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Abstract. Poly (vinylidene fluoride) / barium zirconate titanate nanocomposite samples with the formula
[x (PVDF) / (1 − x) BZT] (where x = zero, 0.2, 0.4, 0.6, 0.8 and 1) are prepared using the hot pressing
method. The BZT is prepared using the tartrate precursor method. The properties of these nanocomposites
are characterized by X-ray diffraction (XRD), scan electron microscope (SEM), transmission electron
microscope (TEM) and Fourier transformed infrared (FTIR) at room temperature. The XRD patterns
indicate that the average crystallite size ranges from 7.5 to 23.8 nm. The grain size is estimated from
SEM micrograph and lies between 263 and 186 nm, whereas the average crystallite size has a distribution
between 14 and 70 nm from TEM images. The FTIR spectra illustrate the absence of any absorption
band related to the (γ) phase, but the absorption bands characteristic for (α), and (β) phases of PVDF
are observed. The fraction of the (β) phase of PVDF increases by increasing the BZT content, which is
very useful in industrial applications, such as sensors, actuators and transducers. The high value of the
piezoelectric coefficient d33 is measured for the PVDF/BZT nanocomposites.

1 Introduction

In the last few decades, many researchers have studied new materials that have high dielectric permittivity and good
mechanical properties for important technological applications. Ferroelectric ceramics have much higher dielectric
values than polymers but with poor mechanical properties and a lower dielectric breakdown strength. On the other
hand, polymers are characterized by their flexibility, and they have a high strength of dielectric breakdown [1–3].

Polymer/ceramic nanocomposite materials have a wide range of applications because of their improved individual
constituent properties. A composite with high dielectric permittivity and high breakdown strength could be developed
by integrating high dielectric permittivity ceramic, as BZT nanoparticles, with the PVDF polymer [4,5].

At present, many polymers, such as PVDF, polyethylene, and polystyrene can be used as dielectrics in capacitors
due to their large electric breakdown. PVDF represents one of the most important polymers because of its chemical
stability, high elasticity modulus, and very high piezoelectric response compared with other polymers, which makes
it useful in the fabrication of actuators and sensors. In addition, PVDF is the most selected material to be used as a
dielectric, due to its high dielectric strength and permittivity, and low dissipation factor [6–8].

Ferroelectric materials are used in the fabrication of various devices, such as transducers, capacitors, actuators,
sensors, etc., and they are widely used in many electronic components. Barium zirconate titanate (BZT) has gained
great importance because of its high permittivity, high dielectric constant, low dielectric loss, and large tunability,
because Zr4+ is chemically more stable than Ti4+. The stability of Zr4+ leads the composite to be better suited for
several advanced applications, such as microwave technology and piezoelectric devices [9–11].

Recently, various physical and chemical techniques are used to prepare nanomaterials. The widely used chemical
methods are co-precipitation [12], hydrothermal [13,14], reverse micro-emulsion [15,16], auto combustion method [17],
citrate Sol-Gel technique [18,19] and tartaric acid precursor technique [20,21].

Among these techniques, the tartaric acid precursor technique involves the preparation of an aqueous solution of
the required cation. The chelation of cations in solution is caused by addition of tartaric acid, then the temperature
of the solution is increased until formation of the precursor. The precursor is calcined at low temperatures, compared
with other methods, to form the ferroelectric nanopowder. This method is very simple, cheap and available for most
of piezoelectric materials [20,21].
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Fig. 1. The flowchart for the hot press method.

The present study aims to enhance the piezoelectric properties of a [poly (vinylidene fluoride) /barium zirconate
titanate] nanocomposite. The hot press method helps the constituents to be homogenously distributed. The obtained
(PVDF/BZT) nanoparticles were characterized by XRD, SEM, TEM and FTIR spectra.

2 Experiment

2.1 Materials

All chemicals used in this work, including barium nitrate Ba(NO3)2, titanium dioxide TiO2, zirconium oxide ZrO,
tartaric acid C4H6O6 are of analytical grade. The poly (vinylidine fluoride) (PVDF) (–CH2–CF2–)n with average
molecular weight 534000 is purchased from Sigma-Aldrich�.

2.2 Synthesis of BZT nanoparticles

The tartrate precursor method is used for the preparation of BZT nanoparticles. The mixtures of 0.1 mole of [Ba(NO3)2,
ZrO, TiO2] and 0.3 moles of tartaric acid solutions are prepared, then 250mL distilled water is added and stirred for
15 minutes on a hot plate magnetic stirrer. The temperature is raised to 80 ◦C with constant stirring until dryness of
the solution. The precipitation is dried in a dryer at 200 ◦C for 24 hours. The resulting material is hand-grinded in air
using an agate mortar to obtain homogeneous BZT nanoparticles.

2.3 Preparation of PVDF/BZT nanocomposites

The nanocomposite polymer [x (PVDF) / (1−x) BZT] samples (where x= zero, 0.2, 0.4, 0.6, 0.8 and 1) are prepared
using the hot pressing method. The mass percentage of x (PVDF) is added to (1−x) BZT in grams and then grinded
using an agate mortar for 15 minutes. For fabrication, the composite is hot pressed as disks at 120 ◦C for 10 minutes
with a pressure of 5 tons as shown in fig. 1.

2.4 Characterization of PVDF/BZT nanocomposites

The X-ray diffraction (XRD) of nanocomposites is carried out at room temperature using the APD 2000 pro, H423-
virtical diffractometer, equipped with Cu Kα radiation (λ = 1.540598 Å). The grain size and the samples surface
morphology are obtained by Quanta FEG-250 Scanning Electron microscope (SEM). The particle size of nanocom-
posites is investigated by JEOL JEM-2100 transmission electron microscope (TEM). The TEM specimen is prepared
by the ultrasonic dispersion of a small amount of powders in a few milliliters of ethanol, and is then dropped on a
copper grid covered by an amorphous carbon film. Fourier transformed infrared spectroscopy (FTIR) spectra analysis
is carried out at room temperature using a BRUKER FT-IR spectrometer tensor 27 in the range of 200 to 4000 cm−1.
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Fig. 2. The XRD patterns of the prepared [x (PVDF) / (1−x) BZT] nanocomposites (where x= zero, 0.2, 0.4, 0.6, 0.8 and 1).

3 Results and discussion

3.1 X-Ray diffraction studies

Figure 2 shows the XRD patterns of the prepared [x (PVDF) / (1−x) BZT] nanocomposites (where x= zero, 0.2, 0.4,
0.6, 0.8 and 1). The XRD patterns show a typical perovskite structure without any foreign secondary phase peaks.
The PVDF shows a semi-crystalline structure with some peaks which belong to the unpolarized (α) phase and others
belonging to the polarized (β) phase. The ferroelectric phase is still dominating the crystal properties of the composite
up to x = 0.4. The reflected peaks reveal the formation of a stable solid-state solution composite from BZT and PVDF,
since no extra peaks appear in the XRD pattern [22].

To investigate the inference of ferroelectric polymer PVDF on ferroelectric ceramic BZT, XRD studies are performed
for pure PVDF and BZT based ferroelectric ceramic. High peaks are caused by the (020) and (021) crystal planes at
2θ ∼= (18.6, 27◦). The peaks belong to the (α) phase of PVDF, while those caused by the plane (200) at 2θ ∼= (45.4◦)
belong to the (β) phase of PVDF [23–25]. It is noticed from the XRD patterns that the (α) phase content decreases
by increasing the BZT ratio, which means that the (α) phase is transferred to the (β) phase by addition of BZT. This
is a very important notification in industry, because the (β) phase represents a piezoelectric phase due to its polar
character.

The structural parameters of (PVDF/BZT) nanocomposites including lattice parameters, a and c, cell volume,
V , and the crystallite size, D, are given in table 1. The average crystallite size (D) is calculated using the Scherer’s
equation as follows:

D = 0.9
λ

h1/2 cos θB
, (1)

where λ is the wavelength for Cu-Kα (λ = 1.540598 Å), h1/2 is the full width at half maximum (FWHM) of the
diffraction peak in radian, and θB is the diffraction angle.

As is shown in the table, the average crystalline size of the samples prepared by the tartaric acid method lies in
the nanometer range (7.5–23.8 nm).
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Table 1. The structural parameters of (PVDF/BZT) nanocomposites.

x
Lattice parameters

c/a
Crystallite size Cell volume

a (Å) c (Å) D (nm) V (Å)3

0 3.9868 4.0061 1.0048 23.77 63.68

0.2 4.0170 4.0240 1.0017 18.59 64.93

0.4 4.0177 4.0251 1.0016 16.98 64.97

0.6 4.0042 4.0060 1.0005 16.66 64.23

0.8 4.0396 4.0680 1.0070 7.50 66.38

Fig. 3. The bulk density Dexp and the porosity P of the composite samples vs. the PVDF content.

Figure 3 shows the bulk density (Dexp) and the porosity (P ) of the composite samples vs. PVDF content. The
porosity is increased by increasing the PVDF content, due to the increase of the intergranular pores as a result of the
PVDF addition. On the contrary, the bulk density decreases by increasing the PVDF content.

3.2 The scanning electron microscope (SEM)

The SEM micrographs for all nanocomposite samples are shown in fig. 4. As is shown from the SEM of the samples,
the PVDF samples surround the BZT grains, leading to a decrease in its grain size by increasing the PVDF content.
The grain size estimated from SEM micrograph lies between 263 and 186 nm. Moreover, the SEM micrograph of
PVDF exhibits no features, due to the absence of any crystalline morphology. The microstructure of the PVDF/BZT
composite illustrated by SEM clearly indicates the presence of BZT grains as a bright dense roughness region, while
the dark region is related to the PVDF polymer with smooth surface. In addition, the figures show that the BZT is
homogenously dispersed in the PVDF polymer matrix. Our results are confirmed by previous results [1]. It is noticed
that the homogenous distribution increases by decreasing the PVDF content and the increase in the particle size [26].

3.3 The transmission electron microscope (TEM)

The transmission electron microscope (TEM) images of the PVDF/BZT nanocomposites are shown in fig. 5. It is
found that the nanocomposite samples consist of particles having distribution between 14 and 70 nm. Although the
XRD is a useful tool for determining the crystal size, it does not give information about its size distribution. On
the other hand, the TEM can be used to give information about the shape and size distribution of the nanoparticles.
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Fig. 4. The SEM micrograph [x (PVDF) / (1 − x) BZT] nanocomposites.

The PVDF micrograph shows a spherical particle in an agglomerated state. However, the TEM micrograph shows that
the BZT crystallite dark region is surrounded by a PVDF bright region and it forms what is called a core shell, which
is very important in many industrial applications, such as sensors, actuators and transducers [27]. A stable and dense
polymer shell clearly coated the surface of BZT nanoparticles. The thickness of the coating polymer shell is about
8–9 nm [28]. The tetragonality character of the BZT crystallite is illustrated in the BZT sample. It can be noticed, from
the TEM micrograph, that the crystallite size decreases by increasing the PVDF content. The core shell phenomenon
is the reason for this behavior, because the accumulation of PVDF polymer around the BZT nanoparticles retards the
crystallite growth, leading to a decrease in its size. The same result is obtained from the analysis of the XRD pattern
using Scherer’s equation. The crystallite size obtained from XRD and particle size obtained from TEM micrograph
are given in table 2.
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Fig. 5. The TEM micrograph of [x (PVDF) / (1 − x) BZT] nanocomposites.
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Table 2. The crystallite size from XRD and particle size from TEM micrograph with x content.

x content
Crystallite size from XRD Crystallite size from TEM Grain size from SEM

(nm) (nm) (nm)

0 24 39 258

0.2 21 32 246

0.4 19 28 176

0.6 17 18 120

0.8 8 10 111

Fig. 6. FTIR of the PVDF/BZT nanocomposite samples.

3.4 The Fourier transformed infrared (FTIR)

The FTIR spectra at room temperature in the range of 200–4000 cm−1 for the PVDF/BZT nanocomposite samples
are shown in fig. 6.

The absorption spectra provide rich information about the different phase transformation, which occurred in PVDF
due to the addition of BZT. It is well known that the formation of PVDF consists of different phases according to
the arrangement of fluorine ions, carbon and hydrogen atoms. The (α) and (γ) phases are non-polar, whereas the
(β) phase is polar due to the regular arrangement of negative fluorine on one side of the chain and of the positive
hydrogen ion on the other side. PVDF as a raw material shows predominantly the (α) phase (non-polar phase), while
the presence of the (β) phase is enhanced by different methods. It is preferable to transfer the (α) phase to the (β)
phase by annealing either at high temperature or high pressure.
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Table 3. The absorption FTIR bands characteristics of the (α) and (β) phase-PVDF.

α β

Wave number (cm−1) 481-615-766-880-979-1185-1403 426-532-840-1287

Table 4. The fraction of the (β) phase of PVDF with PVDF content.

PVDF content BZT content F (β)

1 0.00 0.466

0.8 0.2 0.473

0.6 0.4 0.487

0.4 0.6 0.494

0.2 0.8 0.497

The FTIR spectra show that the absorption bands at 426, 532, 840 and 1287 cm−1 are related to the (β) phase. The
bands at 1287 and 532 cm−1 are assigned to C-H2 and C-F2 bending vibration bands, respectively, where 426 cm−1 is
a stretching vibration, which is parallel to the a-axis of the PVDF chain [27]. The (α) phase is observed at 481, 615,
766, 880, 979, 1185, and 1403 cm−1. The absorption band appears at 1403 cm−1 attributed to C-H2 wagging vibration,
but the C–C band of PVDF is observed at 1185 cm−1. The band at 880 cm−1 is related to the C–C–C asymmetrical
stretching vibration of PVDF, while that at 766 cm−1 is related to the vibration of the PVDF chain. The band at
615 cm−1 belongs to the bending vibration of C-F2, where the bending and waging vibrational frequency is observed at
481 cm−1, which is the characteristic absorption band for the (α) PVDF phase [23,25,29]. Our FTIR results illustrate
the absence of any absorption band related to the (γ) phase, as summarized in table 3.

The fraction of (β) phase was calculated by using the following equation [30,31]:

F (β) = Aβ/[1.26(Aα) + Aβ ], (2)

where Aα and Aβ are the absorption band intensity for the (α) and (β) phases, respectively.
This fraction found to increase by increasing the BZT content as shown in table 4, which is useful in industry

applications and is considered as a simple tool to obtain a polar piezoelectric PVDF.
These results are in agreement with the result of XRD diffraction for our nanocomposites. It is found that the broad

absorption band at 3420 cm−1 frequency is attributed to the stretching vibration of the O-H group. The absorption
bands at 541 and 421 cm−1 for pure BZT are assigned to the stretching vibration of the BaO2 and TiO2 bond,
respectively.

3.5 Piezoelectric modulus (d33) of the nanocomposite samples

The effect of PVDF on the piezoelectric modulus (d33) of the nanocomposite samples is shown in fig. 7. It is noticed
that (d33) increases gradually as BZT content increases; this can be explained as follows.

The micro structural study shows that the grain size is increased by increasing BZT, i.e., the decrease in the grain
size decreases the volume fraction of the grain boundary. Therefore, increasing the domain wall mobility under the
applied stress increases the (d33) modulus by increasing BZT. The orientation of the molecular chain and self-align
dipoles enhance the piezoelectric response, and are observed during the addition of BZT. The d33 of our composite is
the result of the linear relationship between the applied stress and the generated piezoelectric charge. The dependence
of d33 on BZT content is shown in fig. 7, which illustrates that the d33 increases by increasing the BZT content due to
the transformation of the (α) non-polar phase to the (β) polar phase. This transformation is confirmed by the XRD
and IR spectra. The most advantage result of our work is obtaining the polar phase of PVDF only by the addition of
BZT content instead of other methods. Drawing and annealing under different pressure conditions are examples for
phase transfer. The phase transfer methods are shown in fig. 8. The increase of d33 is due to the increase of BZT ions,
which leads to more ionic displacement under the applied mechanical stress.

A correlation between the DC conductivity and the piezoelectric effect can be estimated from fig. 9. At low BZT
concentration, the conduction mechanism is due to the insulating PVDF, which slowly increases the d33 value by
increasing BZT as shown in fig. 7 [32]. The transformation from the (α) to the (β) phase leads to the change of
the conduction mechanism from insulating to ionic and bipolar conduction mechanisms and, consequently, the d33

increases sharply.
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Fig. 7. The piezoelectric modulus (d33) of the BZT content.

Fig. 8. The diagram shows how each of the crystalline phases of PVDF can be achieved.
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Fig. 9. The dc conductivity σ of the BZT content.

Table 5. Results of d33 for our composite and published data for PVDF composite, where BCT is barium carbonate titanate,
CCTO is calcium cupper titanate and TrFE is trifluoroethylene.

Composition d33 (pC/N) Reference

0.25(BZT-BCT)−0.75(PVDF) −31 [33]

0.25(BZT-BCT)−0.75(0.2 PVDF- 0.8 CCTO) −19 [33]

(PVDF-TrFE) −38 [34]

PVDF −33 [35]

0.8(BZT)+0.2(PVDF) −45 Present work

Table 5 indicates the result of d33 for our composite and published data for PVDF composite. The piezoelectric
constant is negative, which means that when the electric field is applied in the same direction of the polarization, the
thickness of the composite sample decreases.

4 Conclusions

The ferroelectric nanoparticles of BZT are synthesized by the tartrate precursor method and [x (PVDF) / (1 − x)
BZT] nanocomposites (where x= zero, 0.2, 0.4, 0.6, 0.8 and 1) are prepared using the hot pressing method. The
XRD patterns show a typical perovskite structure without any foreign secondary phase. SEM micrograph shows
the homogeneous distribution of the ceramic in the polymer. The TEM micrograph shows the BZT crystallite as a
dark regions surrounded by bright PVDF regions to form a core shell, which is very important in many industrial
applications, such as sensors, actuators and transducers. The fraction of the (β) phase is calculated from FTIR
spectra and is found to increase by increasing the BZT content. The piezoelectric modulus (d33) is found to increase
by increasing the BZT content, which enhances the piezoelectric properties of (PVDF) nanoparticles.
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