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Abstract

The effects of multiwall carbon nanotubes (MWCNTs) on the electrical, dielec-

tric, and piezoelectric properties of the ferroelectric ceramic/castor-oil polyure-

thane (PUR) composite films were evaluated. The three-phase piezoelectric

composites were produced by keeping PUR concentration constant while vary-

ing lead zirconate titanate (PZT) volume fractions between 10 and 50 vol.%, at

two MWCNT concentrations: above and below percolation threshold. The dc

electrical conductivity analysis revealed that small amounts of MWCNTs dis-

persed within PUR/PZT composite films can significantly improve electrical

and piezoelectric properties due to their ability to act as conductive bridges

between PZT particles in the samples. Using Jonscher's power law, it was pos-

sible to determine that the electrical conduction in ac regime occurs through

spatial charge hopping between states located within the piezoelectric compos-

ite. Analyzing the piezoelectric properties through the d33 coefficient, it was

found that PUR-MWCNT/PZT piezoelectric composite displayed higher d33
values (20 pC/N) in comparison to the PUR/PZT two-phase composite

(9.5 pC/N) for all PZT loadings. According to these results, the dispersion of

MWCNT nanoparticles influences the poling effectiveness of the PZT particles

and increases the d33 coefficient of three-phase piezoelectric composites.
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1 | INTRODUCTION

Composites materials are defined as materials formed
from at least two different components with distinct
properties, whose inherent properties are combined to
make a new material.1–3 Composites have thus distin-
guished themselves as a viable alternative to

conventional or single-phase materials, because of their
wide range of applications such as in automotive indus-
try, aeronautics, electro-electronics, and biomedicine.4,5

There are several types of composites that can be
studied, including those formed by a polymer matrix as
the first phase and organic or inorganic particles as the
second phase, including carbon-based nanoparticles
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(carbon black (CB), graphene, carbon nanotube (CNT)),
natural and synthetic fibers, ferroelectric particles like
lead zirconate titanate (PZT), and barium titanate
(BaTiO3).

6–10

Due to the advent of the internet of things (IoT) and
Industry 4.0, the interconnectivity required to collect and
share the most diverse data requires a large number and
variety of sensors. In this sense, piezoelectric composites
are promising materials whose applications range from
sensors and energy harvesting systems to wearable tech-
nology. In order to meet such needs, composites with
high moldability, flexibility, and piezoelectric coefficient
are highly desirable and, amongst these composites, are
the ones based on castor-oil polyurethanes.11–14

Castor oil is attractive to obtain PUR because it has a
high number of hydroxyl groups ( OH) that react with
isocyanate ( NCO) to form urethane bonds.15 These
hydroxyl groups are derived from ricinoleic acid, which
constitutes approximately 80% of the oil. The hydropho-
bic nature of the triglycerides in castor oil contributes to
its excellent mechanical properties, such as the high ten-
sile strength.15–17 Castor oil-based polyurethanes are
characterized by hard regions (where polymeric chains
are oriented) and soft regions (where the chains are ran-
dom).15 The concentration of polyol (produced by castor
oil) can affect the formation of these regions, as well as
the viscosity of the polymer solution and mechanical
properties (stiffness and rigidity). When the polyol con-
tent is lower than the prepolymer content (isocyanate),
there will be fewer soft regions and the polyol/
prepolymer solution will be more viscous, which will
make the polymer film stiffer and less flexible after
polymerization.15–17 Therefore, piezoelectric properties of
triphasic composites can be directly influenced by the
polyol/prepolymer ratio.

In this context, polymer/ceramic composites with
connectivity 0–3 have been largely studied due to their
easy synthesis.18,19 However, one of the problems
encountered when evaluating the piezoelectric properties
in composites with connectivity 0–3 is the low poling effi-
ciency of the ferroelectric ceramic particles embedded in
the polymer matrix.20,21 This occurs because the polymer
matrix presents low dielectric constant, limiting applica-
tion under high electric fields, which leads to a low inter-
nal electric field on the ceramic particulate. This makes
the piezoelectric composite's polarization inefficient and,
as a result, influences the piezoelectric response and elec-
tromechanical performance.20,22

One alternative to overcoming this problem and
increasing the local electric field on the ferroelectric par-
ticles in the piezoelectric composite is the addition of a
third conductive phase dispersed in the composite matrix,
such as conductive particles based on CNTs, graphene,

and conductive polymers.23–26 Sudan et al.27 for example,
evaluated the effect of aluminum (Al) particles dispersion
on the electric, dielectric, and piezoelectric properties of
epoxy/PZT composites by analyzing the piezoelectric
constant (d33). The authors observed an increase in piezo-
electric properties and a rise in dielectric constant for vol-
ume fractions of Al less than 0.13 vol.%.

A three-phase piezoelectric composite based on
poly(vinylidene fluoride) (PVDF) matrix with PZT, and
CB nanoparticles was studied by Li et al.28 They found
that the dispersion of CB (0.4 vol.%) in the PZT/PVDF
improved both piezoelectric properties and electrical con-
ductivity.28 Similarly, Sanches et al.29 studied the effects
of the addition of carbon black nanoparticles on electri-
cal, dielectric, and piezoelectric properties of water-based
polyurethane (WPU)/PZT composites. The authors
describe synergistic effects between the WPU/PZT/CB
composite phases that contributed to the generation of
charges between particles, providing better homogeneity
of the components and that influenced on WPU crystalli-
zation. Furthermore, dispersion of a third conductive
phase in the piezoelectric composite with connectivity
0–3 increased the local electric field on the PZT particles.
As a result of the difference in electrical conductivity of
the two regions at the interface between PZT and conduc-
tive regions, charge carriers accumulated in these inter-
faces, creating a strong local electric field due to the
formation of microcapacitors within the composite.29

The present study aims to obtain a three-phase piezo-
electric composite composed of a castor oil-based poly-
urethane matrix, PZT particles and MWCNT, used as
fillers. The effects between dispersed phases on the final
electrical, dielectric, and piezoelectric properties of the
three-phase composites were studied. Specifically, we
highlight the synergistic effects found between MWCNT
and PZT, which significantly improved the dielectric and
electric properties, as well as the piezoelectric coefficient
d33 of the three-phase composites.

2 | MATERIALS AND METHODS

2.1 | Materials

The following materials were used: bicomponent PUR
(pre-polymer (isocyanate) and polyol) was purchased from
Sinergia (Araraquara, SP, Brazil) (specific mass equal to
0.96 g/cm3); non-functionalized MWCNT nanoparticles
(specific mass 0.23 g/cm3) were acquired from CTNano
(Center for Technology in Nanomaterials, UFMG, Minas
Gerais, Brazil), with purity greater than 95% and approxi-
mately 5% of contaminants (Al2O3 - Co - Fe); PZT ceramic
particles (APC 855), in powder form, were purchased from

FREIRE FILHO ET AL. 2 of 12

 10974628, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.53572 by C

A
PE

S, W
iley O

nline L
ibrary on [04/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



American Piezo Ceramics (Mackeyville, PA, USA), whose
main characteristics are: d33 ≈ 630 pC/N, piezoelectric
voltage constant (g33)≈ 21� 10�3 Vm/N, relative dielec-
tric constant in 1 kHz≈ 3300 and ρ≈ 7.6 g/cm3. All che-
micals were used as received, without any further
purification.

2.2 | Preparation of two and three-phase
piezoelectric composites

Two and three-phase piezoelectric composite samples
with connectivity 0–3 were prepared considering the vol-
umetric fraction of PZT particles in relation to fixed
quantities of PUR (3.0 g) according to the Equation (1):

mc ¼ ρc �;c
ρp � 1�;cð Þ�mp ð1Þ

where mp and ρp are mass and specific density of PUR
whereas the mc, ρc � ;c are mass, density, and volumetric
fraction of PZT, respectively.

To obtain the two-phase piezoelectric composite 0–3,
polyol (2.0 g) and PZT particles at different concentrations
(10–50 vol.%) were dispersed in 2.0 ml of chloroform and
mixed under constant stirring. After mixing the polyol/PZT/
chloroform dispersion for 2 h, the pre-polymer (1.0 g) was
added to start the polymerization. Flexible piezoelectric com-
posite films, with thickness ranging from 100 to 250 μmwere

cast from PUR/PZT dispersions onto glass substrates and
cross-linked at room temperature for 5 days.

The same route was used to obtain the three-phase
piezoelectric composite as shown in Figure 1. PZT parti-
cles were added together with MWCNT to the polyol/
chloroform mixture and kept for 2 h after adding the pre-
polymer. To obtain PUR-MWCN/PZT piezoelectric com-
posite, two quantities of MWCNT (below and above
percolation threshold) were used: (i) 1.0 wt.% (4.0 vol.%)
and (ii) 3.0 wt.% (7.7 vol.%). The PZT volumetric fractions
were the same used to obtain the two-phase composites.
Table 1 summarizes the quantity and volumetric fraction
of PZT particles, as well as the MWCNT concentration
used to prepare these composites. All samples were dis-
persed with a sonicator for 15 min to improve phase dis-
persion before pouring onto the glass substrate.

2.3 | Characterization

Scanning electron microscopy (SEM) analysis of the cryo-
fractured surfaces of PUR/PZT and PUR-MWCNT/PZT
piezoelectric composite films was carried out using an
EVO LS15 of Zeiss microscope. All samples were coated
with a thin layer of conductive carbon by a sputter coater
prior to SEM analysis.

The dc electrical conductivity was measured by the
two-probe method using a programmable voltage–
current source (Keithley, model 236). Gold electrodes

FIGURE 1 A sketch of the method for obtaining biphasic and triphasic piezoelectric composites-based on castor-oil polyurethane.

[Color figure can be viewed at wileyonlinelibrary.com]
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were evaporated on both faces of the films for electrical
contact. The dc electrical conductivity was then calcu-
lated using Equation (2):

σdc ¼ 1
R
L
A

ð2Þ

where R is the resistance obtained from slope of the
I versus V graph, A is the electrode area and L is the sam-
ple thickness. The dielectric and electrical analysis of
PUR/PZT and PUR-MWCNT/PZT piezoelectric compos-
ites were performed in the 10�2 – 106 Hz frequency range
at room temperature, using an SI 1260 Solartron Imped-
ance Analyzer with a 1296 Dielectric Interface.

Dielectric and electrical properties may be deter-
mined from a set of magnitudes correlated to the Z* com-
plex impedance formalism, given by the Equation (3):

Z� ¼Z0 þ iZ00 ð3Þ

where Z0 and Z00 are the real and imaginary part of the com-
plex impedance, respectively, and i is the imaginary number.
The quantities that can be obtained from Z* are: (a) complex
admittance (Y*); (b) complex electrical module (M*);
(c) complex dielectric permittivity (ε*); (e) complex electrical
conductivity (σ*). These formalisms are associated to each
other, considering the interrelation factor μ = iωC0, where
C0 is the vacuum capacitance, i (

ffiffiffiffiffiffiffi�1
p

) the imaginary factor
and ω the angular frequency.30

The samples were poled by applying a constant electric
field (5.0 MV/m), using a Trek Model 610 C voltage
source. The films were polarized in silicone oil using an
electric field of 5.0 MV/m with a Trek Model 610C voltage
source for 1 h at 60�C and then removed from the silicone
oil and with the electric field still applied, while left to cool
down to room temperature. The polarization conditions
presented correspond to the highest intensity electric field
that can be applied without causing electrical rupture of
the samples. The d33 piezoelectric coefficient was mea-
sured by the American Piezo Ceramics (APC) d33 Piezo
Tester, model 8000. All measurements were performed at
10 different sample locations and their mean values and
respective deviations were used in this study.

3 | RESULTS AND DISCUSSION

3.1 | PUR/MWCNT nanocomposite

In the first part of this work, we studied the morphology
and electrical properties of PUR/MWCNT nanocompo-
sites used as matrix for the PZT particles. This was neces-
sary to determine MWCNT dispersion in PUR matrix as
well as to find the insulator-conductor transition when
PUR/MWCNT nanocomposite reaches the percolation
threshold.

Figure 2a,b shows the SEM micrographs of neat PUR
and PUR/MWCNT nanocomposite containing 3 wt.%
MWCNT, respectively. As compared to the neat PUR
(Figure 2a), a morphological change in the cryofractured
PUR/MWCNT surface can be observed, causing an
increase of roughness (Figure 2b). It can also be observed
that MWCNT are not evenly distributed throughout the
PUR matrix probably due to van der Waals forces
between nanotubes and to differences in surface energy
of PUR and MWCNT.

The electrical conductivity (σdc) behavior of PUR/
MWCNT nanocomposites as a function of MWCNT con-
centration is illustrated in Figure 2c. It can be seen that
σdc increases gradually rather than as a sharp percolative
insulator-conductor change. This behavior was attributed
to polyurethane's molecular structure, which is composed
of alternating soft and hard segments.29,31,32 The
insulator-conductor transition can be observed between
1 and 2 wt.% MWCNT in which σdc undergoes an abrupt
increase from approximately 10�12 S/m (100/0) to
10�3 S/m (98/02), that is, there was a 9-fold increase in
σdc value of the PUR-MWCNT with 2 wt.% MWCNT
addition in relation to neat PUR matrix. To MWCNT con-
centration granter the 2 wt.%, the σdc remains constant.

The σdc behavior of two-phase composite can be
explained by universal percolation theory.33,34 Based
on this theory, it was possible to calculate the percola-
tion threshold of PUR/MWCNT nanocomposites
whose estimated value was 1.57 wt.% MWCNT.
According to the percolation theory, the σdc of a two-
phase system can be described by a power law as shown
in Equation (4):

TABLE 1 Ratio and quantity of

materials used to make the three-phase

piezoelectric composites
Samples

MWCNT
(wt.%)

PUR/PZT ratio
(vol.%/vol.%)

Amount of
PZT (g)

PUR-MWCNT1/
PZT

1.0 90/10 2.41

80/20 5.43

70/30 9.31

PUR-MWCNT3/
PZT

3.0 60/40 14.48

50/50 22.46
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σdc ¼ σ0 p�pcð Þt ð4Þ

where p is the volume or mass percentage of the conduct-
ing phase, pc is the critical volume or mass percentage
(percolation threshold) at which the insulator to conduc-
tor transition occurs, σ0 is pre-exponential constant and t
is the conductivity critical exponent.

The t exponent was determined by fitting σdc as a
function of p�pcð Þ as shown in Figure 2d to yield a value
of 1.14, which therefore agrees with the classical percola-
tion theory. This result is an indication that the electrical
conduction process inside the nanocomposite occurs
through a two-dimensional percolation network formed
by the MWCNTs.35,36

3.2 | PUR/PZT piezoelectric composite
0–3 without and with MWCNT

3.2.1 | Morphological analysis

Figure 3 shows the SEM images of cryofractured surface
of neat PUR, PUR/PZT piezoelectric composite 0–3 and
PUR/PZT with 1 wt.% (PUR-MWCNT1/PZT) and 3 wt.%
(PUR-MWCNT3/PTZ) MWCNT. The volumetric fraction

of PZT in relation to PUR was equal to 50 vol.% for all
piezoelectric samples. It can be seen from Figure 3a,b
that PUR surface becomes rougher with the incorpora-
tion of PZT (PZT are the brightest regions while PUR-
MWCNT/PZT are the darkest ones). The presence of
these MWCNT-containing regions may contribute to the
increase in local electric field on the PZT particles due to
the formation of microcapacitors (in the MWCNT-PZT-
MWCNT configuration), that is, they can improve the
polarization of PZT particles and, in turn, contribute to
the piezoelectric properties of the composites. A similar
behavior, that is, a two-phase composite, has also been
observed by Nayak for polydimethylsiloxane (PDMS) and
PZT.37

Arul et al.38 verified by SEM analysis that the
increase in PZT concentration in poly(methyl methacry-
late) matrix makes its dispersion more homogeneous,
resulting in a greater interaction between particles. Pal
et al.39 also verified by SEM that MWCNT dispersion in
PVDF/PZT piezoelectric composites improved PZT par-
ticle dispersion. Tuff et al.40 obtained BaTiO3-Epoxy-
ZnO-based multifunctional composites and observed
that larger and more frequent agglomerations of ZnO
occurs for higher volume fractions. These agglomera-
tions are attributed to van der Waals forces between

FIGURE 2 Scanning electron microscopy (SEM) images of fractured surface of (a) neat PUR and (b) PUR/MWCNT nanocomposite

with 97/3 mass fraction. (c) Graphic of σdc as a function of mass fraction of MWCNT and (d) fitting of the σdc as a function of p�pcð Þ
logarithm graphic. [Color figure can be viewed at wileyonlinelibrary.com]
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nanoparticles during the solution-based fabrication and
the posterior curing of the thin films. In our case,
MWCNT agglomeration are caused most probably due
to van der Waals forces as well as to an increase in the
effective concentration (confinement) of MWCNT in
PUR because of the PZT content.41

3.2.2 | DC electrical analysis

The dc electrical analysis was carried out to evaluate the
influence of PZT concentration on the dc electrical con-
ductivity (σdc) of the biphasic composite as well as the
influence of the addition of a third conductive phase.
Figure 4 shows a σdc plot as a function of the volumetric
fraction of PZT. It can be observed that PZT has little
influence on the σdc values of the PUR/PZT piezoelectric
composite. This small increase in σdc can be attributed to
the ionic and electronic conduction processes that occur
preferentially in PZT grains.42,43 On the other hand,
MWCNT impacted on the σdc value of three-phase PUR-
MWCNT/PZT piezoelectric composite. For instance, in
samples containing 10 vol.% PZT, there was a 5 and
7-fold increase in σdc values for samples with 1 and
3 wt.% of MWCNT, respectively, when compared to the

PUR/PZT two-phase composite sample with
10 vol.% PZT.

The stronger decrease in σdc value to piezoelectric
composite containing 3 wt.% MWCNT (PUR-MWCNT3/
PZT), when PZT concentration increased, can be related
to barrier effects that arise by breaking the connectivity
of the percolative conduction pathway formed by
MWCNT.44 For high PZT fractions, free volume is
reduced in the matrix, therefore constraining MWCNT to
minute polymeric regions and facilitating their interac-
tion through van der Waals bonds, which results in
aggregation.43 The increase in PZT concentration also
increases the energy barrier that charge carriers must
overcome to flow through a material when an electric
field is imposed. This breaking of the percolative conduc-
tion pathway, in samples whose MWCNT concentration
is above the percolation threshold, tends to create con-
ducting regions separated by insulating regions of PZT,
thus forming micro-capacitors inside the composite,
which may result in a contribution to the poling process
of the PZT particles.45

On the other hand, samples with 1 wt.% of MWCNT
(PUR-MWCNT1/PZT) showed an opposite behavior with
respect to the PUR-MWCNT3/PZT samples, that is, when
the PZT concentration increased by 10 vol.% there was an

FIGURE 3 Scanning electron microscopy (SEM) analysis of the fractured surface of (a) neat PUR and to piezoelectric composites

samples of (b) PUR/PZT, (c) PUR-MWCNT1/PZT and (d) PUR-MWCNT3/PTZ all samples with 50 vol.% PZT.
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increase in the σdc value of the PUR-MWCNT1/PZT
three-phase composite. Below the percolation, for lower
PZT concentrations, the reduction in free volume of dis-
persion caused by piezoelectric particles acts to bringing
the nanotubes closer together, thus improving the forma-
tion of conduction pathways and facilitating the hopping
processes.43

Figure 4 shows the possible model of configuration
for the three-phasic piezoelectric composite with
MWCNT concentration below and above percolation
threshold. In the PUR-MWCNT3/PZT composite
(MWCNT concentration above the percolation thresh-
old), when the amount of PZT is increased, the percola-
tive electrically conductive path is broken down and the
MWCNT tends to form conductive regions. This effect
reduces the conductivity of the composite, but, on the
other hand, may help its poling process. In samples with
MWCNT concentrations lower than the percolation
threshold (PUR-MWCNT1/PZT), PZT particles occupy
regions in the polymer matrix confining MWCNTs in
smaller regions creating conduction channels throughout
the sample.29 This effect is seen as increasing the conduc-
tivity of the PUR-MWCNT1/PZT composite as showed in
the Figure 4.

3.2.3 | Impedance spectroscopy analysis

Figure 5a,c,e shows the real relative dielectric permissibil-
ity (ε'(f )) as a function of electric field frequency at room
temperature for two and three-phase piezoelectric compos-
ite with different PZT concentration. For neat PUR, ε'(f ) is

nearly independent of frequency. As expected, the ε'(f )
value increases with an increase in volume fraction of PZT
for the PUR/PZT, PUR-MWCNT1/PZT and PUR-
MWCNT3/PZT composites. This gradual increase can be
assigned to the high dielectric constant of PZT ceramics in
relation to PUR matrix. The ε'(f ) magnitude decreased
slightly when the ac electric field frequency increased, this
frequency-dependent behavior of ε'(f ) can be attributed to
the reduction in the dielectric constant of PZT particles
with increasing frequency, as well as due to space charge
interfacial polarization ascribed to the Maxwell–Wagner–
Sillars (MWS) effect.46,47 This behavior has also been
observed by the Riquelme and Raman48 in lead-free BZT-
BCT/PVDF flexible composites and is attributed to polari-
zation relaxation and interface polarization of space
charge, as well as to difficulty of the dipole orientation
polarization in the internal structure at the high frequency
regime of the piezoelectric composite.48

In the low frequency region, ε'(f ) of all piezoelectric
composite samples increased because of the tendency of
dipoles to orient themselves in the direction of an ac elec-
tric field. In high frequency region, ε'(f ) remains almost
constant, that is, the frequency-independent behavior of
ε'(f ) poses great difficulty to the orientation/rotation of
the dipoles in the composite since the periodic reversal of
the ac electric field change so fast that no excessive diffu-
sion of charge carrier in its direction occurs, therefore the
polarization process caused by charge accumulation is
reduced and, as a result, there is a decrease in ε'(f ).49

The dielectric loss tangent (tan δ) of the PUR/PZT,
PUR-MWCNT1/PZT and PUR-MWCNT3/PZT compos-
ites was also evaluated as illustrated in Figure 5b,d,f. It

FIGURE 4 A representative sketch illustrating the PZT dispersion effect on the electrical percolation system in PUR-MWCNT/PZT

composites. Graphic of σdc as a function of PZT volumetric fraction introduced into two and three-phase piezoelectric composite. [Color

figure can be viewed at wileyonlinelibrary.com]
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can be observed that tan δ increases in comparison with
neat PUR when the PZT concentration increased for both
samples with and without MWCNT, this behavior can be

attributed principally to the increase of conductivity in
the piezoelectric composite samples. The logarithmic
form of tan δ to two-phase and three-phase piezoelectric

FIGURE 5 Dielectric constant and dielectric loss factor as a function of frequency for the (a–b) PURPZT, (c–d) PUR-MWCNT1/PZT and

(e–f) PUR-MWCNT3/PZT composites with various PZT volume ratios at room temperature, respectively. [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 6 Real part of

complex electrical conductivity

as a function of frequency for

the (a–b) PURPZT, (c–d) PUR-
MWCNT1/PZT and (e–f) PUR-
MWCNT3/PZT composites with

various PZT volume ratios at

room temperature, respectively.

[Color figure can be viewed at

wileyonlinelibrary.com]
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composite decreases with the logarithm of frequency
mainly in the low frequency regime. The tan δ peak
observed in all piezoelectric samples with different PZT
concentrations can be attributed to MWS effect and inter-
facial polarization of space charge, as well as both amor-
phous dipoles and dipoles at the PZT/amorphous
interfaces.50,51

The complex ac electrical conductivity
(σ� fð Þ¼ σ0 fð Þþ iσ00 fð Þ) analysis is an excellent tool to
evaluate the conduction process in different type of mate-
rials. Figure 6 shows that the behavior of the real part of
ac conductivity σ0 fð Þ of samples was analyzed in a wide
range of frequencies at room temperature. The σ0 fð Þ
behavior as function of the frequency for two and three-
phase piezoelectric composite with different PZT volu-
metric concentrations is shown in Figure 6a–c. As
expected, all samples present dependent-frequency
behavior of σ0 fð Þ for the whole frequency range, except
for PUR-MWCNT3/PZT with 10 vol.% PZT. This sample
has MWCNT concentration above the percolation thresh-
old. Moreover, 10 vol.% PZT dispersion may have broken
the percolative conduction pathway of the composite and
has large conductive islands where the conduction pro-
cess occurs when an ac electric field is applied.

It is interesting to point out that the σ0 fð Þ behavior for
all the samples corroborates with the σdc value and is
influenced by the increase in PZT concentration. It can
be also observed in Figure 6, mainly in the low frequency
region, that when the PZT concentration increased, σ0 fð Þ
values also increased for all PUR/PZT, PUR-MWCNT1/
PZT and PUR-MWCNT3/PZT composites. Benna et al.52

found a similar behavior with respect to σ0 fð Þ of the two-
phase piezoelectric composite of PVA and BaTiO3. The
authors verified that an increase in BaTiO3 concentration
increased the interfacial polarization, resulting in an
increase in composite's conductivity.52

This frequency-dependent behavior of σ0 fð Þ in Figure 6
for all PUR/PZT and PUR-MWCNT/PZT composites is
characteristic of disordered materials and generally obeys
Jonscher's power law according to Equation (5)35,53:

σ0 fð Þ¼ σdcþAωn ð5Þ

where A is the pre-exponential factor that is related to
the strength of polarizability; σdc is a dc electrical conduc-
tivity (plateau or frequency-independent region) and n is
the fractional exponent that can vary between 0 and 1.54

The n exponent characterizes the interaction degree
between the charge carriers and the lattices around them.
Values of n range between 0 and 1 and are related to the
form through which the conduction mechanism occurs,
that is, hopping processes and/or interfacial polarization
of space charges.55

Fitting Equation (5) from the plot of log σ'(f ) versus
log frequency (Figure 6a–c) for all the piezoelectric com-
posites yielded data summarized in Table 2. The n value
for the PUR/PZT, PUR-MWCNT1/PZT and PUR-
MWCNT3/PZT composite ranged between 0.8 and 1.0,
suggesting that the electrical conduction involves hop-
ping process of spatial charges between localized states or
spatial charges trapped at the interfaces between the
matrix, conductive clusters, and PZT particles in the pie-
zoelectric composites.

3.2.4 | Longitudinal piezoelectric
coefficient (d33)

Figure 7 shows the comparative analysis of d33 piezoelec-
tric coefficient between two and three-phase piezoelectric
composites with different PZT concentrations. These
results were obtained for all samples poled using an elec-
trical field of 5.0 MV/m at a temperature of 60�C for 1 h.

As expected, for the two-phase PUR/PZT composite,
the piezoelectric coefficient d33 increases with increasing
PZT content. Independent of the ceramic concentration,
addition of MWCNT in the two-phase composite pro-
moted a substantial increase in d33.

The polarization process of polymer/ceramic ferro-
electric composites is substantially complex and is
affected by a number of factors ranging from conductivity
of the phases to electrostriction during and after polariza-
tion.56,57 Ferroelectric ceramics have a high permittivity,
compared to polymers, which results in a drastic reduc-
tion in the electric field acting on the ceramic grain.58,59

This fact generates a discontinuity in the electrical dis-
placement between the polymer/ceramic interface, a fact
that, in theory, should make the polarization of the ferro-
electric ceramic unfeasible.60,61 On the other hand, dur-
ing the polarization process at high temperatures, spatial
charges in the polymeric phase tend to accumulate near
the polymer/ceramic interface, increasing substantially
the local electric field over the ceramic particulate and
removing the discontinuity of the electrical displacement
at interfacial regions.59,60,62,63 Due to the presence of the
third conductive phase, this charge transport can be facil-
itated by both altering the permittivity and bulk conduc-
tivity of the material and reducing the migration time of
the charges.64 In addition, the third conductive phase
allows the formation of microcapacitive systems with the
ceramic acting in a possible intensification of the local
field as observed by measurements of the d33 coefficient.
The PUR-MWCNT1/PZT (90/10), PUR-MWCNT3/PZT
(90/10) and PUR-MWCNT3/PZT (80/20) composites
were not able to be polarized due to their high
conductivity.
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A comparative analysis of the d33 coefficient results
between two- and three-phase piezoelectric composites
(1 and 3 wt.% of MWCNT) with different volume concen-
trations of PZT was also performed. Figure 7 shows a
gradual increase in the d33 coefficient of the piezoelectric
composite for both MWCNT conductive phase
(at different PZT concentrations) in comparison with the
two-phase composite. Similar results are observed in the
literature when carbon-based nanofiller are used as the
third conductive phase in piezoelectric composites.29,39,65

Tang et al.66 found a similar behavior for the PVDF/PZT
piezoelectric composite by varying the mass proportion

of graphene. The authors observed that the increase in
mass concentration of graphene up to 0.6 wt.% increased
d33 due to an increase in the dielectric strength of the
PVDF matrix caused by graphene, which resulted in
intensifying the poling process of PZT particles. For com-
posites whose graphene concentration is higher than
0.6 wt.%, there was a decrease in d33 due to a greater
dielectric loss.66 Our best results were obtained with
three-phase piezoelectric composites containing 3 wt.%
MWCNT.

Unlike the two-phase PUR/PZT composite, some
samples of the three-phase piezoelectric composite could
not be polarized, especially for 10 and 20 vol.% PZT. This
behavior may be related to increased electrical conductiv-
ity of matrix because of the MWCNT phase and the low
concentration of PZT particles.

4 | CONCLUSIONS

PUR/PZT and PUR-MWCNT/PZT piezoelectric compos-
ite films with different PZT (10–50 vol.%) and MWCNT
concentrations, below and above of percolation thresh-
old, were prepared by casting. Addition of MWCNT
helped enhance the dielectric constant, electrical conduc-
tivity, and piezoelectric performance of composites. The
decrease in dc conductivity with increasing PZT concen-
tration, for three-phase composites containing 3 wt.%
MWCNT was attributed to the breaking of the conductive
percolation pathway. On the other hand, for the three-
phase composites containing 1 wt.% MWCNT, there was

TABLE 2 Parameters obtained

from Fitting theoretical–experimental

adjustments using Jonscher's equation

for PUR/PZT, PUR-MWCNT1/PZT and

PUR-MWCNT3/PZT composite samples

and neat PUR

Samples σdc (S/m) A n

Neat PUR 9.72 � 10�13 2.53 � 10�12 1.17

PUR/PZT (90/10) 2.06 � 10�11 4.25 � 10�10 0.89

PUR/PZT (80/20) 2.69 � 10�11 7.45 � 10�10 0.87

PUR/PZT (70/30) 7.45 � 10�11 2.06 � 10�10 0.87

PUR/PZT (60/40) 7.19 � 10�11 3.68 � 10�10 0.86

PUR/PZT (50/50) 1.07 � 10�11 2.51 � 10�9 0.84

PUR-MWCNT1/PZT (90/10) 6.23 � 10�11 1.64 � 10�10 0.89

PUR-MWCNT1/PZT (80/20) 6.62 � 10�11 2.10 � 10�10 0.87

PUR-MWCNT1/PZT (70/30) 6.70 � 10�11 1.58 � 10�10 0.87

PUR-MWCNT1/PZT (60/40) 1.34 � 10�10 5.88 � 10�10 0.84

PUR-MWCNT1/PZT (50/50) 9.40 � 10�10 1.18 � 10�9 082

PUR-MWCNT3/PZT (90/10) 1.40 � 10�6 6.24 � 10�8 0.80

PUR-MWCNT3/PZT (80/20) 3.56 � 10�10 1.98 � 10�10 0.90

PUR-MWCNT3/PZT (70/30) 3.11 � 10�10 3.48 � 10�10 0.90

PUR-MWCNT3/PZT (60/40) 3.74 � 10�10 7.38 � 10�10 0.87

PUR-MWCNT3/PZT (50/50) 1.21 � 10�9 1.92 � 10�9 0.83

FIGURE 7 Comparative measurements of d33 coefficient

measured for 30 days after poling for PUR/PZT, PUR-MWCNT1/

PZT and PUR-MWCNT3/PZT piezoelectric composite samples as

the function of PZT concentration. [Color figure can be viewed at

wileyonlinelibrary.com]
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an increase in electrical conductivity which was attrib-
uted to the creation of a conductive pathway resulting
from the increase in the effective concentration of
MWCNT in PUR. Moreover, dielectric analysis showed a
gradual increase in ε'(f ) to all piezoelectric composite due
to the high dielectric constant of PZT particles in relation
to PUR matrix. However, ε'(f ) presented a frequency-
dependent behavior that can be attributed to the reduc-
tion in the dielectric constant of PZT particles with
increasing frequency, as well as to space charge interfa-
cial polarization ascribed to the Maxwell–Wagner–Sillars
effect. As expected, all samples had a frequency-depen-
dent behavior of σ0 fð Þ in the range between 10�1 and
106Hz, which is characteristic of disordered materials
and generally obeys Jonscher's power law. The
n exponent value for PUR/PZT, PUR-MWCNT1/PZT and
PUR-MWCNT3/PZT ranged between 0.8 and 1.0, sug-
gesting that the electrical conduction involves hopping
processes of spatial charges between localized states
and/or spatial charges trapped at the interfaces between
the PUR matrix, conductive clusters and PZT particles
the piezoelectric composite. Comparative analysis of the
d33 piezoelectric coefficient between PUR/PZT and PUR-
MWCNT/PZT piezoelectric three-phase nanocomposites
showed a significant increase when the MWCNT conduc-
tive phase was added, which can be attributed to the for-
mation of microcapacitors due the development of
conductive regions improving PZT particle polarization.
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