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PVDF has been reinforced with different amount of CaCu
3
Ti
4−5𝑥/4

Nb
𝑥
O
12
with 𝑥 = 0.05 powder prepared by solid state ceramic

method. Composites were prepared by melt extrusion method. Phase composition was studied using powder X-ray diffraction
(XRD). Microstructural, dielectric, and mechanical properties have also been studied. These composites have Young’s modulus
more than that of pure PVDF. Two dielectric relaxations, one at low frequency and the other at high frequency, have been observed
in these composites. Dielectric relaxation at low frequencies is of Maxwell-Wagner type while the one observed at high frequency is
due to hopping of electrons among different valent states of transition metal ions. Nature of dielectric relaxation has been analysed
using H-N function.

1. Introduction

Nowadays, polymer-ceramic composites have gained a lot of
interest as potential candidates for many applications such
as embedded capacitors, microelectronic packaging, and
charge storage devices. Polymers possess good processability,
mechanical flexibility and low cost but have very small value
of dielectric constant to be useful as capacitors. On the other
hand, ferroelectric and relaxor ferroelectric ceramics have
high dielectric constant but these are brittle. Dielectric con-
stant of these ceramics is very sensitive to temperature near
their transition point. This is not a desirable feature for use
of these materials as capacitors. Therefore, polymer-ceramic
composites can be a good choice to achieveminiaturisation of
energy storage devices by combining the merits of polymers
and ceramics [1–4]. Barium titanate (BaTiO

3
, BT), lead

zirconate titanate (Pb(Zr,Ti)O
3
, PZT), and lead magnesium

niobate-lead titanate (Pb(Mg1/3Nb2/3)O
3
PbTiO

3
, PMNT-

PT) have been widely used as fillers by many research groups
[5–12].

CaCu
3
Ti
4
O
12

(CCTO) has attracted increasing sci-
entific and technological interest. Being lead-free, it is

environment-friendly possessing high dielectric constant
which is nearly temperature- (T-) independent in the range
100–600K [13, 14]. Dielectric properties of composites
depend on the dielectric properties of the ceramic filler,
polymer matrix, and the interfaces between the filler and the
matrix [3]. At high loading, the filler particles have a tendency
to agglomerate resulting in an increase in porosity, decrease
in densification, low dielectric constant, poor mechanical
properties, and high water absorption. These problems are
further enhanced due to difference in the surface characteris-
tics of inorganic filler and the organic matrix. Homogeneous
dispersion becomes more difficult at high volume fraction of
the filler.

Polymers such as epoxy, cyanate ester, polyethersulfone,
and polyvinylidene fluoride (PVDF) have been used as
matrices [15, 16]. Arabati et al. reported dielectric properties
of CCTO reinforced PVDF composites for the first time.
They studied the dielectric behaviour of multilayer stack of
solution cast films packed in a sandwich configuration. A
dielectric constant of value 150–260 was obtained for the
composite layers based on the thickness ratio of copoly-
mer layers to composite layers and dielectric constant of
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copolymer [17]. Since then, many such composite systems
containing different polymers and CCTO have been studied
using different particles size of ceramic phase.

Among these polymers, ferroelectric PVDF has been
widely used as a matrix material due to its pyroelectric,
piezoelectric properties and thermoplastic behaviour. Effect
of particle size on the dielectric properties of CCTO/PVDF
composites was studied by Yang et al. [14]. For 40 vol% of
CCTO, they obtained a value of 𝜀 > 106 for nanosize
CCTO and 35.7 for microsize CCTO at 102Hz and at
room temperature. Yang et al. studied the effect of coupling
agent on the PVDF-CCTO composites using 0.1mL of Si69
coupling agent. A value of 𝜀, 84, for PVDF/CCTO composite
was obtained; 𝜀 value was 16 in the case of PVDF/CCTO
composite without coupling agent [18]. Zhang reported a
dielectric constant of 62 having a loss tangent of 0.05 for
nanocomposites containing 50 vol% CCTO at room temper-
ature and 1 KHz [19]. Thomas et al. reported an increase in
the value of dielectric constant of PVDF from 18 to 87 for
30 vol% of nanocrystallites of CCTO in PVDF composite at
100Hz [20]. Dang et al. reported a dielectric constant of value
∼49 at 100Hz and at room temperature for a composite film
of CCTO/polyimide [21]. Thomas et al. reported a value of
dielectric constant 95 at 100Hz for 55 volume % of CCTO in
PVDF [22]. Most of the above studies were limited to only
dielectric behaviour.

It is universally accepted that modifications of composi-
tion by substitution of other ions and preparation methods
have a strong influence on the dielectric properties of the
ceramics. The intrinsic dielectric response in CCTO is due
to internal barrier layer (IBL) formation at grain boundaries
which results in interfacial polarization [23]. Permittivity also
depends on the microstructure. Doping modifies the grain
boundaries leading to more efficient IBLC [23]. Therefore, a
high 𝜀 polymer-ceramic composite can be developed at low
vol % of reinforcement and some of the problems associated
with fabrication can be eliminated. Sulaiman et al. prepared
CCTO electroceramic using solid state reactionmethod [24].
They found that CCTO doped with 1mol% Nb gave the
highest dielectric constant of 18,000 at 1MHz. Hong et al.
synthesised Nb substituted CCTO using solid state reaction
method [25]. They found the value of dielectric constant
around ∼420000 at 10 KHz for 𝑥 = 0.2 in the system
CaCu

3
Ti
4−𝑥

Nb
𝑥
O
12+𝛿

.
In the present work, CCTO and CaCu

3
Ti
4−5𝑥/4

Nb
𝑥
O
12

with 𝑥 = 0.05 have been synthesised by solid state technique.
This ceramic was dispersed in the PVDF matrix to develop
high 𝜀 composites.Mechanical properties of these composites
have been studied as these are as important as dielectric
properties. Earlier studies on these high 𝜀 polymer-ceramic
composites lacked study of their mechanical properties.

2. Experimental

2.1. Materials. Poly(vinylidene fluoride) (PVDF) (SOLEF
6008; Ausimont, Italy), with a melt flow index of 24 g/10min
at 230∘C under a 5 kg load, was used in this work. CCTO
and Nb doped CCTO were prepared by conventional
solid state technique. Powders of CaCO

3
(99.98%), CuO

(99.5%), TiO
2
(99.55), and Nb

2
O
5
(99.98%) were mixed in

stoichiometric amount and ground for 8 hours. These were
calcined in air at 1000∘C for 12 hours with intermittent grind-
ing. Formation of single phase solid solution was confirmed
by powder X-ray diffraction (XRD) using CuK𝛼 radiation.
The calcined powder was ground and mixed with 2% PVA
(molecular weight 37000) solution and cold pressed into
pellets having 15mm diameter and 2mm thickness under a
load of 7 tons, using a hydraulic press. The pressed pellets
were sintered at 1000∘C for 6 hours. Sintered pallets were
ground using an agate mortar and pestle to get a fine powder.

2.2. Composite Preparation. Melt extrusion process was
used for fabrication of PVDF/NbCCTO composites. In this
method, 12 gms of polymer was mixed with 10, 20, and
50wt% of ceramic (NbCCTO) in a high speed mixer for
20min before putting it into the extruder. Extrusion was
carried out in a twin-screw extruder (Hakke Mini Lab).
Mixing was done at 205∘C for ∼10 minutes under a speed
of 70 rpm. The polymer chains mix uniformly with the
ceramic particles during melt mixing. PVDF and composites
were melt-pressed into thin films of 100 𝜇m thickness in
a compression-molding machine at 190∘C under a load of
5 tons.

2.3. Characterization
2.3.1. X-Ray Diffraction. X-ray diffraction (XRD) patterns
were recorded using a Rigaku Desktop Miniflex II X-Ray
diffractometer employing Cu-K𝛼 radiation (wavelength, 𝜆 =
0.1548 nm) and Ni-filter.Thin films of PVDF and composites
were scanned in the 2𝜃 angle range 10–90∘ at a 3∘/min.

2.3.2. FTIR. Fourier transform infrared spectra (FTIR) of
pure PVDF, pure ceramics, and composites were recorded in
the range 2000 to 600 cm−1 using thin films. Pellets of ceramic
powder were made using KBr.

2.3.3. Scanning Electron Microscope. SEM images were
recorded using INSPECT S 50 FP 2017/12 scanning electron
microscope. Samples were coated with gold to make the
surface conducting.

2.3.4. Mechanical Properties. Tensile tests were performed
on the microinjected dog bone shaped samples at room
temperature using Instron 3369 tensile machine. A constant
crosshead speed of 5mm/min was selected and the stress-
strain data were recorded till the samples broke. Two samples
of each composition were tested.

2.3.5. Dielectric Measurements. Dielectric measurements
were made on disc-shaped films having 12mm diameter.
Thesewere silver-coated on opposite faces andmeasurements
were made between 10−2 and 106Hz using four-probe
Novocontrol setup (ZG4) from room temperature to 120∘C.

3. Results and Discussion

3.1. Structural Analysis. X-ray diffraction patterns of NbC-
CTO, PVDF, and their composites containing 10, 20, and
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Figure 1: X-ray diffraction patterns for NbCCTO and pure PVDF
and its composites.

50wt% NbCCTO in PVDF matrix have been shown in
Figure 1. In case of NbCCTO, the diffraction peaks corre-
sponding to planes (220), (310), (222), (321), (400), (422), and
(440) at 2𝜃 values of 34.2∘, 38.5∘, 42.3∘, 45.8∘, 49.2∘, 61.3∘,
and 72.2∘, respectively, confirmed the formation of single
phase compound [20]. There is no evidence of presence of
any secondary phase in NbCCTO. Pure PVDF crystallizes
in 𝛼 phase with characteristic 2𝜃 peaks at 17.7∘, 18.7∘, and
19.9∘, corresponding to (110), (020), and (111) crystal planes,
respectively [22]. Intensity of three major peaks (220), (400),
and (422) of CCTO increases with increasing amount of
NbCCTO in the composites. Predominance of NbCCTO
phase can be seen in P-50NbC composite due to higher
weight percent of ceramic in the composite. It is also the
reason for observing suppressed diffraction peaks of PVDF.
Average crystallite size determined for P-50NbC composite
from broadening of X-ray diffraction peak corresponding to
2𝜃 value of (220) plane using Scherrer’s formula has been
found to decrease to 47 nm from 59 nm for pure NbCCTO.

Figure 2 shows FTIR spectra of NbCCTO, PVDF, and P-
50NbC composite. Peaks of crystalline 𝛼 PVDF are observed
at 763 and 796 cm−1 but the peak intensity diminished with
reinforcement of NbCCTO. Extra peaks at 908, 1068, 1222,
and 1373 cm−1 present in the spectrum of composite confirm
the presence of NbCCTO in PVDF. Peaks at 1001, 1028, 1532,
1622, and 1725 cm−1 become more intense with increasing
content of NbCCTO in the composite.

3.2. Surface Morphology. SEM micrographs of pure PVDF,
NbCCTO, and composites of P-NbC are shown in Figure 3.
It is observed that the spherulitic morphology of pure PVDF
gets severely affected by the presence of NbCCTO. Discrete
particles of NbCCTO are observed for lower content of
the ceramic in the composite (P-10NbC) while aggregation
of ceramic particles occurs for higher weight fraction of
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Figure 2: FTIR patterns of NbCCTO, pure PVDF, and P-50NbC.

NbCCTO leading to connected network structure of NbC-
CTO in P-50NbC composite.

3.3. Mechanical Properties. Samples for mechanical proper-
ties were prepared by injection molding technique (Microin-
jector, Model FD-1, Fly Tech Engineering). Temperature of
the mould was maintained at 60∘C and that of the cylinder at
210∘C under a pressure of 100 bars. Sample prepared by this
method had a cross-sectional dimension of (2.15 × 4)mm2;
the length of the gauge section was kept 20mm. Figure 4
shows the stress-strain curves of PVDF and its composites.
Considerable increase was noticed in value of Young’s modu-
lus calculated from the slope of the linear region of the plots.
For PVDF, P-10NbC, P-20NbC, and P-50NbC, the values are
752, 760, 867, and 1033MPa, respectively, showing continuous
increase with increasing NbCCTO content. This increase in
Young’s modulus with increase in weight percent of filler
can be attributed to interaction between stiffer ceramic and
PVDFmatrix making composites stiffer as compared to pure
PVDF. Elongation at breaking point decreased from 30% in
case of PVDF to 20%, 18%, and 16% in case of P-10NbC, P-
20NbC, and P-50NbC composites, respectively. The ceramic
particles act as defects from a macroscopic point of view and
prevent the PVDF chains from packing with each other. This
decreases the elongation at breaking point for the composites.

3.4. Dielectric Properties. Frequency dependence of dielectric
constant of CCTO and NbCCTO is shown in Figure 5(a).
Dielectric constant of CCTOwas found to be 3100 at 1 KHz at
room temperature. On doping with Nb, there is an increase
in the value of dielectric constant which becomes 24,300
at the 1 KHz. Dielectric constant increases with decreasing
frequency and vice versa. Increase in dielectric constant
with decreasing frequency is due to presence of interfacial
polarization which plays an important role in enhancement
of dielectric constant in the low frequency region. Interfacial
polarization arises due to presence ofmicroheterogeneities in
the materials. In case of CCTO, one relaxation is observed
in the low frequency range. There seems to be a second
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Figure 3: Scanning electron micrographs of NbCCTO, PVDF, P-10NbC, and P-50NbC composite.
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Figure 4: Stress-strain curves for pure PVDF, P-10NbC, P-20NbC, and P-50NbC composites.

relaxation at higher frequency which could not be measured
due to limitation of our instrument. In Nb doped CCTO both
the relaxations can be seen, one at a frequency around 100Hz
and the other at frequency around 105Hz (Figure 5(b)). It
seems that, due to Nb doping, first relaxation observed in
CCTO shifts to higher frequency while the second relaxation

shifts to lower frequency. With increasing temperature, these
relaxations shift towards higher frequency. This indicates
lowering of relaxation time (𝜏) with increasing temperature
(Figure 5(b)). Tan 𝛿 slightly increases from 0.8 in CCTO to
1.7 in NbCCTO at 100Hz (Figure 5(b)). Dielectric constant
increases with increasing content of NbCCTO in PVDF
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Figure 5: Frequency dependence of effective dielectric constant (a) and tan 𝛿 of CCTO and NbCCTO (b).

(Figure 6(a)). Values of dielectric constant at 40∘C and 100Hz
for PVDF, P-10NbC P-20NbC, and P-50NbC are 5.2, 20, 29,
and 98, respectively. These increase to 7.5, 37, 52, and 148,
respectively, at 120∘Cand 100Hz. In all the cases, the dielectric
constant obtained for composites is much higher than that
of pure PVDF. It is important to note that dielectric constant
does not change much over the frequency range 102–106Hz.
It is desirable feature for use in device.

Frequency dependence of tan 𝛿 of P-NbC composites
is shown in Figure 6. In case of P-NbC composites, one
relaxation appears around 102–104Hz. The glass transition
relaxation of PVDF, denoted by 𝛼

𝑎
relaxation [26–29], shifts

towards much higher frequency which could not be mea-
sured due to experimental limitation. Relaxation due to
Maxwell Wagner polarization, appearing at slightly less than
100Hz in NbCCTO, shifts towards higher frequency with the
increasing content of NbCCTO in the composites. In case
of P-10NbC, this relaxation peak is close to 193Hz. In case
of P-20NbC and P-50NbC, it occurs at 610Hz and 3200Hz,
respectively. This shift of relaxation peak of NbCCTO to
higher frequency in composites indicates lower relaxation
time (𝜏) due to ease of relaxation of dispersed phase in the
composite vis-à-vis the condensed phase in ceramic. The
relaxation at higher frequency is due to hopping of electrons
among Cu1+ and Cu2+ or among Ti3+ and Ti4+ or Nb4+ and
Nb5+. The ceramic samples are produced by sintering at high
temperatures. These are expected to lose traces of oxygen
during sintering according to the reaction:

O
0
→

1

2

O
2
+ 𝑉
0

00
+ 2e (1)

where all the species are written in accordance with Kroger
Vink notation of defects. Electrons released in the above

reaction are captured by Nb5+ or Ti4+ or Cu2+ to produce
Nb4+ or Ti3+or Cu1+, respectively. Nb5+ and Ti4+ represent
the most stable oxidation state of Nb and Ti, respectively.
On the other hand, Cu1+ represents the most stable state
of Cu having electronic configuration 3d10. During cooling
from sintering temperature, the reverse of the reaction, that
is, reoxidation, takes place. But this reoxidation is restricted to
grain boundaries and surface only. Therefore these ceramics
are expected to contain small concentration of Cu+ along
with Cu2+ being inmajor amount. Electron hopping between
Cu+ and Cu2+ is therefore possible. This hopping has acti-
vation energies in the range of 0.10–0.20 eV as observed in
the present composite samples. Therefore, high frequency
relaxation is ascribed to the hopping of electrons amongCu1+
and Cu2+. Presence of Cu1+, however, has to be confirmed
from XPS study of these samples.

Relaxation time 𝜏 was determined using the relation 𝜏 =
1/2𝜋𝑓 where 𝑓 is the frequency in cycles per second at the
peak position in tan𝛿 versus log𝑓 plots. Plots of log𝜏 versus
1000/T in the lower and high frequency regions are shown in
Figure 7. Values of activation energy obtained from the slopes
of these linear plots are given in Table 1. Activation energies
for the relaxation at the lower frequency are in the range
of 0.20–0.60 eV while these are in the range 0.07–0.20 eV
for the higher frequency relaxation. Dielectric relaxation
has been studied in the ceramic samples in the system
CaCu

3
Ti
4
Nb
𝑥
O
12+𝑥/2

[25]. Values of activation energies
obtained for relaxation at lower frequencies as well as for
relaxation at high frequency in these ceramics are close to
those obtained in the composites samples in the present
study.
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Figure 6: Frequency dependence of effective dielectric constant of PVDF and composites (a), dielectric loss of PVDF and composites at 40∘C
(b), and tan 𝛿 of P-50NbC at different temperature (c).

The temperature-dependent dielectric relaxation is
explained by Havriliak-Negami (H-N) function [26, 30]:

𝜀
∗
= −𝑖

𝜎dc
𝜀
0
𝜔
s + 𝜀∞ +∑

𝑗

(Δ𝜀)
𝑗

[1 + (𝑖𝑤𝜏
𝑗
)

𝛼

]

𝛽
, (2)

where 𝜎dc is dc conductivity, 𝜔 is the angular frequency, 𝑠
is an exponent (0 < 𝑠 ≤ 1), 𝜏

𝑗
is the relaxation time

of the jth process, 𝜀
0
is the permittivity of vacuum, Δ𝜀 is

the dielectric strength of the jth process, and 𝛼 and 𝛽 are
the shape parameters of the H-N function which define the
width and the symmetry of the spectrum, respectively.Width
parameter 𝛼 specifies the slope of the lower frequency side
of the relaxation peak in 𝜀 curve and 𝛽 is the asymmetry
parameter and it is calculated using the slope of the relaxation
behavior on the higher frequency side of the same curve as
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Figure 7: Log 𝜏 versus 1000/T curves for the low frequency range (a) and high frequency regions (b).

Table 1: Activation energy from tan 𝛿.

Activation energy from tan 𝛿
Sample Low frequency High frequency
CCTO 0.204 eV
NbCCTO 0.523 eV 0.102 eV
P-20NbC 0.408 eV 0.17 eV
P-50NbC 0.618 eV 0.20 eV

𝛼𝛽. Analysis of H-N function usingWinFit software program
of PVDF and P-50NbC composite has been given in Table 2
using deconvoluted H-N fits presented in Figure 8. In PVDF,
𝛽 parameter has value of 1 for the temperature range of
measurement showing symmetry of the spectrum. But in
case of composite, it has different values due to interaction
with NbCCTO particles. Relaxation time (s) calculated from
H-N fit using WinFit software decreases with increase in
temperature for P-50NbC composite. Relaxation time for
the composites shows lower value as compared to pure
PVDF. Less value of relaxation time at higher temperature
is explained on the basis of ease of relaxation at higher
temperature due to increased mobility of chains for both
pure PVDF and its composites. On the other hand, at a
particular temperature, the relaxation time decreases in the
composites vis-à-vis pure PVDFmainly because of relaxation
facilitation of tiny particles of ceramic dispersed in polymer
matrix as compared to larger associated grains in condensed
ceramics. The exponent parameter, 𝛼, describes different
spectral shapes. The higher value of 𝛼 for composites as
compared to pure PVDF indicates a stretched relaxation

over a wider range of frequencies than the Debye relaxation
usually observed in pure polymer with 𝛽 = 1. It can be
seen from Figure 8 that in case of P-50NbC composite the
relaxation peak shifts towards higher frequency.

4. Conclusion

CaCu
3
Ti
4
O
12
and Nb doped CaCu

3
Ti
4
O
12
(NbCCTO) have

been synthesised by solid state conventional technique.
Composites of PVDF and NbCCTO (P-NbC) have been
prepared by melt extrusion process. XRD studies indicate
no structural change in either polymer or ceramic in the
composite but the change in d-spacing indicates better
interaction between PVDF and NbCCTO. It is found that
Young’s modulus increases in the composites. There is a
substantial increase in the dielectric constant of CCTO with
Nb doping accompanied by a slight increase in dielectric
loss. Addition of NbCCTO in PVDF increases the dielectric
constant significantly. In composites, dielectric loss is slightly
more than that in pure PVDF. The relaxation peaks shift
towards higher frequencies in the composites suggesting
lowering of relaxation time. This is mainly because of the
easiness of relaxation in tiny ceramic particles well dispersed
in composites as opposed to that in stiffer condensed ceramic
phase. The potential application of these materials can be in
the form of embedded capacitors. The challenges associated
with implementation of this technology are related to the
enhancement of dielectric constant and reduction of dielec-
tric loss. Temperature dependence of dielectric relaxation has
been worked out in detail through H-N function. Debye type
relaxation is observed in pure PVDF with 𝛽 = 1. Stretched
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Table 2: Fitting parameters for 𝛼
𝑐
relaxation as a function of temperature obtained from H-N fits.

Temp. PVDF, 𝛼 P-50NbC, 𝛼 PVDF, 𝛽 P-50NbC, 𝛽 PVDF, 𝜏 P-50NbC, 𝜏
40 0.49 0.62 1 0.59 2.33𝐸 − 2 4.32𝐸 − 2

80 0.53 0.65 1 0.61 1.45𝐸 − 3 6.26𝐸 − 3

120 0.57 0.76 1 0.71 7.44𝐸 − 4 2.18𝐸 − 5
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Figure 8: Dielectric loss in the frequency domain and spectrum was deconvoluted from H-N fits for P-50NbC.

relaxation has been observed over a wider range of frequency
in the composite suggesting asymmetric nature of relaxation.
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