and for CM0 as a better-

defined peak at about 20 �C, either had lower intensity and

shifted to lower temperatures or completely disappeared in

the composites. Given the uncertainty on the nature of this

peak, it is difficult to make hypotheses about the reasons

for this shift. No trends, however, appeared for both the

b- and a-relaxations when comparing unmodified and

modified powders.

Dielectric properties

The relative permittivity and the dielectric loss tangent

(tanddiel) of all the solvent cast and compression-molded

composites filled with 60 vol% BaTiO3 are shown as a

function of frequency in Figs. 10 and 11. For all solvent

cast and compression-molded composites made with

untreated BT1, BT2, and BT3 powders, the relative per-

mittivity showed a steeper decrease with frequency in the

102–104 Hz range than for the composites made with

modified powders. A similar effect appeared also for

dopamine-treated PVDF/BaTiO3 composites [33]. For BT1

and BT2 solvent cast composites, the surface modification

of the powder led to an increase of the permittivity of the

order of 10–20 %, from about 65 and 70 at 104 Hz, for

composites made with unmodified BT1 and BT2, respec-

tively, to about 85 at 104 Hz for the modified powders,

while for BT3 no difference was detected above 104 Hz,

with values close to 80 both for untreated and silylated

powder. For the compression-molded materials, the com-

posites made with untreated powders showed higher per-

mittivity than the ones made with surface-modified

powders. Particularly, the permittivity of CM3-60-0 started

at a very high value, above 300 at 102 Hz, and then

decreased steeply to about 120 for frequencies above

105 Hz. This result is in line with that obtained by Dang

et al. [51] for PVDF/BaTiO3 composites with similarly

sized BaTiO3 particles. When surface-modified BT3 was

used, the permittivity value showed very little frequency

dependency, at values close to 100 in the entire range of

frequencies tested.

Fig. 7 Storage modulus and

tand of solvent cast composites

made with unmodified BaTiO3

and BaTiO3 modified with 1 %

silane
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With the exception of the composites made with

untreated BT3 powder, the tanddiel was lower than 0.2 in

the entire frequency range explored for all the solvent cast

and compression-molded composites containing 60 vol%

BaTiO3. In all cases, the composites made with modified

powders showed greatly reduced losses in the low

Fig. 8 Storage modulus and

tand of compression-molded

composites made with

unmodified BaTiO3 and BaTiO3

modified with 1 % silane

Fig. 9 a Storage modulus at 25 �C of solvent cast and compression-

molded composites made with unmodified BaTiO3 (empty symbols)

and BaTiO3 modified with 1 % silane (filled symbols), and Hashin–

Shtrikman (H–S) upper and lower bounds; b Storage modulus at

25 �C of solvent cast materials with 60 vol% BaTiO3, and the

corresponding H–S bounds calculated taking into account porosity

(lines are just a guide for the eye)
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frequency range (tanddiel B 0.05 below 5 9 104 Hz) with

respect to their homologues made with untreated powders.

Discussion

BaTiO3 is known to have a very high surface energy [52], at

least one order of magnitude higher than MEK and P(VDF–

TrFE). Therefore, during the fabrication process of the P(VDF–

TrFE)/BaTiO3 composites the pristine BaTiO3 particles have a

high tendency to agglomeration. The surface modification with

APTES, lowering the surface energy of the BaTiO3 reduces the

occurrence of large aggregates and promotes a better dispersion

of the particles in the composite materials. The better com-

patibility between the polymer and the modified particles also

led to a reduction of the porosity of the solvent cast composites

with high ceramic volume fractions. The enhanced matrix–

filler adhesion observed by SEM for the composites made with

surface-modified particles may be explained by the formation

of hydrogen bonds between the F atoms on the polymer chain

and the H atoms of the amino group of the silane [25]. On the

other hand, the crystalline structure of the BaTiO3 particles in

the composites, examined by XRD, did not show differences

due to the surface modification, and the dynamic scanning

calorimetry results suggest that the crystalline structure, and the

degree of crystallinity of the polymer matrix were more influ-

enced by the small fluctuations in the processing conditions

than by the surface properties of the BaTiO3 particles. There-

fore, the increase of the storage modulus and the decrease of

tand for the SC composites containing 60 vol% BT1 and BT3

upon surface modification may be attributed mostly to

decreased porosity and better dispersion of the particles. On the

other hand, for SC composites containing BT2, as the disper-

sion state and porosity were not substantially improved by

surface modification, the viscoelastic properties were not sig-

nificantly affected.

The effect of surface modification on the dielectric prop-

erties was complex and can only partially be explained on the

basis of the available data. The high permittivity and tanddiel

at low frequencies showed by the composites made with

untreated particles may be attributed to Maxell–Wagner–

Sillars (MWS) polarization at the polymer–ceramic interface

as discussed also by Dang et al. [51] for PVDF/BaTiO3

nanocomposites. For the composites made with silane-treated

particles the frequency dependency of the permittivity below

105 Hz is suppressed, indicating that the presence of the silane

layer around the ceramic particles modifies the charge dis-

tribution at the interface decreasing the MWS effects.

Lower porosity resulting from BaTiO3 surface modifica-

tion contributes to increasing the permittivity and reducing

the dielectric losses. This is an evident effect for the solvent

cast composites containing BT1. However, other factors,

which may act in the same or opposite direction, must concur

to the resulting permittivity. In fact, for the BT3 solvent cast

composites, although a lower porosity would be inferred

from the SEM observations, the density measurements and

the increase in storage modulus upon modification of the

powder, no significant difference in permittivity could be

detected above 1 kHz. Moreover, for the compression-

molded composites, for which no differences in morphology

or mechanical properties could be detected with powder

surface modification, the permittivity was found to decrease,

while the tanddiel still became lower when surface-modified

Fig. 10 Relative permittivity of solvent cast and compression-

molded composites with 60 % BaTiO3, unmodified and modified

with 1 % silane

Fig. 11 Dielectric loss tangents of solvent cast and compression-

molded composites with 60 % BaTiO3, unmodified and modified with

1 % silane
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powders were used. Beier et al. [53] found that the dielectric

constant of BaTiO3 particles was lower when they were

modified with n-hexylphosphonic acid. A similar effect

might give a negative contribution to the resulting permit-

tivity of the composites upon modification of BaTiO3 with

APTES. On the other hand, for the composites containing

BT2 no substantial differences in porosity or aggregation

could be observed by SEM or based on the mechanical

properties, yet the permittivity increased and the losses

decreased, when surface-modified particles were used. The

reason for this behavior is unclear.

Although several questions still remain open, a poten-

tial for the improvement of both the mechanical and

dielectric properties through surface modification of the

ceramic particles clearly appeared from these results,

particularly in the case of solvent cast composites, and

further work is underway to assess the effect on the

piezoelectric response.

Conclusions

Three BaTiO3 powders, two micron sized and one sub-

micron sized, were surface modified with (3-aminopropyl)

triethoxy silane, and solvent cast and compression-molded

composites with volume fractions of unmodified and modi-

fied ceramic up to 60 % were fabricated and characterized.

Particle surface modification was found to be effective

for improving the dispersion of the ceramic in the matrix,

reducing the particle aggregates and promoting the com-

patibility and adhesion of the P(VDF–TrFE) matrix to the

filler, while not affecting the crystalline structure of the

ceramic particles and the crystallinity of the polymer

matrix. The effect of the surface modification of BaTiO3

was more pronounced for the solvent cast composites. The

storage modulus and relative permittivity of the composites

containing 60 vol% BaTiO3 were higher or similar, while

both the viscoelastic and dielectric losses were lower, when

surface-modified particles were used. For the compression-

molded composites, the viscoelastic properties were not

substantially affected, while both the permittivity and the

dielectric losses slightly decreased upon surface modifica-

tion of the ceramic particles. For all composites, the

marked frequency dependency of relative permittivity

below 104 Hz was suppressed by surface modification of

the ceramics, obtaining a relatively constant value of in the

102–105 Hz range.
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