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Abstract: Composite films were prepared by two different routes: lead zirconate titanate (PZT) particles coated with polyaniline (PAni) 
dispersed in a polymeric matrix of polyvinylidene fluoride (PVDF); and PZT particles and PAni powder dispersed separately in the 
polymer matrix. The electrical conductivity of the particles was controlled by the protonation and de-protonation of PAni in solution 
with controlled pH. The results indicate that the percolation threshold of the composite made of PZT coated with a conductive layer 
(PZT-PAni) is in the range of 20 vol.% to 30 vol.% of PZT-PAni. The PZT-PAni/PVDF composite redoped in solution with pH 3.7 
showed the best results in terms of longitudinal piezoelectric coefficient (d33) in samples containing 30 vol.% of ceramic particles due 
to the equilibrium between conduction and poling effects on the composite. The poling process of the composite sample required just  
5 MV/m electric field applied during 15 min. Furthermore, the composite was used as sensor in structural health monitoring (SHM), 
showing the possibility to propose it as a functional material. 
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1. Introduction  

Ferroelectric ceramic polymer composites dispersed 
in polymer matrices are a well-established alternative 
to lithium-based crystals and ferroelectric polymers. 
The main advantage of composite materials over 
individual ones is that they enable the ceramic’s high 
piezoelectric and pyroelectric activities to be combined 
with the polymer’s excellent mechanical properties at 
the desired ratios and for specific applications [1, 2]. 

Numerous papers have described the preparation and 
characterization of ceramic/polymer composites, most 
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of them aimed at their application as sensors, 
transducers or actuators [3-6]. The findings published 
in the literature indicate that ceramic/polymer 
composites have potential technological applications in 
several areas because they can be obtained as flexible 
film. However, despite the advantages of composite 
materials, their poling still poses difficulties [1, 7] 
because the effective electric field to polarize 
ferroelectric ceramic particles is much lower than the 
applied electric field. 

The poling efficiency of ceramic particles dispersed 
in a polymer matrix can be enhanced by introducing a 
third phase into the composite to create an electrical 
flux path between the ferroelectric particles. Several 
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studies have shown that the inclusion of a 
semiconductor phase favors the poling process [6-12]. 
However, the effect of a semiconductor phase on the 
polarization state and ferroelectric property of the 
composite is still not well-known and requires more 
in-depth studies. 

In this study, a conducting polymer (polyaniline, 
PAni) was included in the composite to control its 
electrical conductivity, using two distinct routes: (a) 
partial coating of the ceramic particles, and (b) 
dispersion of the PAni powder separately from the PZT 
powder. The longitudinal piezoelectric coefficient, d33, 
was measured to compare the electroactive properties 
of the composite films obtained by the two above 
described routes. The aim was to understand the 
advantages of fabricating composites using particles 
partially coated with a conductive layer, and to 
determine how the poling process occurs in this   
case. 

2. Experiments 

2.1 Samples 

Composite films were prepared by two distinct 
routes. In the first route, PZT, PAni and PVDF (α form) 
powders were mixed together mechanically and 
pressed in the melting temperature range of PVDF, 
resulting in the PZT/PAni/PVDF composite. In the 
second route, PZT particles were partially coated with 
PAni and then mixed with PVDF and pressed as 
described by Fuzari Jr. [8], resulting in 
PZT-PAni/PVDF composite film. 

2.2 Measurements 

(a) DC conductivity was measured at room 
temperature, using a Keithley 236 Source Measure 
Unit (SMU); 

(b) FEG-SEM micrographs were recorded, using a 
JEOL model 7500F scanning electron microscope; 

(c) Electrical Impedance was measured in disc-shape 
PZT-PAni samples prepared from PZT particles 
partially coated with PAni. The composite film was not 

subjected to this analysis due to the low dielectric 
constant exhibited by the PVDF matrix, which could 
mask the occurrence of the pseudo-connection of the 
conductive phase; 

(d) Piezoelectric Coefficient was measured in 
composite samples previously polarized with an 
electric field of 5.0 MV/m for 15 min at 90ºC. The 
piezoelectric activity was analyzed by measuring the 
longitudinal piezoelectric coefficient d33, using a Trek 
610C power supply, a Pennebaker Model 8000 Piezo 
d33 Tester (American Piezo Ceramics, Inc.) and a HP 
34401A multimeter; 

(e) Acoustic Emission (AE) tests were carried out 
with the composite film surface mounted onto an 
aluminum plate (300 × 300 × 1 mm). To simulate the 
AE source, pencil lead was broken on the surface of the 
plate. This is the conventional Hsu-Nielsen [13] 
method which obeys the ASTM standards. 

3. Results and Discussion 

PZT-PAni/PVDF composite films were produced 
with different thicknesses according to the 
ceramic-to-polymer ratio. The higher the ceramic 
content the greater the thickness and the more brittle 
the sample. Film thicknesses ranged from 100 µm to 
500 µm. Samples with low ceramic content are thinner 
and more flexible. Also, they are more likely to possess 
0-3 connectivity [14], i.e., the ceramic particles are 
dispersed separately in the polymer matrix and are not 
connected to each other. On the other hand, the 
electroactive properties of these samples are reduced 
due to their lower dipole density. 

PZT-PAni containing 30 vol.% of ceramic showed a 
uniform distribution in the matrix, with connectivity 
close to 0-3, as illustrated in Fig. 1a. The presence of 
PAni-coated PZT particles can be observed in Fig. 1b, 
which shows a thin layer of conducting polymer on the 
particles. At 50 vol.% of ceramic, the particles are 
highly interconnected, as indicated in Fig. 2. In this 
case, the composite film can no longer be considered to 
possess 0-3 connectivity. 
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the PZT particles are not completely coated, the PAni 
molecules may be separated by a small distance, 
resulting in the appearance (or increase) of small 
potential barriers, even above the percolation threshold. 
In other words, although the ceramic particles appear to 
be connected (pseudo-connection), they are separated 
by small distances from the conducting material 
adhering to them [17]. 

The PZT/PAni/PVDF composite containing 
29.5/0.5/70 vol.% was poled at 90 ºC for 15 min with 
5.0 MV/m dc electric field and the measured 
longitudinal piezoelectric coefficient d33 was 7.0 pC/N, 
which is higher than the value of d33 = 4.8 pC/N 
obtained for the composite sample (PZT/PVDF) 
without conductive phase, with 30/70 vol.% poled in 
the same conditions. Samples with higher PZT/PAni 
contents could not be polarized because of breakdown, 
even in electric fields lower than 5.0 MV/m. 

For the PZT-PAni/PVDF composite, the poling 
electric field can be applied up to 10 MV/m even in 
samples with PZT-PAni content exceeding the 
percolation threshold. If the PZT-PAni content is 
below the critical concentration, e.g., 20 vol.%, the 
electroactive property of the composite is low due to 
the small amount of ferroelectric phase in the 
composite film. 

Fig. 5 shows the possible model of internal 
configuration for the composite samples obtained by 
the two different routes. In the PZT/PAni/PVDF 
composite (Fig. 5a), the electrical conduction path can 
appear without any contact or with little contact among 
the PZT particles, which makes the poling process 
difficult due to breakdown or because the electrical 
flux path passes through the sample. In the 
PZT-PAni/PVDF composite (Fig. 5b) (considering 
PZT totally coated with PAni), the electrical flux path 
is created over the particles. However, in this case, the 
direct current flux does not allow the particles to be 
polarized due to the shielding effect of the conductor 
phase on the particles, which prevents their contact 
with the applied electric field. 

Fig. 5c shows what actually occurs. The PZT 
particles are only partially coated by the conductive 
phase, leaving islands of PAni on the PZT particles. 
The small distance between the island and the particle 
or between particles can generate capacitive and 
resistive effects, which are responsible for the poling 
process. Adjusting the impedance values [18] of 
PZT-PAni pellets with totally doped PAni (conductive 
state), as shown in Fig. 6, the equivalent electrical 
circuit should be represented by two circuits in series, 
each one with an associated resistor in parallel with a 
component with constant phase (EPC). The two 
circuits in series represent two relaxations, shown in 
the Cole graph [19, 20] (Fig. 6a) or in the impedance   
vs. frequency graph (Fig. 6b), which can be attributed to 
conduction or poling effects on or between the particles. 
The conduction path must necessarily cross the 
particles and inter-particle boundaries. 

Is should be noted that the EPC component is 
practically a capacitor, since the value of n is close to 1. 
However, no set for the ideal capacitor indicates that 
there are some resistive effects that cannot be adjusted. 
This suggests that there are alternative conduction 
paths and that the decrease in the electrical 
conductivity of the composite can enhance its 
polarization. However, if the electrical resistance is 
high,  the resistance  of the  EPC will  also be  enhanced,  
 

 
Fig. 5  Two-dimensional model for internal configuration 
over the percolation threshold: (a) PZT/PAni/PVDF; (b) 
PZT-PAni/PVDF with totally coated particles and (c) 
PZT-PAni/PVDF with partially coated particles. 
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(a)                                                (b) 

Fig. 6  Equivalent electrical circuit for PZT-PAni pellets. R1 = 1.20 × 104 Ω; Q = 7.49 × 10-9C; n1 = 0.75; R2 = 4.00 × 104 Ω; Q = 
1.99 × 10-7 C; n2 = 0.86. Electrode area = 0.35 cm2, thickness = 0.080 cm. (a) Cole graph; (b) impedance x frequency graph. 
 

 
Fig. 7  d33 x pH for PZT-PAni/PVDF 30/70 vol.% 
composite film. 
 

 
Fig. 8  d33 x ceramic content: poling field: 5.0 MV/m, poling 
time: 15 min, and temperature of polarization: 90 ºC. 

which hinders the poling process. Therefore, the ideal 
situation is an intermediate value at which the poling 
process can be optimized. 

Fig. 7 shows the behavior of the longitudinal 
piezoelectric coefficient d33 of PZT-PAni/PVDF at 
different levels of PAni doping. The sample was 
polarized with a 5.0 MV/m electric field for 15 min at 
90ºC. Samples doped at pH = 3.7 showed the best 
results, reaching a d33 value of 16.0 pC/N. At pH values 
above and below 3.7, the d33 values declined. The 
composite with dedoped PAni presented a d33 
coefficient of 11.0 pC/N, while the fully doped 
composite showed a d33 of only 4.0 pC/N. With regard 
to the circuit (Fig. 6), it is clear that if the sample’s 
electrical resistance decreases significantly, its 
preferential electrical flux path will be through the 
resistors. On the other hand, the electrical resistance of 
dedoped samples is high; albeit still lower than that of 
uncoated PZT particles.  

Fig. 8 shows the d33 behavior when the PZT-PAni 
ratio is changed. For comparison, the measurement of 
PZT/PVDF (without conducting phase) is also plotted. 
The composite containing PAni redoped at pH = 3.7 
shows better results at 30 vol.% of coated ceramic 
fillers. With higher PZT-PAni content, the 
piezoelectric coefficient decreases due to the increase 
in electrical conductivity. At 50 vol.%, the d33 value is 
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the same as that of the fully doped PZT-PAni. The 
dedoped sample shows a better result at about 40 vol.% 
of PZT-PAni and, at 50 vol.%, the piezoelectric 
coefficient is equal to 50 vol.% of PZT/PVDF 
composite. It should be noted that a sample with this 
volume of ceramic content no longer shows pure 0-3 
connectivity. The contact between coated particles 
increases the conduction channels, hindering the poling 
process. Also, it is more difficult to keep the polarized 
dipoles frozen after removing the polarization field. 

Fig. 9 shows increasing electrical conductivity in 
composite films redoped at pH = 3.7, even at volume 
fractions of PZT-PAni above the percolation threshold, 
due to the increase in percolation channels, which 
occurs with increasing PZT-PAni content. The same 
explanation holds true for totally doped compositefilms.  
 

 
Fig. 9  Electrical conductivity in response to PZT-PAni 
content. PAni redoped at pH 3.7. 
 

 
Fig. 10  Waveform in time domain. Response of the sensor 
to a pencil lead break. 
 

The d33 is enhanced with increasing PZT-PAni content 
because, essentially, the ferroelectric phase increases 
without a corresponding significant change in electrical 
conductivity (Fig. 3). Although the dedoped 
PZT-PAni/PVDF composite with 40 vol.% of ceramic 
particles showed a higher d33 value, the sample with 30 
vol.% of PZT-PAni redoped at pH = 3.7 seems to be the 
better choice, since the advantage of a lower ceramic 
content is that the flexibility of the composite film is 
preserved.  

Using the best composite sample as sensor, it was 
surface mounted onto an aluminum plate for AE test. 
Fig. 10 shows acoustic waveform detected by an 
oscilloscope as a sensor response to a pencil lead break. 
It can be seen from the results obtained that 
PZT-PAni/PU composite poled with just 5.0 MV/m 
during 15 min has sensitivity enough to detect AE 
signal. 

4. Conclusions 

Composites with PZT particles partially coated with 
PAni and dispersed in PVDF matrix were prepared and 
their electrical conductivity was altered according to 
the degree of protonation of PAni. The poling 
efficiency was enhanced by controlling the 
conductivity of the composite samples. The percolation 
threshold for such composites is in the range of 20 to 30 
vol% of PZT-PAni inclusions. The electroactive 
property over the percolation threshold showed a better 
performance because the conductive phase coating was 
partial, allowing for polarization effects in the vicinity 
of the particles (pseudo-connection). 

When PAni powder was dispersed as a third phase 
(separately from PZT particles) in the PVDF matrix, 
the percolation threshold varied from 0.5 vol.% to 1.0 
vol.% of PAni. Higher volumes of PAni prevented the 
sample from becoming polarized. 

PZT-PAni/PVDF composite film redoped with 
hydrochloric acid at pH = 3.7 showed a high 
longitudinal piezoelectric coefficient, d33, in samples 
containing 30 vol.% of ceramic due to the equilibrium 
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between conduction and poling effects on the sample. 
The main advantage of using PZT particles coated with 
a conducting polymer is that flexible samples with low 
PZT content and good longitudinal piezoelectric 
coefficient can be obtained, resulting in a composite 
film with 0-3 connectivity. Furthermore, the lower 
poling electric field (5 MV/m) and the reduced poling 
time (15 min) necessary for the polarization process of 
the composite film overcome the time consuming and 
the high electric voltage generally used with piezo 
composite. 

Preliminary result indicates that this composite can 
be used as acoustic emission sensor. Characterization 
of the sensor is in development in our Lab. 
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