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Lead-free ceramic—polymer composite films containing Bi Tiz0.5 (BIT)
nanocrystals as the active phase and poly(vinylidene difluoride) as the passive
matrix were synthesized by spin coating. The films’ structural, morphological,
and dielectric properties were systemically investigated by varying the weight
fraction of BIT. Formation of electroactive  and y phases were strongly
affected by the presence of BIT nanocrystals. Analysis was performed by
Fourier-transform infrared and Raman spectroscopy. Morphological studies
confirmed the homogeneous dispersion of BIT particles within the polymer
matrix. The composite films had dielectric constants as high as 52.8 and low
dielectric loss of 0.1 at 100 Hz when the BIT content was 10 wt.%. We suggest
that the enhanced electroactive phase content of the polymer matrix and
interfacial polarization may contribute to the improved dielectric performance
of these composite films. Dielectric modulus analysis was performed to enable
understanding of the dielectric relaxation process. Non-Debye-type relaxation

behavior was observed for the composite films at high temperature.
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INTRODUCTION

Materials with high dielectric constant and low
dielectric loss are of immense importance and have
been widely used for a wide range of applications in the
electronics industry, for example in ferroelectric ran-
dom-access memory (FeRAM), high-energy storage
devices, sensors, and electromechanical transduc-
ers.' Ferroelectric ceramics have a high dielectric
constant but are brittle and have a low dielectric
strength. Polymers are easy to process, flexible,
require low processing temperatures, and have a high
dielectric strength. Much effort has thus been devoted
to combining the properties of both materials in
diphasic compounds, known as ceramic—polymer
composites, which combine the high dielectric
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constants of ceramics with the ease of _Processing and
high dielectric strength of polymers.*

The development of polymeric dielectric materials
has generated much interest in polymers with the
appropriate electroactive properties. Among the few
polymers with ferroelectric and piezoelectric prop-
erties, poly(vinylidene difluoride) (PVDF) and its
copolymers are most important. Poly(vinylidene
fluoride) (PVDF), a fluorinated polymorphic poly-
mer, has excellent mechanical, insulation, and film-
forming properties with excellent piezoelectric,
ferroelectric, and pyroelectric properties. PVDF has
been widely used in transducers, actuators, and
sensors, because of its exceptional electroactive
properties, which mostly depend on its polymorphs.
Depending on the configuration of the polymer
chain, PVDF occurs as four distinct crystalline
polymorphs o, 8, 7, and ¢. Of these, the « phase, the
most stable nonpolar phase, has the conformation
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TGTG (T, trans; G, gauche). The § phase of PVDF
has a planar all-trans (TTTT) conformation. In the 8
phase the H and F atoms are attached in the chain
in such a way that the dipole moments associated
with the two C—-H and two C—F bonds are additive,
and aligned in the direction perpendicular to the
carbon backbone resulting in a greater dipole
moment, approximately 8 x 1073® Cm per unit
cell.> ' The interesting properties of PVDF, in
particular those associated with its use in sensors or
actuators, are related to the strong electrical dipole
moment of the PVDF monomer unit. Moreover, the y
phase is, similar to the f§ phase, electrically active.
However, because of the presence of a gauche bond
every fourth repeat of the C—C bond (T3GT3G’), this
effect is weaker than for the f phase. The f and y
phases have attracted researchers’ interest because
of their valuable piezoelectric and ferroelectric
properties,'’ and much research is being conducted
in attempts to develop materials with high f and y
phase content. In the past few years, the literature
has contained reports of studies in which different
strategies have been used to obtain and stabilize the
f phase, mainly focusing on the development of
specific processing procedures and the inclusion of
specific fillers. The piezoelectric f-phase can usually
be crystallized by poling at high voltage,'> melt
crystallization at high pressure,'® or electrospin-
ing.'* Conversion from the « to the f-phase has also
been achieved, by stretching of the films at tem-
peratures below 100°C'® and by recrystallization
from mixed solvents.'® Recent papers report the
ability to induce and stabilize the fS-phase in the
presence of homogeneously dispersed nanofillers,
for example silicates and nanoclays.!”'® Andrew
and Clarke and Martins et al. enhanced the elec-
troactive properties of the f-phase by addition of
Ni-Zn ferrites and CoFe;04—NiFe;O, nanoparti-
cles, respectively.'®?° More recent studies indicate
that the y phase of PVDF is nucleated in the pres-
ence of the organoclays. It has been demonstrated
that when the composite samples are subjected to a
melt-quenched annealing process the nanocompos-
ites crystallize as a mixture of § and y crystals.?!*2

In a similar fashion, incorporation of ceramic fil-
lers has positive effect on the properties of
nanocomposites, including interfacial area and the
polymer phase, with improvement of the dielectric
properties. Polymeric materials with high dielectric
constants are important in such electronic compo-
nents as capacitors, gate dielectrics, memory, and
energy-storage devices. One common approach used
to improve dielectric properties is to disperse high-
dielectric-constant ceramic powders within the
polymer matrix. Several ceramic powders, for
example BaTiOs, PbTiO3, Pb(Zr,Ti)O5(PZT), Pb(Mg1/3
Nb2/3)03—PbTi03, and CaCugTi4012 (CCTO) have
been used as fillers in many high-performance
polymers for a variety of dielectric applica-
tions.*%?372% In most of these composites, however,
high concentrations of fillers are required, which

degrades mechanical properties and processability.
An alternative approach is addition of metallic
nanoparticles as fillers to the polymer matrix, to
obtain metal-polymer composites with ultrahigh
dielectric constants and novel three-phase polymer
composite systerns.%_28 In recent years, nanoparti-
cles surface-modified by use of organic molecules
have also been used to obtain nanocomposites with
high dielectric constants.?*** However, most of the
ceramic fillers used in polymer composite formula-
tions are lead-based, and lead causes severe envi-
ronmental pollution and is potentially harmful.
Thus, much attention has recently been devoted to
production of lead-free materials with high dielec-
tric constants.

Over the last few decades, the bismuth-based lead
free compound, Bi Ti30¢5 (BIT) has attracted much
attention and become a major focus of scientific
interest. BIT is a layered ferroelectric material with
a high dielectric constant and a Curie temperature
of 675°C. It has high breakdown strength, a high
piezoelectric coefficient, and interesting electro-op-
tic switching behavior.?"*? BIT has attracted much
commercial interest for such potential applications
as high-temperature piezoelectric devices, memory
storage, and optical displays. In recent years, work
on bismuth-based polymer composites has focused
on the dielectric, optical, and magnetocapacitance
behavior of polymer composites.>> 7 As far as the
authors are aware, no significant work has been
conducted on the effect of dispersion of ferroelectric
BIT particles on electroactive phase formation and
the dielectric properties of PVDF, which are cru-
cially important if the material is to be used in
sensor and FeRAM devices. Homogeneous disper-
sion of BIT particles may enhance the structural
and dielectric properties of PVDF, possibly leading
to a new class of lead-free ferroelectric composites
for a variety of technological applications.

In this work, processing of BIT-PVDF composite
films is addressed. Our composites establish the
possibility of nucleating the electroactive phases of
PVDF containing dispersions of ceramic particles. It
has also been shown that it is possible to prepare
BIT-PVDF composites containing the f and vy
phases without organic treatment and with low
consumption of material. Moreover, the material
has a high dielectric constant and a low dissipation
factor. Finally, dielectric modulus calculations were
conducted to enable understanding of relaxation
behavior.

EXPERIMENTAL
Materials

PVDF pellets (M, = 180,000) used for synthesis of
polymer composites were supplied by Sigma—Aldrich.
Bi,03 and TiOs procured from Sigma—Aldrich (purity
99.9%) were used, without further treatment, as
precursors for synthesis of filler particles. Tetrahy-
drofuran (THF) from Qualigens Fine Chemicals
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and N,N-dimethylformamide (DMF) from Fisher
Scientific were used as solvents for fabrication of
composite films.

Synthesis of Bi Tiz0,> Nanocrystalline
Powders

Mechanical activation of nanocrystalline BIT
powder was performed in a high-energy planetary
ball mill (Fritsch Pulverisette) at room temperature,
as reported elsewhere.?®*° Bi,O5 and TiO, were used
as precursor materials. Stoichiometric amounts of
bismuth titanate were weighed, with 3 wt.% excess of
BiyO3, and pre-mixed in an agate mortar by hand.
The powder was loaded into cylindrical zirconium
jars with zirconium balls. The milling conditions
were: ball-to-powder weight ratio 20:1, basic disk
rotation speed 350 rpm, and milling time 9 h.

Fabrication of Bi Ti30,,-PVDF Composite
Films

For synthesis of the polymer composites, PVDF
pellets were dissolved in 10 ml 1:1 (v/v) THF-DMF.
The solution was magnetically stirred for 8 h at
60°C. When a clear solution was obtained, different
amounts of BIT particles (0, 2, 5, 7, 10 wt.%) were
added to the solution. The slurry was again mag-
netically stirred for 2 h and then ultrasonically
agitated for 15 min to ensure homogeneous mixing of
the particles and to reduce agglomeration. After
sonication, the solution was poured dropwise on
indium tin oxide-coated and simple glass substrates
and spin coated for 1 min with a rotation speed of
1200 rpm. The prepared films were left for 7 days for
complete solvent evaporation. The films were an-
nealed in a vacuum oven at 90°C for 5 h. The thick-
ness of the final films was approximately 8 um.

Characterization Techniques Used

X-ray diffraction (XRD) patterns of BIT ceramic
powder and BIT-PVDF composite films were
recorded by use of a PANalytical “X”Pert PRO
diffractometer with Cu(K,) radiation (1 = 1.54 A).
Fourier-transform Infrared spectroscopy (FTIR)
was performed in the IR region from 400 to
1000 cm ™! by use of a Perkin—-Elmer model Spec-
trum-65. Raman spectroscopy was performed by use
of a Renishaw Raman microscope. An argon laser
of wavelength 514.5 nm operated at 20 mW was
used as excitation source. The morphology and
approximate size of the BIT particles were investi-
gated by use of a Jeol JEM-2100F transmission
electron microscope (TEM) operated at 200 kV. The
morphology of the composite films was character-
ized by field emission scanning electron microscopy
(FESEM) with a Quanta FEG-450 with FEI. The
thickness of the composite films was measured by
use of a Taylor—-Hobson Ultra mechanical profiler.
Frequency and temperature-dependent dielectric
measurements were conducted at room temperature
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in the frequency range 100 Hz to 1 MHz by use of
an Agilent 4284A LCR meter.

RESULTS AND DISCUSSION
Structural Studies
X-ray Diffraction Studies

Figure la shows the x-ray diffraction pattern for
BIT nanocrystalline powders prepared by high
energy ball milling.

All the diffraction peaks were indexed to the sin-
gle-phase structure of bismuth titanate with an
orthorhombic unit cell (JCPDS card no. 89-7500). No
impurity peak related to the pyrochlore phase was
observed. The lattice constants and unit cell volume
were:a = 54179 A, b = 54412 A, ¢ = 32.7987 A, and
V = 966.90 A? respectively. The average particle size
was determined by use of the Scherrer formula*’:

D =Fi/BcosO (1)

where f is the full width at half maximum
(FWHM) for the most intense peak after correcting
for peak broadening caused by instrumental error;
it was found to be ~16-18 nm. To determine
particle size a TEM image was obtained from
bismuth titanate powder milled for 9 h (Fig. 1b).
The image revealed that the specimen consisted of
nanocrystalline particles and amorphous region of
particle size ~20 nm, in agreement with the XRD
study. The particles seemed to have spherical
morphology and some aggregations were also ob-
served. Qualitative and quantitative analysis was
also performed to confirm the elemental composi-
tion of the prepared ceramic particles; the results,
shown in Fig. 1c, confirm the formation of single-
phase BIT particles. The weight and atomic per-
centages of the particles are shown in the inset of
Fig. 1c.

Figure 2 shows the x-ray diffraction pattern for
pure PVDF and BIT-PVDF composite films. For
pure PVDF film, the =x-ray peak observed at
20 ~ 20.8° is indicative of the formation of the
f-phase (200) and (110) peaks. The small peak at
20 =~ 17° (denoted *) can be attributed to the
a-phase.*! The more enhanced f-phase in the pure
PVDF film can be ascribed to dipolar interaction
and hydrogen bonding at the interface between the
PVDF nucleus and DMF molecules, which leads to
packing of CHy,—CF, dipoles in the all-trans confor-
mation.*? Moreover, on addition of ceramic parti-
cles, the small peak at 20 ~ 17° decreases in
intensity then disappears, indicating reduction of
the a-phase content of the film. No peak related to
the dispersed BIT particles was observed, suggest-
ing that the particles are homogeneously dispersed
within the polymer matrix. In addition, no sig-
nificant change was observed in the x-ray diffrac-
tion patterns of composite films. For comparison,
the x-ray diffraction pattern of the as-received
PVDF pellets used for synthesis of composite films is
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Fig. 1. (a) X-ray diffraction pattern (b) TEM image, and (c) EDS analysis of BIT nanoparticles prepared by high-energy ball milling.

also shown in Fig. 2. The observed (020) and (111)
peaks corresponds to the a-phase. Many of these
o-phase peaks are suppressed in the diffraction
pattern of the spin coated PVDF film, which is a
clear indication of a change in the crystal structure
of the polymer phase.

FTIR Studies

The FTIR spectrum gives the valuable informa-
tion about the different crystalline forms of PVDF.
Some peaks are unique to each phase and can be
used to quantify the amount of phase transforma-
tion. The paraelectric a-phase is readily detected
and has absorption bands at 489 cm ™!, 614 cm™?,
766 cm !, 795cm !, 855cm !, and 976 cm .
However, because of the similar chain conformation
of the f and y phases, distinguishing between these
phases is difficult. More precisely, the absorption
bands at 510 (CFy bending), 840 (CH, rocking), and
1276 cm ™! (trans band) are characteristic of the
p-phase whereas the absorption bands at 431 cm™?,
812 cm !, 883 cm !, and 1234 cm ! are character-
istic of the y-phase.*>**

FTIR results are commonly used to quantify the
electroactive phase content of PVDF. To determine
the fraction of the f phase, IR absorption bands at
766 cm ! and 840 cm !, characteristic of the o and 8
phases, respectively, and a procedure similar to that
of Gregorio and Cestari were used.*® Assuming IR
absorption follows the Lambert—Beer law, the
absorbances Ax and Ay at 766 cm™ ' and 840 cm™*,
respectively, are given by:

0
A, - 1og§—°< _ K,CX,L @)

Intensity (a.u.)

Pure PVDF film

as received PVDF pellets

T ! I ! I ! I ! I
10 20 30 40 50 60
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Fig. 2. XRD patterns of pure PVDF and BIT-PVDF composite films.
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Table I. Maximum content of the -phase, F(f..x), dielectric constant, and dielectric loss for pure PVDF and

BIT-PVDF composite films

BIT wt.% F(P)max
Pure 54.2
2 wt.% 54.9
5 wt. % 55.1
7 wt. % 56.3
10 wt.% 59.8

Dielectric constant Dielectric loss

19.7 0.014
27.9 0.009
30.8 0.082
45.4 0.085
52.7 0.1

— 10 wt%

/ 843 (B-phase)

; i’s‘”/\/\\/\/—/
\ / 884 (B-phase)

A

A

T T
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Fig. 4. Raman spectra of pure PVDF and BIT-PVDF composite
films.

0
A[; = logﬁ—ﬁ = K/yCX/;L (3)

B
where L is the thickness of the sample and C is the
average total monomer concentration. I°and I are
the intensities of incident and transmitted
radiation, respectively. The value of Ku is 6.1 x 10*
and KB is 7.7 x 10* cm?mol. For a system con-
taining the o« and f§ phases, the relative fraction of
the 8 phase, F(f) can be calculated by use of the
formula:

.Y Ap _ Ap
Xa +Xﬁ (KB/KO()AU‘ +Aﬂ 1.26Aa —|—A[3

4)

F(p)

FTIR spectra of pure PVDF and of BIT-PVDF
composite films containing different amounts of
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.

Fig. 5. FE-SEM images of: (a) pure PVDF and (b) 2 wt.%, (c) 5 wt.%, (d) 7 wt.%-loaded BIT-PVDF composite films. Mapping data for (e) 7 wt.%
and (f) 10 wt.% BIT-PVDF composite films.

S clef ¥

ceramic particles addition are shown in Fig. 3. The with a strong absorption band characteristic of the y
strong absorption bands of the f phase at 510 cm ™! phase at 883 cm ™ '. The small amount of the « phase
and 840 cm ! are apparent in each of the spectra, was also apparent from the peak at 766 cm™ . The
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Fig. 6. Frequency dependence of (a) dielectric constant and (b) dielectric loss for pure PVDF and BIT-PVDF composite films, measured at room

temperature.

1ntens1tles of the peaks from the f (510 cm ™! and
840 cm ') and 7 (883 cm!) phases were greater
than those in the spectra from materials with
increased particle loading. However, the corre-
spondlng absorption band for the o-phase
(766 cm ') diminished and almost disappears at
higher partlcle loading. For more clarlty, an
enlarged view of absorption bands at 840 cm ' and
883 cm ! is shown in Fig. 3b. Enhancement of
peaks from the electroactive f§ and y phases indi-
cates that the a-phase is being converted to the more
stretched f and 7y phases. Quantification of
enhancement for the f phase containing ceramic
particles was performed by use of Eq. 4. The § phase
content was found to increase markedly on
increasing the BIT content, as shown in Fig. 3c.
Detailed values of F(f,.x) for all composite films are
listed in Table I. This increase in relative intensity
of the  and y phases and the disappearance of the
o-phase is observed only when the particles are well
dispersed within the polymer matrix.

Raman Studies

Raman spectroscopy was performed to confirm the
polymorphic changes of the PVDF induced by inclu-
sion of the ceramic particles. Raman spectra provide
information about the conjugated structure and
chain skeleton of polymers. The wt.%-dependent
Raman spectra of BIT-PVDF composite films are
shown in Flg 4. The spectral bands at approximately
843 cm ! and 884 cm ! are attributed to the sym-
metric CFy stretching modes of the electroactive
p-phase whereas the small hump at approximately
812 cm ! is associated with the symmetric CFy
stretchmg mode of the o-phase.*® From the spectra it
is clearly apparent that the characteristic Raman
bands of the f-phase are present in each of the
spectra and that the relative intensity of these
bands increases with BIT particle loading. However,
the corresponding Raman band associated with

70+ —C— Experimental
—O— Maxwell Garnet
—/— Lichtenecher

60+ —— Rayleigh
-
o
s
(’, 50 -3
o
3]
[*]
L2
E 40-
Q
(1]
o
a

30 4

20

T T T T T T T v T v U
0 2 4 6 8 10
BIT wt%

Fig. 7. Experimental and theoretical dielectric constants for BIT—
PVDF composites films at 100 Hz and room temperature.

the o-phase becomes broader with increasing BIT
loading.

It is well known that the electroactive f-phase has
the highest dipolar moment per unit cell, compared
with the other phases. In the f-phase, polymer
chains are arranged in pseudo hexagonal lattices,
which accounts for the enhanced dielectric and fer-
roelectric properties of the phase.'’ The enhance-
ment of the electroactive properties of the f and y
phases by inclusion of BIT particles can be
explained by different mechanisms.

1. First, it can be explained by the Flory lattice
theory introduced by Mackay et al.*” They
included enthalpic effects on polymers of mixing
with nanoparticles. They demonstrated that the
dispersed nanoparticles cause the polymer to
expand, when the radius of the dispersed
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Fig. 8. Temperature dependence of (a) dielectric constant and (b) dielectric loss for pure PVDF and BIT-PVDF composite films.

nanoparticles is less than the radius of gyration
(Rg) of the polymer. The R, value of the PVDF
used in this work was 27.5 nm whereas the
average diameter of the BIT nanoparticles used
was ~20 nm. i.e. smaller than the R, values of
PVDF.' Therefore, as the BIT particles are
dispersed in the PVDF matrix, the polymer
swells, leading to an increase in its radius of
gyration. This increase in the radius of gyration,
or expansion of the polymer chains, results in
more extended forms of the polymer, i.e. the all
-trans f and T3GT3G’, y phases. Therefore, the
observed increase in F(f)y.x of the BIT-PVDF
composite films can be attributed to the increase
in the R, value of the polymer, which promotes
chain ordering into more extended f and vy
phases.

2. Second, the nanoparticles used for synthesis of
polymer composites contain bismuth ions with
two lone pairs of electrons. Nucleation of the
electroactive f and y phases can be regarded as a
consequence of the interaction between the lone
pairs of electrons and the dipolar moments of
PVDF. This interaction tends to align the PVDF
monomers in, predominantly, the all-trans con-
formation, inducing crystallization of  phase.

3. BIT is a well-known ferroelectric material.
Homogeneous dispersion of the BIT particles
might be interrupting the chain mobility of
PVDF, facilitating transformation between the
non-polar and polar phases and possibly increas-
ing the number of nucleation sites during the
crystallization process. This will further increase
the amounts of the electroactive  and y phases of
the polymer.

Hence, XRD, FTIR, and Raman studies support the
formation and enhancement of the relative amounts
of the electroactive f and y phases on incorporation
of BIT particles. These results are in agreement

with previously reported results which reveal
increases in the amounts of the electroactive phases
of PVDF on incorporation of a variety of different
types of nanofiller within the polymer matrix. %4849
Because the ff and y phases are the most electrically
active phases, increasing their amounts in BIT-
PVDF composite films is an on-going pursuit
because of strong interest in such applications as
sensors, actuators, batteries, filters, chemical war-
fare protection, magnetoelectrics, and, more
recently, biomedicine.

Study of Morphology

Increased amounts of the f and y phases is
observed only when the ceramic particles are well
dispersed within the polymer matrix. FE-SEM
measurements were performed to visualize the dis-
tribution of the ceramic particles. Figure 5 shows
the FESEM images of pure PVDF and its composite
films. Pure PVDF film (Fig. 5a) has a typical
spherulitic type microstructure in which the poly-
mer chains are self-connected into a continuous
network. A similar structure consisting of well-
connected spherulites with clear boundaries has
been observed in Nylon-6 membranes.?® Incorpora-
tion of the BIT particles has a significant effect on
the spherulitic structure of the composite films.
Inclusion of the BIT particles will restrict the
nucleation process and growth kinetics of the
spherulites. For higher BIT wt.% (5 wt.% and 10
wt.%), the filler particles will hinder the growth of
spherulites and, therefore, prevent formation of the
characteristic spherulitic microstructure of the
polymer. It is apparent that the BIT particles are
almost uniformly dispersed within the polymer
matrix. Figure 4e—f show the mapping data for 7
wt.% and 10 wt.% BIT-PVDF composite films. The
mapping data clearly demonstrate the uniform dis-
persion of the BIT particles within the polymer
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Fig. 9. Variation of the real part of dielectric modulus Mas a function of frequency at different temperatures for (a) pure PVDF and (b) 5 wt.%, (c)

7 wt.%, and (d) 10 wt.% BIT-PVDF composite films.

matrix without appreciable agglomeration. More-
over, at higher wt.% BIT inclusion, more interfaces
are formed between the BIT particles and the PVDF
matrix. Therefore, the microstructure, in conjunc-
tion with structural studies, confirms that the BIT
particles are well distributed throughout the poly-
mer matrix and increase the nucleation effect of the
f phase of polymer. The good dispersion and
homogeneous packing of ceramic fillers is likely
to result in superior dielectric and ferroelectric
properties.

Dielectric Studies

Dependence of Dielectric Constant and Dielectric
Loss on Frequency and Composition

Figure 6 shows the frequency dependence of
dielectric constant and dielectric loss for pure PVDF
and its composite films, in the range 10? Hz to 10°

Hz at room temperature. Figure 6a shows that the
relative dielectric constant of the composite films
increases linearly with increasing BIT particle
loading at 100 Hz, from 19.6 for pristine PVDF film
to 52.7 for 10 wt.%-loaded BIT-PVDF composite
film. The graph also shows that for lower BIT
loading (2 wt.% and 5 wt.%) the stability of the
dielectric constant of the composites in this fre-
quency range is good, remaining almost parallel to
the frequency axis on the log scale. However, the
graph also shows large dependence on frequency for
higher particle loading (7 wt.% and 10 wt.%). The
dielectric constant decreases rapidly in the lower
frequency range 10% Hz to 10* Hz and then remains
constant from 10* Hz to 10° Hz. This increase in the
dielectric constant at 7 and 10 wt.% particle loading
can be attributed to the Maxwell-Wagner—Sillars
(MWS) polarization effect,’"*? in which charges are
accumulated at the interface between BIT particles
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and PVDF because of their different dielectric con-
stants and conductivity. For larger amounts of BIT,
more interfacial areas are introduced between the
BIT particles and the PVDF matrix. This results in
larger interfacial polarization and thus increases in
dielectric constants of the composite films. As con-
firmed by FTIR and Raman studies, the composite
films contain a greater proportion of the § phase (i.e.
F(B)max is greater). The f-phase, in which the poly-
mer chains are arranged in the all-trans configura-
tion, is responsible for its exceptional dielectric and
ferroelectric properties. Increasing the electroactive
phase content of the composite films may lead to a
closer chain packing and greater dipole density.
Therefore, the composite films have higher dielec-
tric constants.

Figure 6b shows the variation in dielectric loss for
pure PVDF and BIT-PVDF composite films at room
temperature. The dielectric loss increases almost
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linearly with increasing ceramic particle loading,
maintaining, nevertheless, values <0.1 even for the
highest ceramic particle loadings (10 wt.%), show-
ing that the material has potential application as a
dielectric material. It is apparent that the dielectric
loss first decreases in the range 10°-10* Hz then
subsequently increases with increasing frequency
up to 10° Hz. In the low frequency range, the
relaxation process is attributed to the molecular
motion accompanied by the change of dipole
moment in the crystalline regions, whereas at high
frequencies the relaxation process involves contri-
butions from two types of molecular motion, micro-
Brownian motion of amorphous chain segments and
molecular motion at the interfaces.”®>* In the high-
frequency range, the relaxation peak of composite
films is more intense than that of the pure PVDF
film, suggesting that the relaxation peak amplitude
is mainly determined by the total area of the
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Fig. 10. Variation of the imaginary part of dielectric modulus M” as a function of frequency at different temperatures for (a) pure PVDF and (b) 5

wt.%, (c) 7 wt.%, and (d) 10 wt.% BIT-PVDF composite films.



3720 Bhardwaj, Paul, Chand, Raina, and Kumar
(a) (b) -
1.0 4 —+—80°C 1.0 - ;f.jv\“" o 80 oo
—o—90 °C \\ =90 c
o 100°C 100
0.8 ——110 °C 08- ‘_ \ 110 OC
——120°C \ ~—120 °C
s 0.6+ %06 ‘\
= E e
§ H X,
= 04+ = 044 \55':1
0.2+ 0.2 S
N AeIniin]
0'0 v ] M L] M ] M I M I v I 0 0 > aal T T
2 A 0 1 2 3 4 ' 2 M 0 1 2 3
Log (f/fax) Log (ffax)
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Table II. Maximum peak frequency f,,q, full width at half maximum (FWHM), $ and relaxation time t at
different temperatures for pure PVDF and 10 wt.%-loaded BIT-PVDF composite film

Composition Pure PVDF film 10 wt.% BIT-PVDF composite film

Temperature (°C)  fmax (Hz) FWHM B 7(s) fmax (Hz) FWHM B 7(s)

80 200 3.24 0.351 7.96 x 107* 700 3.17 0.359 2.27 x 107*
90 400 3.22 0.353 3.98 x 1074 2000 3.14 0.362 7.96 x 107°
100 500 3.12 0.364 3.18 x 107* 3000 3.30 0.345 5.30 x 107°
110 600 3.14 0.362 2.65 x 1074 5000 3.31 0.344 3.18 x 107°
120 700 3.08 0.369 2.27 x 10°* 7000 3.32 0.343 227 x 10°°

interfaces. These ceramic—polymer composites with
low dielectric loss can be used to form capacitors on
organic substrates because of the combination of the
processability of polymers and the high dielectric
constant of ceramic phase. Detailed values of the
dielectric constant and dielectric loss are given in
Table 1.

Prediction of the dielectric behavior of the com-
posite is very important to its application. There-
fore, to understand the observed dielectric behavior
of the BIT-PVDF composite films, a series of ana-
lytical expressions and numerical simulations have
been proposed. In this study three approximation
models were used to calculate the effective dielectric
constant of the BIT-PVDF composites:**°" the
Maxwell-Garnet equation,

(2Vf + 1)8f + 2(1 - Vf)Sm

and the Rayleigh Model

- 2em + & + 2Ve(er — em) .
M | 2em+ 6 — Viler— €m) | ™

(7

where éqf, 6m and & are the permittivity of the
composites, matrix and BIT respectively, V; is the
volume fraction of the BIT nanoparticles. The vol-
ume fraction of BIT particles for a given weight
fraction was determined from the relation

Vi = we/we + wn (Pf/pm), where, wr is the weight

fraction and p; the density of the BIT particles, and
wm and py, are, respectively, the weight fraction and
density of the PVDF matrix.

Figure 7 shows the effective dielectric constant of
BIT-PVDF nanocomposite films for different weight
percentages, and the values predicted by the equa-
tions above at 100 Hz. Itis apparent the Lichtenecker

beft = (1 —Vi)ee + (2 + Vi)em fm ®) logarithmic equation and the Rayleigh model are
unable to describe the experimental data. However,

) ) dielectric constants calculated by use of the Maxwell—

the Lichtenecker equation, Garnet model are quite close to the experimental
results for ceramic weight fractions less than 5 wt.%,

tet = €xp[Vilnee + (1 - Vi) Inén] (6) although the results deviate for much for higher
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weight percentages. This is because the Maxwell—
Garnet model predicts the dielectric properties of the
composites at relatively low inclusions. This model
does not take into account the effect of particle—
particle dipole interactions or their effect on the
surrounding medium, which becomes important at
higher weight fraction. Moreover, the discrepancy
between the experimental and calculated results at
high weight percentage may also be attributed to the
porosity of the nanocomposite film. When this occurs,
the polymer phase is no longer a continuous phase in
all directions. Consequently, the porosity effect at
high filling ratios should be taken into account in
treatment of the effective permittivity.

Temperature Dependence of Dielectric Constant
and Dielectric Loss

Figure 8 shows the temperature dependence of
dielectric constant and dielectric loss for pure PVDF
and BIT-PVDF composite films at 1 kHz. As shown
in Fig. 8a, the dielectric constant of pure PVDF film
is almost constant over a broad temperature range
(25-140°C). For the composite films, however, the
dielectric constant is much more temperature-de-
pendent and increases with increasing ceramic
content over the whole temperature range. It is
apparent that for up to 7 wt.%-loaded composite
films no clear phase transition is observed and the
dielectric constant increases linearly with increas-
ing temperature. However, a well defined dielectric
peak at approximately 120°C was observed for 10
wt.%-loaded BIT-PVDF composite film. This
dielectric peak is attributed to the ferroelectric
to paraelectric phase transition of the PVDF
polymer.*®

Figure 8b shows the temperature dependence of
dielectric loss at 1 kHz for pure PVDF and BIT-
PVDF composite films. It is apparent that the
dielectric loss increases linearly with increasing
temperature for all the composite films. For low
ceramic content, no ferroelectric to paraelectric
phase transition was observed. However, for 7 wt.%
and 10 wt.% BIT-PVDF composite films, a well-de-
fined dielectric loss peak was observed at
approximately 100-120°C; this is attributed to the
phase transition related to PVDF mentioned above.
The dielectric loss may be attributed to loss of
energy because of micro-Brownian motion of the
dipoles and depends on the internal viscosity of the
system. In addition, the dielectric loss peak shifts to
higher temperature on inclusion of BIT parti-
cles—its position changes from 107°C for 7 wt.% to
120°C for 10 wt.%-loaded BIT-PVDF composite
films. This shift in the dielectric loss peak is
attributed to the interfacial polarization which
results from formation of interface boundaries
between BIT and the PVDF matrix and the intrinsic
ionic polarization of PVDF matrix.

Dielectric Modulus Studies

Dielectric relaxation is sensitive to the motion of
charged species and dipoles of the polymer phase.
Study of this motion provides essential information
on the ionic transport mechanism. Study of the
complex dielectric modulus is very important and
enables analysis of dynamic aspects of electrical
transport processes in materials. The dielectric
modulus M~ corresponds to the relaxation of the
electric field in the material when the electric dis-
placement remains constant. Therefore the modulus
represents the real dielectric relaxation process.
The electric modulus is derived from the inverse of
the complex dielectric constant ¢*, as®:

=M (0) +iM (o) (8)

The real (M’) and imaginary (M”) parts of the
cgmplex dielectric modulus were obtained from
€ (w) and ¢”(w) values using the relation

-t PP C)
= oo @R M) = e

/ ¢ (w)

By use of this equation, we change the representa-
tion of dielectric data from ¢ and ¢” to M’ and M”,
respectively.

Figure 9 shows the variation of the real part of
dielectric modulus (M’) as a function of frequency
over a range of temperature for all the composite
films. At low frequencies and temperatures, M’
tends to be very small but not approaching zero. As
the temperature increases, however, the value of M’
tends to zero at lower frequencies. This indicates
that electrode polarization makes a significant con-
tribution at lower temperatures and space charge
accumulates at the interface. Moreover, a con-
tinuous increase in the value of M’ has been
observed with increasing frequency, with a ten-
dency to level off at higher frequencies, in the usual
sigmoidal manner, for all the temperatures. This
observation may possibly be related to a lack of
restoring force governing the mobility of charge
carriers under the action of an induced electric
field.®° An increase in the value of M’ with
increasing frequency may be attributed to relax-
ation phenomena, because of the short-range
mobility of charge carriers, which is spread over a
range of frequencies.

Variation of the imaginary part of the dielectric
modulus (M”) as a function of frequency at different
temperatures is shown in Fig. 10. The variation of
M” with frequency at different temperatures gives
useful information about the mechanism of charge
transport, for example electrical transport and
conductivity relaxation. At low temperatures (below
60°C), no peak was observed in this frequency range
for all the samples under investigation. This may be
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attributed to the greater relaxation time associated
with the relaxation phenomenon at lower tem-
peratures. At higher temperatures (above 60°C),
however, the modulus plots are characterized by
well defined asymmetric peaks at different fre-
quencies. For all the samples, the plots obtained at
high temperature are asymmetric relative to the
peak maxima and the peaks are much broader than
would be predicted by ideal Debye behavior. The
broader nature of the peaks can be interpreted as
the consequence of the distribution of relaxation
time because of non-Debye-type relaxation behavior
of the material. In the low-frequency region (to the
left of the peaks) the charge carriers can be
regarded as mobile over long distances and as per-
forming successful hopping from one site to another.
At higher frequencies (to the right of the peaks),
however, the charge carrier motion is confined and
only localized movement is observed. The frequency
region in which the peak occurs is indicative of the
transition from long-range to short-range mobility
of the ions.®’ Moreover, the maximum of the peak
frequency shifts toward higher frequencies with
increasing temperature and with increasing BIT
wt.%. The shifting of the peak suggests that the
relaxation in which hopping of charge carriers may
occur is thermally activated. This behavior also
suggests that the relaxation time decreases with
increasing temperature. It is found that the char-
acteristic relaxation time (t), calculated from the
inverse of maximum frequencgy position, i.e.
(27fmax) }, decreases from 107° to 107° with
increasing temperature.

The temperature dependence of relaxation
behavior can be interpreted by scaling of the mod-
ulus spectra. Figure 11 shows the normalized plot of
M’IM} .. as a function of log f/fimax at different
temperatures for pure PVDF film and for 10 wt.%-
loaded BIT-PVDF composite film.

This graph, called the modulus master curve,
provides insight into the dielectric phenomenon.
The normalized plot shows that all the graphs for
different temperature overlap on a single master
curve with greater values of FWHM than the
width of a typical Debye peak of 1.14 decades.®?
This behavior suggests that the relaxation process
occurring at different frequencies is independent
of temperature and has the same thermal energy.
The non-symmetric behavior of normalized mod-
ulus plots is suggestive of stretched exponen-
tial character of relaxation times defined by the

function:
¢ B
olt) = exp{—(;) };(0<ﬂ<1) ©)

where ¢(t) is the relaxation of the electric field and f
is a relaxation variable representative of the dis-
tribution of relaxation time.%® The value of f§ varies
in the range(0< < 1). For an ideal Debye dielectric
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f is equal to unity and for non-Debye type relax-
ation behavior f is always less than unity. The value
of § was determined from the full width at half
maximum (FWHM) of  the M plot
as(f = 1.14/FWHM). In this instance the value of f
lies in the range 0.26—0.37 for all the samples. The
low f value (i.e. higher FWHM) reveals the presence
of non-Debye-type relaxation behavior. The values
of FWHM, S, fmax, and 7 at different temperatures
for pure PVDF film and for 10 wt.% BIT-PVDF
composite film are given in Table II.

CONCLUSIONS

We have shown that incorporation of BIT particles
substantially affects the structural, morphological,
and dielectric properties of these nanocomposite
films. It is possible to prepare BIT-PVDF nanocom-
posites with the electroactive § and y-phases of the
polymer by spin coating. Incorporation of BIT parti-
cles increased the amounts of the electroactive f and
7 phases of the polymer. The nanocomposite films
had larger dielectric constants with relatively low
dielectric loss. The effective dielectric constant cal-
culated by use of the Maxwell-Garnet model was
quite close to the experimental results for very low
ceramic weight fractions. In addition, dielectric
modulus plots confirmed non-Debye type relaxation
behavior at high temperature. Our results indicate
that the BIT-PVDF films are novel lead-free com-
posite films which can be used in energy-storage
devices.
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