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1-3 Castor Oil-Based Polyurethane/PZT Piezoelectric Composite as a Possible Candidate for 
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In this study, we obtained and characterized a piezoelectric composite with 1-3 connectivity from 
castor oil polyurethane (PUR) and lead zirconate titanate (PZT) rods. Two samples were obtained, one 
with 15% PZT volume and the other with 34% PZT volume. The ac electrical properties of the 1-3 
piezoelectric composite samples demonstrated the frequency-dependence behavior of disordered solids. 
The piezoelectric coefficient (d33) was greatly influenced by the number of PZT rods and the matrix 
curing process. The sample with 34% PZT volume showed a higher d33 value, (246 pC/N measured 
after 30 d of polarization). The composites were evaluated for use in acoustic emission wave sensors 
for application in structural health monitoring.
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1. Introduction
Piezoelectricity is simply the conversion of mechanical 

energy into electrical energy or the reverse process1. 
In piezoelectricity, the generation of electric charges by a 
material is proportional to the applied mechanical stress, 
conversely, the change in the physical dimensions of the 
material is related to the applied electric field2. This property 
has been observed in various materials, e.g., ceramic materials 
such as lead zirconate titanate (PZT)3 and barium titanate 
(BaTiO3)4, oxides and nitride materials such as zinc oxide 
(ZnO)5 and gallium nitride (GaN)6, and polymeric materials 
such as poly(vinylidene fluoride) (PVDF)7,8.

Among all piezoelectric materials, piezoelectric ceramics 
with a perovskite-type structure such as PZT9 stand out the most. 
Even though piezoelectric ceramics have high piezoelectric 
activity and a high dielectric constant, their mechanical 
resistance is low. To solve this problem, the piezoelectric 
ceramic particles have been incorporated into the polymeric 
matrices to combine the properties of each phase, i.e., the 
excellent mechanical properties, lightness, and flexibility 
of the polymeric matrix with the high piezoelectric activity 
and high dielectric constant of the piezoelectric ceramics10,11.

The most widely studied polymer/ceramic composites 
are those with 0-3 connectivity owing to their easy synthesis 
process. However, for every composite, there are ten possible 
connectivity patterns12,13. In composites with 0-3 connectivity, 
the ceramic particles are dispersed in the matrix so that there 
is no contact between the ceramic grains. On the other hand, 
the polymer phase is connected in three-directions. In this 
type of composite (with 0-3 connectivity), the polarization 
of the ceramic particles incorporated in the matrix is not as 

efficient. This is because the polymer has a low dielectric 
constant causing a low internal electric field on the ceramic 
particles14. Research in this area has proposed alternatives to 
increase the electric field on the ceramic particles incorporated 
in the composite. One of the alternatives is the incorporation 
of a third conductive phase, such as conductive particles 
and polymers15,16.

Another possibility has been to obtain composites with 
another type of connectivity, such as 1-317-19. In this type of 
composite, the ceramic particles are connected in one of the 
three directions, while the polymer phase is self-connected in 
three directions. In the 1-3 composites, the piezoelectric ceramic 
acts as an active medium in the conversion of mechanical 
to electrical energy. On the other hand, the polymer matrix 
acts as a passive medium, i.e., it transfers mechanical energy 
between the piezoelectric ceramic and the environment with 
which the compound interacts20. In the 1-3 piezoelectric 
composite, the polarization of ceramics is more efficient, 
because the electric field is applied directly on the ceramic 
and unlike in the 0-3 composite, there is no polymer phase 
with low dielectric permissiveness between the ceramic 
grains that limits the electrical field that will be applied.

The combination of a polymeric phase and piezoelectric 
ceramic rods provides greater electromechanical coupling, 
less spurious modes, and smaller acoustic impedance21,22. 
In this sense, the application range of 1-3 piezoelectric 
composites is wide, e.g., transducers for medical ultrasound23, 
sensors24,25, and harvesting energy26. There are numerous 
studies on the production and properties of polymer/ceramic 
composites with 1-3 connectivity27-33. However, there is 
still much to be explored, mainly from the perspective of 
the influence of the matrix on the final properties of these *e-mail: michael.silva@unesp.br
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composites. Although the matrix is often seen only as a 
passive component in 1-3 piezoelectric composites during 
the transfer of mechanical energy to the ceramic columns, 
it plays an important role in the reduction of lateral stresses, 
allowing for greater performance of the ceramic in its 
thickness direction31. As exhibited by 1-3 cementitious-matrix 
composites, constrictive or microstructural alteration of the 
matrix on a time scale can bring instability to piezoelectric 
coefficient (d33) over time, or even improve its constriction 
and/or densification behaviour34-37. This finding can be 
substantiated if the matrices were to be investigated from 
the perspective of polymeric matrices that undergo slower 
curing processes. An investigation is yet to be carried out, 
even in specialized studies.

Consequently, we outline here an innovative way of 
obtaining a low-cost 1-3 piezoelectric composite using 
castor oil-based polyurethane (PUR)/PZT. We illustrate the 
influence of the constrictive behavior of the matrix on the 
piezoelectric coefficient of composites with different volume 
fractions of ceramic. The dielectric, electric, and piezoelectric 
properties of the composite were analyzed to evaluate its 
possible application in structural health monitoring sensors.

2. Experimental

2.1 Materials
The prepolymer and polyol components used to obtain 

castor oil-based polyurethane were obtained from the Analytical 
Chemistry and Polymer Technology Group of the Institute 
of Chemistry at the University of São Paulo, campus São 
Carlos - SP. The stoichiometric ratio of prepolymer/polyol 
for the preparation of the composite was 1.0/0.7 (1.5 g of 
the prepolymer and 1.05 g of polyol).

The PZT was purchased from American Piezo Ceramics-
APC in powder form (material reference code: 851). Its main 
characteristics are listed below:

•	 d33 Piezoelectric coefficient ≈ 400 pC/N;
•	 g33 Piezoelectric voltage constant ≈ 24×10-3 Vm/N;
•	 Relative dielectric constant at 1 kHz ≈ 1950;
•	 ρ ≈ 7.6 g/cm3.

2.2 Obtaining of PZT rods
The PZT rods were obtained by mixing the PZT ceramic 

particles and water in an agate mortar until the mixture exhibited 
a pasty appearance. The mixture was then placed in a plastic 
syringe and extruded to obtain PZT rods. The PZT rods were 
then dried in an oven at 80 °C and then calcined and sintered 
at a temperature of 1470 °C (heating rate of 10 °C/min) in a 
muffle furnace for 1 h. At the end of the process, the samples 
were washed with acetone in an ultrasonic bath and dried 
again at 100 °C for 24 h and stored for later use.

2.3 1-3 Piezoelectric composite fabrication
To prepare the composite with 1-3 connectivity, PUR 

was used as the polymer matrix in a pre-polymer/polyol 
stoichiometric ratio of 1.0/0.7. To prepare the piezoelectric 
composites, a teflon mold with a base of uniformly spaced 
small holes (90 holes) was used to enable the PZT rods 
remain in a vertical position. Figure 1 illustrates the mold 
obtained from the 1-3 composite.

Two samples were obtained with a different number of 
PZT rods, i.e., 90 (filled mold) and 45 (half mold). First, 
the rods were vertically positioned on mold. After placing 
the desired number of rods, the solution containing PUR 
was poured into the mold and remained in the desiccator 
for 48 h for polymerization and curing of the matrix to take 
place. After 48 h the samples were sanded to obtain an even 
surface and then the electrodes were painted with conductive 
paint. The volumetric fraction of the sample with 90 rods 
was 66/34 (PUR/PZT), and for the sample with 45 rods, the 
volumetric fraction was 85/15 (PUR/PZT). All calculations 
of the volumetric fraction were performed after curing and 
polymerization of the PUR.

Figure 1. Representation of the teflon mold for obtaining piezoelectric composites with 1-3 connectivity.
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2.4 Methods

2.4.1 Impedance and piezoelectric analysis
The dielectric and electrical properties of 1-3 PUR/

PZT piezoelectric composites were determined in the 
frequency range of 10-2 – 106 Hz at room temperature, 
using an SI 1260 Solartron Impedance Analyses with 
a 1296 Dielectric Interface.

The samples were polarized by applying a constant 
electric field (1.0 MV/m), using a Trek Model 610 C voltage 
source. The polarizations were carried out at a temperature 
of 100 °C for 60 min and cooled to room temperature with 
the electric field applied. The piezoelectric coefficient, d33, 
was measured by the American Piezo Ceramics (APC) 
d33 Piezo Tester, model 8000. All measurements were 
performed at 10 different points, on both metalized sides 
of each sample. The average d33 of each face together with 
the respective deviation are presented

2.4.2 Tests of structural health monitoring by acoustic 
emission

To perform the acoustic emission (AE) tests, 
the 1-3 piezoelectric composite samples were glued on 
a carbon fiber plate surface (Figure 2) with dimensions 

of 300 x 300 x 1 mm. Figure 2 shows the experimental 
setup. An oscilloscope (Agilent DSO6012A) was used to 
register the sample signals. Two AE simulation methods 
were used: (i) fall of a metallic sphere, where a metallic 
sphere of mass 21.4 g was released from a fixed height 
(5 cm), varying between 5 and 25 cm from the sensor 
with 5 cm increments38. (ii) The well-known Hsu-Nielsen 
method (ASTM E976-10 standard)39,40, in which a pencil-
lead was broken on the carbon fiber plate at a distance 
of 15 cm from the sensor.

2.4.3 Morphological analysis
The morphology of the PZT rods was analyzed via 

scanning electron microscopy (SEM), (EVO LS15, Zeiss, 
Germany). The samples were fractured and then covered 
with a thin layer of carbon by the sputtering method.

3. Results and Discussion

3.1 Morphological analysis
Figures 3a and 3b shows the SEM micro images of the 

PZT rods. The rods clearly had a compact morphology, 
which was attributed to the joining of the grains in the 
sintering process. Figure 3b shows an enlargement of one 

Figure 2. The perspective view of the testing system of sensors based on 1-3 PUR/PZT piezoelectric composite.

Figure 3. Morphological analysis of PZT rods after calcination and sintering.
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of the possible pores. The hexagonal structure obtained from 
the growth and junction process of the PZT grains can be 
seen. The distinct morphology observed in the pore region 
may be attributed to the probable accumulation of water in 
the region, which reduced the local temperature during the 
sintering process. On the other hand, as can be seen from the 
analysis of several samples, the presence of pores is possible 
and is mainly attributed to the simplified extrusion process 
adopted. Su et al.41 observed the similar characteristics for 
the microstructure of PZT micro-pillars, i.e., dense with 
small pores in the microstructure after sintering.

3.2 Dielectric and electric properties
The ac electrical response at room temperature of 1-3 PU/

PZT composites is showed in Figure 4a and 4b. A strong 
frequency-dependence on Z’ and Z’’ for both 1-3 composite 
samples and neat PUR is observed. As seen in Figure 4a, 
the samples with a lower number of rods exhibited a higher 
Z’ value. The extra insulating character of these samples is 
attributed to the polymeric matrix. On the other hand, it can 
be observed that an increase in the volumetric fraction of 
the rods decreases the Z’ value. This can be attributed to the 

sample with 34 vol.% becoming more conducting due to an 
increase of spatial charge inside the composite.

Figures 5a and 5b show the real (σ’) and imaginary (σ’’) 
part of the ac complex conductivity as a function of frequency 
at room temperature, respectively, for the 1-3 piezoelectric 
composite with different amounts of PZT rods and neat 
PUR. The complex conductivity was obtained from the 
following equations:
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where A and L are the metalized area and thickness of the 
samples, respectively. Equations 2 and 3 show that σ› is 

Figure 4. Impedance analysis of neat PUR and 1-3 PUR/PZT piezoelectric composite with different volumetric fraction of PZT rods. (a) 
real and (b) imaginary part of the impedance complex as a function of frequency at room temperature.

Figure 5. Ac conductivity of the neat PUR and 1-3 PUR/PZT piezoelectric composite with different volumetric fraction of PZT rods. (a) 
real and (b) imaginary part of the electrical conductivity as a function of frequency at room temperature.
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inversely proportional to Z’ and σ’’ is inversely proportional 
to Z’’, so that as one quantity increases the other decreases. 
Notably, there is a strong frequency-dependence of σ’ and σ’’; 
both increase as a function of the frequency of the applied 
electric field. Such behavior is attributed to space charges 
and electrical dipole movement in the bulk samples42,43.

A dielectric material, when exposed to an external electric 
field is subject to the polarization effect, where the charge 
centers move according to their polarity. The ability of a 
material to be polarized is represented by a quantity called 
relative dielectric permittivity (εr) which is the measure of 
the polarizability of material through an applied electric 
field and relates to its ability to store energy. It can be seen 
in Figure 6a that the sample with the highest amount of 
PZT rods (34 vol.%) has greater εr value than the sample 
with 15 vol.% and neat PUR. This behavior is due to the 
higher dielectric constant of PZT compared to PUR and also 
to the configuration of the composite. It can be observed that 
the εr value is higher at lower frequencies and decreases 
with an increase in frequency, i.e. exhibiting a frequency-
dependent behavior.

Table  1 shows the relative permittivity values for 
all samples at approximately 1 kHz. All samples of the 
piezoelectric composite showed lower εr values than neat 
PZT, as was expected.

While εr represents the measurement of the material 
polarizability caused by an electric field, the capacitance 
module (C) represents the ability or capacity of a system 
to store energy. This capacitance is shown in Figure 6b for 
all samples studied as a function of the frequency at room 
temperature. The 1-3 PUR/PZT composite with 34 vol.% 
showed a capacitance value of approximately three orders 
of greatness greater than neat PUR. This is attributed to the 

greater dipolar polarization of the ferroelectric domains of 
the PZT in the composites16.

3.3 Longitudinal piezoelectric coefficient d33

Samples of the 1-3 PUR/PZT piezoelectric composite 
with 15 and 34 vol.% were polarized under an electric field 
of 1.0 MV/m for 60 min at temperatures of 100 °C. To verify 
the stability of the polarization, d33 measurements were taken 
after 1 d and 30 d of polarization. To verify the uniformity 
of the d33 measurements were also taken according to the 
metalized faces of the composites and the results shown 
in Figure 7. Average uniformity can be observed in terms 
of the d33 values of the samples. The variation found is 
correlated to both the connectivity of the composites and 
the specific measurement methodology. As expected, the 
sample with 34 vol.% showed a higher d33 than the sample 
with 15 vol.%.

The sample with 15 vol.%, exhibited a higher piezoelectric 
coefficient d33 after 30 d. This type of behavior is generally 
observed in matrices with constrictive behavior and reduced 
porosity from aging, such as cement34-37. The constrictive 
behavior of cementitious matrices, together with unstable 
dipoles (organized during the ionic polarization process) 
tends to cause instability of the piezoelectric coefficient in 
the initial post-polarization periods. As such, their stability 
for long post-polarization periods can only be estimated37. 
The d33 variation observed in the sample with 15 vol.% 
(45 rods) may be attributed to the longer curing time of 
PUR as reported by Alves et al.44 Over time, the polymer 
matrix becomes more compact due to the rearrangement and 
contraction of the polymer chains, which in turn compresses 
the ceramic rods, improving d33 after 30 d. This behavior is 
hardly observable in the sample with 34 vol.% (90 rods), 
which has the lowest polymeric fraction of the matrix.

Table 1. εr value of the samples of 1-3 PUR/PZT composites, neat PUR and PZT at 1 kHz.

Samples PUR PZT PUR/PZT 34 vol.%
(90 rods)

PUR/PZT 15 vol.%
(45 rods)

εr 14 1950 789 215

Figure 6. Evaluation of the (a) relative permittivity and (b) capacitance as a function of frequency at room temperature for the samples 
of the 1-3 piezoelectric composite and for the neat PUR.
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The results found in this work are within the range of 
values found in previous studies (Table 2)45-47. Table 2 shows 
the d33 values of the 1-3 PUR/PZT composite and previous 
related studies for comparison.

3.4 Sensor testing
Structural health monitoring (SHM) methods are used 

for the detection, evaluation, and characterization of an 
engineering structure over time using a sensor. The non-
destructive techniques (NDA), such as acoustic emission 
(AE)48 are the most popular when it comes to evaluation. 
AE, through sensors arranged on the surface or in situ in a 
given material that extract information about the nature of 
the emission source48, is used to measure and store elastic 
wave information generated by a rapid release of energy 
when a sudden deformation occurs in the material

Figure 8 shows the response of the sensors of 1-3 composites 
(a) with 15 and (b) 34 vol.% for the fall of the metallic sphere 
from a height of 5 cm. The distance of the 1-3 composites 
from the sensor was 5 cm. As expected, it is observed 
that the 1-3 composite with 34 vol.% generated a greater 
signal than the sample with 15 vol.% (2.3 V for a sample 
with 34 vol.% and 0.18 V for a sample with 15 vol.%). This 
behavior corroborates with the tests of the piezoelectric 
coefficient d33, in which the sample with 34 vol.% exhibited 
a higher d33 than the sample with 15 vol.%.

By fixing the release height of the sphere at 5 cm 
it was possible to evaluate the sensitivity of the sensor 
response as a function of the distance from the AE 

Figure 7. d33 values obtained for 1-3 PUR/PZT composite samples with 15 vol.% (45 rods) and 34 vol.% (90 rods) of PZT. Measurements 
carried out one and 30 d after polarization. The face 1 and face 2 refers to the face of the sample that was subjected to the positive and 
negative pole of the polarization source, respectively.

Table 2. Comparative analysis of the d33 value of the 1-3 PUR/PZT 1-3 composite samples and works in the literature.

Samples d33 (pC/N) References
PZT 400 Manufacturer’s data

PUR/PZT 1-3, 34 vol.% (90 rods) 246 This work
PUR/PZT 1-3, 15 vol.% (45 rods) 37 This work

1-3 Epoxy/PZT–PMS–PZN 300 Gu et al.45

1-3 Epoxy/BNKT–ST 104 Li and Zuo46

1-3 Araldite-F/PZT 260 Mishra et al.47

simulation source. As can be seen from Figure 9a and 9b, 
the sensor response decreases as the impact distance 
increases. For the distance of 20 cm, the voltage drops 
to approximately 50% for both sensors, but they still 
maintaining a good electrical response.

The Hsu-Nielsen method (pencil-lead break) was carried 
out only with the 34 vol.% sample because the sample 
with 15 vol.% did not show satisfactory signal strength. 
Figure 10a shows the response as a function of time for the 
pencil-lead break test. It was possible to observe a good 
response through the sensor with an amplitude of 0.17 V 
without amplification or filtering (at 15 cm distance between 
the simulator source and the sensor).

The sensor response was also analyzed as a function of 
the distance between the pencil-lead break and the sensor, 
as shown in Figure 10b. It was observed that the signal of 
the sensor response decreased in the same way as the ball 
drop test. This is attributed to the attenuation of the elastic 
waves. However, the sensor still showed sensitivity even 
for greater distances where the signal was collected with 
no amplification.

Obtaining piezoelectric composites from a bio-based 
polymer matrix is always difficult. PUR, in its natural 
form, is oil. When obtaining it in film form, many bubbles 
appear that can damage the response of the sensor and 
electromechanical coupling. In this sense, the methodology 
of obtaining PUR should follow a controlled procedure with 
low humidity and the water-free surface utilized (both the 
surface of the PZT rods and the samples mold). We observed 
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that controlling the number of bubbles in the process of 
obtaining the 1-3 piezoelectric composite can improve its 
final dielectric and piezoelectric properties.

Other methodologies can also be used to improve the 
sensor response and sensor electromechanical coupling, 
mainly aimed at the structure of the PZT rods and 

composite49-51. A study conducted by Cheng et al.49 evaluated 
adjusting the piezoelectric ceramic volume fraction and 
shape parameters for a 1-3 piezoelectric ceramic – cement 
composite. The authors demonstrated that the adjustment 
of the structures of the composite improved its sensitivity 
in structural health monitoring49.

Figure 8. Sensor response to the massive ball drop as a function of the time for (a) 1-3 PUR/PZT sample with 15 vol.% (45 rods) and 
(b) 34 vol.% (90 rods) of PZT.

Figure 9. Sensor response to the massive ball drop for different distances from the AE source. (a) 1-3 PUR/PZT sample with 15 vol.% 
(45 rods) and (b) 34 vol.% (90 rods) of PZT.

Figure 10. Sensor response to a pencil-lead break as a function of the time for sample with 34 vol.% (90 rods) of PZT.
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Directly embedding the piezoelectric sensor into 
structures that monitor the performance and detect the 
damage is an alternative methodology to improve the sensor 
response50,51. Ma  et  al.50 investigated the behavior of a 
cement-based 1−3 piezoelectric composite sensor embedded 
into structures and the results showed that both sensors had 
good accuracy, linearity, and frequency bandwidth.

4. Conclusion
Piezoelectric composites with 1-3 connectivity obtained 

from castor oil polyurethane and PZT rods were successfully 
developed using the align-and-fill method. Two samples 
containing 15 and 34 vol.% of PZT rods were prepared. 
Dielectric spectroscopy was performed using the impedance 
spectroscopy technique in the frequency range of 10-2 – 106 Hz. 
The composites showed a much higher dielectric constant than 
neat PUR in the entire frequency range. This is attributed to the 
high value of the PZT dielectric constant and the configuration 
of the composite. The piezoelectric coefficient d33 values were 
approximately 37 and 246 pC/N for the composite with a 
volume ratio of 15 vol.% (45 rods) and 34 vol% (90 rods), 
respectively. The sensors were surface-mounted on a carbon 
fiber plate and the fall of a metallic sphere and pencil-lead 
break were used as acoustic emission sources. The sample 
with 34 vol.% showed the best results. It thus qualified as a 
possible candidate for a sensor of AE waves.
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