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Abstract

Ferroelectric polymer nanocomposites of poly(vinylidene fluoride) (PVDF) and Mg doped PZT (PMZT) have been prepared
by solvent casting method. The existence of 5, y and & polar phases and a nonpolar phase of PVDF have been observed
from the X-ray diffraction (XRD) and FTIR analysis. Both rhombohedral as well as tetragonal crystal phases of PZT at
morphotropic phase boundary (MPB) is also observed. The characteristic peaks of PVDF in the FTIR spectra are unaf-
fected with the incorporation of PMZT. Dielectric properties were studied as a function of frequency and temperature. The
microstructure of PVDF-PMZT composite has been studied by employing SEM technique. Maximum dielectric constant
of 32 with minimum dielectric loss of 0.0053 were obtained at 100 kHz for 6 mol% PMZT composite. The ac conductivity
follows the Jonscher power law which exhibits the least value of interaction between mobile ions and lattice. Both grain and
grain boundary contributions have been considered to explain the impedance behavior of the sample. The optimum loading
percentage of PMZT in PVDF matrix is found to be 6 mol%. The structural results obtained from XRD and FTIR are well

correlated with the physical parameters obtained from impedance measurement.

1 Introduction

Flexible electronic devices such as sensor, actuator, wear-
able antenna etc need materials having good electrical and
mechanical properties [1]. Ferroelectric polymer nano-
composites can be used in these devices. Ferroelectric
polymers with good mechanical and ferroelectric proper-
ties are potential materials for making devices [1, 2]. So,
these devices are generally mechanical sensors (sensor in
the wings of airplanes and sensors used in hydrostatic) and
underwater devices, etc. Among the ferroelectric polymers,
poly(vinylidene fluoride) (PVDF) is the most promising
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because of suitable physical properties for technological
applications. Its ferroelectric property and high strength
makes it suitable for making mechanical sensor. PVDF
contains both amorphous and crystalline structures, hence
it is semicrystalline in nature. The «, f, y and 8 are the poly-
morph structures in the crystalline PVDF [3-5]. The polar
and non polar phases of this polymer mostly influence its
physical properties. The electrical properties of PVDF can
be modified for technological needs by making composites
with different suitable ceramics. The ferroelectric ceramics
have been incorporated in PVDF matrix to enhance its elec-
trical properties significantly for the technological applica-
tions. The resulting light weight PVDF—ceramic composite
has good mechanical and electrical properties [6—8]. Among
the ferroelectric ceramic fillers, lead zirconate titanate (PZT)
is the most promising one. It is a solid solution of antifer-
roelectric lead zirconate (PbZrO;) and ferroelectric lead
titanate (PbTiO;) [9]. This ceramic undergoes a structural
change with respect to temperature and composition. The
composition with Zr/Ti~ 52/48 exhibits promising dielec-
tric, ferroelectric and piezoelectric property below the Curie
temperature [10-12]. PZT at a particular composition (Zr/
Ti~52/48) exhibits good electrical properties [13—15].
Doped PZT shows promising electrical properties [16, 17].
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Isovalent doping in PZT ceramic modify its electrical prop-
erties [18, 19].

For mechanical energy harvesting the dielectric electro-
active polymer exhibits promising performance. Maximum
Electrical properties were obtained at 50 mol% of PZT in
PVDF-PZT composite [20]. Modification in the process-
ing of PVDF-PZT composite shows uniform dispersion
[21]. Maximum Electrical and mechanical properties of
PVDF-PZT composite was obtained for 20 mol% of PZT
in the PVDF-PZT composite [22]. For mechanical energy
harvesting the dielectric electroactive polymer shows better
performance [23]. Various filler are used to enhanced the
dielectric properties of PVDF composite [24-28].

Mg doping at the lead site enhances the electrical prop-
erties of PZT. Maximum ferroelectric properties have been
observed for 10 mol% Mg doped PZT [29]. Hence, PMZT
can be a better ferroelectric ceramic as a ceramic filler in
PVDF matrix compare to that of PZT. Hence, a nanocom-
posite of PVDF-PMZT has been prepared and its electrical
properties has been explored in this article.

The composite can be prepared with various types of
connectivity such as 0-3, 1-3, 2-2 etc. The properties of
composites can be used for specific requirements depending
on volume fraction, connectivity and properties of fillers.
The 0-3 connectivity is easy to prepare compare to other
connectivities and it exhibits similar properties in all direc-
tions [30-32]. In this 0-3 type ceramic—ploymer composite,
isolated ceramic particle is three-dimensionally connected
with the polymer matrix. Hence, the composite (1 —x)
PVDF-(x) PMZT has been prepared in 0-3 connectivity
with x=2-12% of PMZT.

The literature survey reveals that the physical properties
of PVDF-PZT composite can be tuned by controlling the
thermal processing conditions [33]. Incorporation of PZT in
PVDF matrix leads an enhancement of the electrical prop-
erties of PVDF [34-36]. Piezoelectric effect and dielectric
constant increase with the increase of PLZT in PLZT-PVDF
composites [37].

However, it is expected that the use of Mg substituted
PZT as a filler in PVDF matrix will increase the polar f
phase in PVDF and hence the electrical polarization will
increase. Hence, the objective of the present study is to
understand the influence of Pb, goMg,, ;,ZrTiO; filler in the
PVDF matrix. Details crystal structure and electrical proper-
ties have been explored.

2 Experimental techniques

PMZT was prepared by the sol—gel method. Lead(Il) acetate
trihydrate, zirconium(I'V) isopropoxide, titanium(IV) isopro-
poxide, magnesium acetate, 2-methoxyethanol, acetyl ace-
tone and nitric acid of Sigma Aldrich, USA were used as the

precursor materials to prepare PMZT. PMZT solution was
heated at 100 °C to get the gel of PMZT and gel was dried at
200 °C. The dried powder was calcined at 700 °C for 3 h to
get the yellowish PMZT powder. PMZT pellet were prepared
and sintered at 1100 °C. The sintered pellets were crushed
and used to prepare the composite. Solvent casting method
was used to prepare the PVDF—(Pb(Mg, 0Zr( 5, i 43)0%)
PMZT composite. Dimethyl formamide (DMF) was used
to dissolve the PVDF (Sigma Aldrich, USA). In this solu-
tion, PMZT powder was added. The solution was sonicated
for 50 min at 40 °C until the PVDF and PMZT are well
dispersed in DMF. It was then stirred for 6 h at 50 °C and
the prepared solution was cast in petri dish and heated at
100 °C for 24 h to get the desired film. X-ray diffraction
(XRD) method (Rigaku X-ray diffractometer Model TTRX
[T in thin film configuration) was employed for the structural
analysis of the samples. Here, Cu-Ka radiation with wave
length A=1.54052 A was used. At the room temperature, the
XRD data were collected with a scan rate of 2°/min for 26
in 20°-70° range. Scanning electron microscopy (SEM) was
used to study the micrograph of the composite film. Fou-
rier transform infrared spectroscopy (FT-IR) spectra were
recorded by the Perkin Elmer (model 400), UK spectrometer
in 350-1200 cm™' wave number range. Temperature and
frequency dependent dielectric and impedance properties of
the sample was measured using N4L LCR meter (PSM 1735
Numeric Q), UK attached with a high temperature program-
mable furnace. The impedance, capacitance in parallel and
dielectric loss tangent were measured in between 40 and
120 °C as a function of frequency from 107 to 10° Hz.

2.1 XRD analysis

X-ray powder diffraction patterns of (1 —x) PVDF-(x)
PMZT with x =0.00-0.12 mol% are shown in the Fig. 1.
These observed peaks of the PMZT in the sample matches
with ICDD data base (pdf No JSPDS No. 01-070-4060
and b01-073-2022). XRD pattern of Pb(Mg, ,oZr 5,Ti 45)
O; exhibits peaks correspond to both rhombohedral and
tetragonal crystal symmetries. The peaks at 22° and 58°
correspond to thombohedral structure [18] where as, the
peaks at 30.5°, 37.7°, 43.9° and 54.4° correspond to tetrag-
onal structure of PMZT [18]. Figure 2 shows the enlarged
version of measure XRD peak for both rhombohedral and
tetragonal crystal symmetries. The XRD pattern of PMZT
has been analyzed by employeeing the Rietveld refinement
technique by considering both the crystal symmetries. Fig-
ure 3 shows the two crystal phases Rietveld analysis of
Pb(Mg, 10Zry 5, i 43)O5. XRD patterns of PMZT was well
refined by considering both R;,, and p,,, space groups
with Chi? (y)? ~ 1.49. It is interesting to note that the crys-
tal symmetry of PMZT does not change in the matrix of
PVDF as the peaks are distinctly can be distinguished for
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Fig.1 XRD of (1-x) PVDF-(x) PMZT, (a) x=0 mol%, (b)
x=2 mol%, (¢) x=4 mol%, (d) x=6 mol%, (¢) x=8 mol%, (f)
x=10 mol% and (g) x=12 mol%

all the composites (shown in Fig. 1). So, the major chemi-
cal reaction between PMZT and PVDF is ruled out. Scher-
rer’s formula was used to calculate the crystallite size and,
it is found to be ~32 nm. The peaks at 26 =18.68° and
26.49° corresponds to (020) and (021) respectively are
the reflection planes of the monoclinic a-phase of PVDF
[38—42]. The broad peak at 20.3° corresponds to the crys-
talline § phase of PVDF with 110/200 reflection plane of
orthorhombic structure [39, 42, 43]. The existence of the
polar y phase exhibits the peak at 20.04° which is corre-
sponds to (110) crystalline plane [44]. The polar f phase
was increases with the increase in PMZT concentration in
the sample. The ratio of § polar phases to nonpolar a has
been calculated from the XRD shown in Fig. 8. The con-
centration of # phase was maximum for 6 mol% of PMZT
in the composite. The highest intensity peak for rhombo-
hedral and tetragonal structure of PMZT [18] is shown in

the Fig. 2. It is observed that the peak position for both
the structure decreases up to 6 mol% and increases with
the further increase in PMZT mol% in the PVDF-PMZT
composite. The lattice parameters calculated for PMZT
by least square method are enlisted in Table 1 for all the
composites. It shows that the lattice parameter increases
up to 6 mol% and then decreases. So, 6 mol% composition
of PMZT in the composite shows the maximum lattice
distortion. Williamson—Hall plot method has been used to
calculate the lattice strain of the composite due to incor-
poration of PMZT in PVDF-PMZT composite. The Wil-
liamson—Hall equation defined as [45, 46];

pcosf =4desind + KA/D (1)
where f is the fullwidth at half maximum calculated from
XRD, ¢ is the lattice strain, K is the constant usually taken 1
and A is the wave length of X-ray and D is the crystallite size.
The slope of plot between fcosd and siné gives lattice strain
and the crystallite size can be calculated from the intercept.
Williamson—Hall plot of (1 —x) PVDF-(x) PMZT with
x=0.02-0.12 mol% is shown in Fig. 4a. The lattice strain
calculated by using the above equation has been plotted with
respect to mol% in Fig. 4b. The lattice strain increases with
increase in mol% of PMZT in the composite. It is inter-
esting to note that the strain is maximum for 6 mol%. The
shift in symmetric and asymmetric CH, stretching vibrations
(FTIR) due to interfacial interaction between PMZT and
PVDF results in the crystallization of the -phase. Hence
maximum stretching can be obtained in 6 mol% of PMZT
in the composite which is discussed in Sect. 2.2. Hence,
this percentage is identified as the threshold value of PMZT
nanofiller in the PVDF matrix for the enhancement of its
dielectric and impedance properties.

The scanning electron micrographs of (1 —x) PVDF-
(x) PMZT with x=2, 6 and 12 mol% are shown in the
Fig. 5Sa—c. It is observed that the micrographs are uniform.
Hence, it is assumed that the ceramic filler is uniformly
distributed in the PVDF matrix.

Fig.2 Rhombohedral and T
tetragonal peak in the XRD . (a) R (b)
pattern of (1 —x) PVDF-(x) :' -
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x=12 mol% = b
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Table 1 Latti :
p?lrafneter?(;,cz, &) of the Pb,_ Mg Zr, 5,Tij 4305 Rhombohedral Tetragonal
Pb,_ Mg Zr, 5,Ti( 4305 for a=b=c (nm) a=>b (nm) ¢ (nm)
x=0.02, 0.04, 0.06 and 0.1 in
PVDF-PMZT composite x=0.00 0.4158 (+0.002) 0.4020 (£0.002) 0.4107 (£0.002)
x=0.02 0.4353 (+0.002) 0.4566 (x0.002) 0.4093 (£0.002)
x=0.04 0.4360 (+0.002) 0.4680 (+0.002) 0.4180 (£0.002)
x=0.06 0.4481 (+0.002) 0.4768 (+£0.002) 0.4264 (+£0.002)
x=0.08 0.4289 (x£0.002) 0.4696 (+0.002) 0.4132 (+0.002)
x=0.10 0.4245 (£0.002) 0.4668 (+0.002) 0.4102 (£0.002)
x=0.12 0.4066 (+0.002) 0.46598 (+0.002) 0.4099 (+0.002)

Errors are given in bracket

2.2 FTIR spectra analysis

Different types of bond vibrations are associated with the
polar and non polar phases of the PVDF and the crystalline
phase of PMZT. FT-IR technique is used to study these
bond vibrations. FTIR spectra of pure PVDF and different
mol% of PMZT in the composite is shown in the Fig. 6.
The observed spectrum can be well matched with the
PVDF polymer (a and g phases). The absorbance bands
at 740,761, 798 and 985 cm™! (Fig. 6) are corresponds to
the a-phase of PVDF. The band at 1234 cm™! is assigned
to CH, bending vibration bands. The absorption band at
760 cm™! can be identified as rocking vibration in the
PVDF chain. The absorbance bands at 839,872,1076,1155
and 1234 cm™! are correspond to p-phase of PVDF
[47-49]. The polar y phase bands are observed at 778 and
813 cm™!. The bands for polar $ and y phases of the PVDF
become stronger where as a phase of the PVDF become

weaker with the increase in mol% of PMZT in the com-
posite. So, the polarity of the composite has been affected
by PMZT concentration in the sample. Figure 8 shows the
fractions of §§ phase which is calculated by using Gregorio
and Cestari [50] equation:

Ay
Fhr= 124, + A, @
where A, and A are the absorption band intensities for « and
p phases respectively. Fraction of § phase increases with the
increase in PMZT concentration in the sample, but exhibits
a maximum value for 6 mol%. The § phase decreases with
the further increase in PMZT concentration in the sam-
ple. Hence, the characteristic of PVDF has changed with
the addition of PMZT. The above studies (XRD and FTIR)
suggests that the 6% PMZT filler in PVDF is the optimum
composition.
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Fig.4 a Williamson—Hall Plot of (1 —x) PVDF-(x) PMZT, x=2-12 mol% and b Variation of lattice strain with mol% of (1 —x) PVDF-(x)

PMZT, x=2-12 mol%

2.3 Dielectric properties of PVDF-PMZT composite

Dielectric constant versus temperature plots of (1 —x)
PVDF-(x) PMZT with x =0-12 mol% are shown in Fig. 7.
Dielectric constant of PVDF-PMZT composite almost
constant over the temperature range of 40—120 °C. Hence,
it is assumed that imperfections/disorders are not created
in the lattice with increase in temperature. This may be
the interfacial interaction of PMZT in PVDF matrix. So
the orientation polarization which is temperature depend-
ent is not comes into play [51]. This result suggests that
this composite can be used for a wide high temperature
range for technological applications. The dielectric con-
stant increases with the addition of PMZT into the PVDF
matrix. However, it is almost constant for 6-12 mol% of

@ Springer

PMZT. Figure 8 shows the variation of dielectric constant
and f phase with the increase in PMZT composition in the
composite. f phase of PVDF increases with the increase
in PMZT composition in the composite. Maximum f
phase of PVDF is obtained for 6 mol% of PMZT. Hence,
it is assumed that the increase of dielectric constant is due
to increase of f phase of PVDF as well as the polariza-
tion developed at the interface between PMZT and PVDF,
which is mostly can be achieved by <6 mol% of PMZT
in the PVDF matrix. The decrease of dielectric constant
for 12 mol% of PMZT could be due to reduction of PVDF
chain as well as agglomeration of PMZT, which may
have happened due to the large amount of PMZT in the
PVDF matrix. Interfacial interaction of PMZT in PVDF
increases with increase in mol% of PMZT. Maximum
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Fig.5 SEM micrographs of
(1-x) PVDF-(x) PMZT, a
x=2mol%, b x=6 mol and ¢
x=12 mol%
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Fig.6 FTIR of PVDF-Mg doped PZT i.e. (1 —x) PVDF-(x) PMZT,
(a) x=2 mol%, (b) x=4 mol%, (c) x=6 mol%, (d) x=8 mol%, (e)
x=10 mol% and (f) x=12 mol%

interaction was obtained for 6 mol% of PMZT supported
by FTIR and then the shifting of CH, peak decreases
resulting decrease in phase in the composite.

20kV X500 50pm 0000

13 45 SEI

40 — 2 mole %
: O mole %
< [+ 0 mole %] O 4 mole %

3. §11< A 6 mole %
g v 8 mole %
S < 10 mole %
=3

36- §10 < 12 mole %
D
=
a9

w
P

30 60 90 120
Temperature (°C)

VYY)
zz%%.ﬁ::i-lllllllll(l(((((((_.((((((‘.‘.‘."(“(“ s18

Dielectric Constant (g)

32 RIS

<<

30 T T T T T T
40 60 80 100 120

Temperature ('C)

Fig. 7 Variation of dielectric constant with temperature of PVDF-Mg
doped PZT i.e. (1 —x) PVDF-(x) PMZT for x=0 mol%, x=2 mol%,
x=4 mol%, x=6 mol%, x=8 mol%, x=10 mol% and x =12 mol%

Dielectric constant versus frequency plots for (1 —x)
PVDF-(x) PMZT composite (x =0-12 mol%) are shown
in the Fig. 9. It exhibits the usual dielectric behaviour of
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Fig.9 Variation of dielectric constant with frequency of PVDF-Mg
doped PZT i.e. (1—-x) PVDF-(x) PMZT, x=0 mol%, x=2 mol%,
x=4 mol%, x=6 mol%, x=8 mol%, x=10 mol% and x=12 mol%

a ferroelectric material [52]. The dielectric constant has a
maximum value at the lowest frequency and then decreases
with the increase in the frequency of the sample. At low
frequency, all types of polarisations (ionic, electronic,
dipole and space charges polarization) contributes to the
dielectric constant. At higher frequencies, the easy depo-
larization of dipoles that exist at weak bonded interface
and boundary regions results in small value of dielectric
constant. At higher frequency, only orientational polariza-
tion contributes to the dielectric constant. The dielectric
constant almost remain constant above 100 kHz. Maxi-
mum dielectric constant of 32 was obtained at 100 kHz
for 6 mol% of PMZT (Fig. 8). The PMZT incorporation
in the PVDF matrix increases the dielectric constant. So,
with this high dielectric constant and nearly frequency

@ Springer

2] 6- 6 > x =0 mole%

c q{ @ 4

..g ] §4< O 2mole%

- ] = O 4 mole%

N 1 o A 6mole% >

o 4] 2 Y 8mole% |

-~ ] 22 <> 10 mole% >

b ] "g < 12 mole% | S

®w 1=

o 1 a0

o 2] 13 001 01 1 10

=] log f x 10-5(Hz)

firer)

o ]

2

(%) 1 3

Q 0_ T T T T "" — T
0.01 0.1 1 10

log f x 10°(Hz)

Fig. 10 Variation of dielectric loss with frequency of (1 —x) PVDF-
(x) PMZT composite

independent nature at high frequency opens a new window
for its technological applications.

Variation of dielectric loss with frequency of (1 —x)
PVDF-(x) PMZT composite is shown in Fig. 10. Dielectric
loss decreases with the increase in frequency and, has the
lowest value around at 100 kHz. The interfacial dipoles
cannot orient themselves in the direction of the alternat-
ing field with the increase in frequency. So charges can
no longer follow the field and their contribution to the
dielectric constant deceases [53]. At high frequency, the
dielectric loss increases with the increase in frequency.
The dielectric loss decreases with increase in PMZT con-
centration in the composite and has least value for 6 mol%
of PMZT in the PVDF matrix. Dielectric loss increases
with further increase in PMZT beyond 6% concentration
in the composite.



Journal of Materials Science: Materials in Electronics (2018) 29:16842-16852

16849

2.4 Ac conductivity of PVDF-PMZT composite

Plots of Frequency dependent ac conductivity of (1 —x)
PVDF-(x) PMZT with x=0-12 mol% are shown in the
Fig. 11. The ac conductivity is calculated by using the formula
[54] given below;

0, = W€, tano 3)
where @ (=2nf) is the angular frequency, tané (loss) is the
dissipation factor, g, is the free space permittivity and ¢,
is the relative permittivity. The curve shows a plateau at
lower frequency and, the conductivity increases with the
increase in frequency. The conductivity remains nearly
constant at high frequency. The ac conductivity decreases
with the increase in PMZT composition and has least value
for 12 mol% of PMZT composition. The ac conductivity
increases with the increase in PMZT concentration in the
sample. Maximum ac conductivity was obtained for 6 mol%.
Then, ac conductivity decreases with increase in PMZT
concentration in the composite. Please give the composite
reference/s The similar results were reported on alkaline (Sr)
doped PZT ceramics [55]. If the mol% of ceramics increases
in the PVDF matrix, it leads to heterogeneous distribution
and results in decrease in ac conductivity of the sample. So
ac conductivity for >6 mol% in the PVDF-PMZT decreases.
The frequency dependent conductivity is analyzed by
employing the Jonscher’s power law. It is defined as [56, 57];

Cue = Oye +Aa)n (4)
In the above equation, the temperature dependent pre-

exponential factor is A and n is the power law exponent. The
plateau in the low frequency region is 6. n is varying in
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Fig. 11 Frequency dependent ac conductivity of (1—-x) PVDF-(x)
PMZT composite

between O and 1 and, it is temperature dependent. It repre-
sents the measure of interaction between the movable ions
with the lattices just about them. Similar results have been
obtained by the other groups. n=1 represents that the inter-
action between adjacent dipoles is almost negligible [58].
The value of A and n are enlisted in the Table 2. The value
of A and n are smallest for 6 mol% of PMZT in PVDF matrix
and, highest for 12 mol% PMZT in the composite. It is con-
sistent with the dielectric and XRD analysis.

2.5 Impedance analysis of PVDF-PMZT composite

The variation of the real part of impedance (Z') with fre-
quency plots for (1 —x) PVDF-(x) PMZT composite with
x=0-12 mol% are shown in the Fig. 12. Z' decrease with the
increase in frequency and almost constant above 100 kHz
frequency. Z' decreases with the increase in mol% upto
6 mol% of PMZT in PVDF matrix and increase with the

Table2 A and n values of (1—-x) PVDF-(x) PMZT composite for
x=0.00-0.12

Composition (1 —x) PVDE- A (S m~! rad™) n
(x) PMZT
0.00 7.97E-15 0.96159
0.02 2.20E-08 0.34388
0.04 1.45E-07 0.22539
0.06 1.22E-06 0.21347
0.08 1.55E-07 0.4897
0.10 3.69E-07 0.59479
0.12 8.76E—07 0.9731
3 E15 + x =0 mole%
O x=2mole % £
] O x=4mole% '\O 10
—_~ A x=6mole% e
£ % v x=8mole% x5
c 2—% & x=10 mole% N
0
o 2 4
foe) | 12 log f (Hz)
o
- 8
X 14
N7 4
N
0l
T T T T T
0 2 4 6
logf(Hz)

Fig. 12 Variation of Z' (real) with frequency of (1 —x) PVDF-(x)
PMZT composite, x=0-12 mol%
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further increase of PMZT mol%. So, the 6 mol% PMZT in
PVDF matrix is found to be the optimized percentage. It
is consistent with the XRD and dielectric results. So, it is
conclude that the bulk resistance is minimum for 6 mol%.
And, it was responsible for the observed enrichment of ac
conductivity of the sample with frequency. Similar results
have been observed by other groups [59-62].

The imaginary part of the impedance Z" represent energy
stored in the sample. It depends on the frequency. Frequency
dependent Z" plots for (1 —x) PVDF-(x) PMZT composite
(x=0-12 mol%) are shown in Fig. 13. Z" increases with
the increase in frequency and shows a peak around 50 kHz
and then decreases. It is almost constant for the frequencies
greater than 100 Hz. It indicates the possible release of space
charges [63]. The asymmetric curves suggest the non-Debye
type of relaxation.

The complex impedance analysis gives information about
the grain, grain boundary and interface properties such as
relaxation frequency, grain and grain boundary resistance,
grain and grain boundary capacitance and electronic con-
ductivity. With two consecutive semicircles obtained in
Cole—Cole plot gives the contribution from grain and grain
boundaries. So, the Cole—Cole technique is used to study the
electrical behaviour of the sample [59].

Cole—Cole diagrams of Z' and Z" for (1 — x) PVDF-(x)
PMZT composite are shown in the Fig. 14. The curves are
not fully semicircle instead of slightly depression angle.
The figure represents two semi-circular arcs. One small
semicircle at higher frequency represents the grain prop-
erty of the sample [60]. The parallel combination of grain
capacitance (C,) and resistance (R,) represents this prop-
erty. Another big arc at lower frequency represents grain

= # X =0 mole%

£° )

1\04

S
—_ %2
£ 2- No
< 2 a
(@) log f(Hz)

ooc EG 4 X=12 mole %
- S
X w_ 4
v1_ P O x=2mole%
- ;5 O x=4mole%
[~ N A x=6mole%
N v X =8 mole%
& x=10 mole%
0-
T T T T T
0 2 4 6 8
log f( Hz)

Fig. 13 Variation of Z" (imaginary) with frequency of (1 —x) PVDF-
(x) PMZT composite x =0-12 mol%
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Fig. 14 Cole—Cole plot of (1 —x) PVDF-(x) PMZT composite

boundary resistance. This contributes to the grain bound-
ary capacitance (C,;,) and resistance (R,,).

ZSimpWin software was used to analyze the data points
to the combination of various electronic circuits. Among
various electronic circuits R.(R,Cp)(R,,Cyp) could be
modelled to the data points with minimum error. Electrode
resistance, resistance due to the grain, the resistance due to
the grain boundary, capacitance due to grain and capaci-
tance due to grain boundaries were represented by R,, R,,
R, C, and C,, respectively and these values are enlisted
in the Table 3. The grain boundary resistance and grain
resistance was least for 6 mol% and highest for 12 mol%
PMZT in composite. With increase in PMZT mol% in the
composite, the agglomeration of the ceramics results in the
increase in grain and grain boundary resistances.

Table3 R, R, and Ry, of (1 —x) PVDF-(x) PMZT composite

Composition (1 —x) R, (Q) R, (Q) Ry Q)
PVDF-(x) PMZT

0.00 1.00E—11 3.83E-17 1.93E-17
0.02 1.00E-08 6.57TE—16 6.26E—14
0.04 1.42E-07 7.93E—-08 2.33E-08
0.06 1.00E-5 2.34E-08 1.32E-05
0.08 1.23E-05 7.93E-08 1.93E-06
0.10 1.00E—-6 4.94E-09 9.43E-10
0.12 1.00E-07 1.53E-16 1.64E-16
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3 Conclusions

(1 —x) PVDF-(x) PMZT composite (x=0, 2, 4, 6, 8, 10
and 12 mol%) was prepared by the solvent casting method.
The presence of both PMZT and PVDF crystal phases
were observed in the composite. Hence, there is absence
of mesure chemical reaction between PMZT and PVDF
phase. The polar f and y phases increase with the increase
in PMZT concentration in the PVDF matrix upto 6 mol%
and, decrease with the further increase in PMZT percent-
age. The dielectric constant increases with the increase
in mol% of PMZT in the PVDF-PMZT composite upto
6% and decreases with the further increase. Hence, it is
concluded that the composition up to 6 mol% of PMZT
enhances the dielectric constant and decrease the conduc-
tivity. The dielectric constant is almost constant over the
temperature range 40—120 °C. Hence, the present compos-
ite is a very good candidate for high temperature applica-
tion. Also, the impedance remains almost constant for the
frequency above 100 kHz, so, it can be used at higher
frequency. The optimum mol% of PMZT loading in the
PVDF matrix is 6% for enhancing the dielectric properties.
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