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The nonlinear electric and mechanical behavior of 0-3 type (particle-reinforced) ferroelectric
composites with different viscoelastic and dielectric relaxation polymer-matrixes was
observed experimentally. The analysis of the experimental results was carried out in the
present study by examining the effects of the viscoelasticity and dielectric relaxation of the
polymer matrices, the loading rate and the volume fraction of the PZT particles on the
nonlinear behavior of the composites. The composite sample was isolated from the test
frame to prevent high voltage arcing in the setup, which was employed to make precise
measurement to systematically provide experimental results. Using a high voltage
amplifier and a servo-hydraulic test frame, the hysteresis loops of electric displacement
versus electric field at different loading amplitudes and rates, and the piezoelectric curves
of the ferroelectric composites were measured. The results show that the effects of
viscoelasticity and dielectric relaxation of the matrices on the electric and mechanical
behavior of the ferroelectric composites are significant. The nonlinear behavior of
ferroelectric composites with a viscoelastic and dielectric relaxation matrix is also
related to the frequency of the applied loads. C© 2001 Kluwer Academic Publishers

1. Introduction
In general, ferroelectric composites are made of ferro-
electric inclusions and non-piezoelectric matrix. These
composites can be used as sensors in many fields such
as smart materials and structures [1–8]. The most com-
monly employed matrix material for making ferro-
electric composites is polymer. The molecule chains
of polymers, some of which have polarities, are very
long and are, thus, flexible. Therefore, polymers exhibit
viscoelasticity and dielectric relaxation in mechanical
and electric behavior, respectively, which can affect the
electromechanical behavior of ferroelectric composites
significantly. Since Newnham et al. [5] put forward the
concept of connectivity in 1978, a lot of theoretical and
experimental work has been carried out. However, most
of the work was on the prediction of the effective elec-
troelastic properties of piezoelectric composites based
on the hypothesis of series or parallel connection. Due
to the complexity of nonlinear electromechanical be-
havior related to viscoelasticity and dielectric relax-
ation, and the lack of acceptable theoretical modeling
on constitutive relations, the experimental study be-
comes very important. For example, the experimental

studies on the effective electroelastic moduli and the
polarization problem of 0-3 type ferroelectric compos-
ites were carried out by Furukawa et al. [9, 10] and
Yamada et al. [11]. Chan et al. [12] have also stud-
ied experimentally the effective properties of 1-3 type
ferroelectric composites. Moreover, the piezoelectric
and dielectric properties of piezoelectric composites
were observed experimentally by many others [13–16].
However, the experimental investigations on ferroelec-
tric composites were limited to the linear properties
of ferroelectric composites except for the polarization
problems. In other words, little attention has been paid
to the non-linear properties induced by domain switch-
ing in ferroelectric composites. Furthermore, a poly-
mer such as Epoxy resin, which has no polarization
and has very small dielectric relaxation, was often used
as matrix materials for making ferroelectric compos-
ites in the past years. Therefore, the effect of dielectric
relaxation of the matrix on the electromechanical prop-
erties was not well studied. It is worth noting that the
dielectric relaxation of some polymers such as F-24
is very strong. Hence, the electromechanical coupling
behavior of ferroelectric composites with such polymer
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matrix is very complicated. To-date, systematically ex-
perimental investigations on the nonlinear behavior of
such ferroelectric composites has not been reported.

In the present investigation, an experimental study
was carried out on the nonlinear electric and mechanical
behavior of four kinds of 0-3 type ferroelectric compos-
ites, in which the polymer-matrices with viscoelasticity
and dielectric relaxation were reinforced by different
PZT particles. The detailed analysis of the experimen-
tal results is presented in this paper. The effects of the
viscoelasticity and the dielectric relaxation of the poly-
mer matrices, the loading rate and the volume fraction
of the PZT particles on the nonlinear behavior of the
composites are examined.

2. Experimental procedure
2.1. Specimen preparation
The material chosen for this investigation was the 0-3
type ferroelectric composite. Two kinds of ferroelec-
tric ceramic powders, i.e., PZT-5A and PZT-2, were
employed to make the ferroelectric phase of the com-
posites. Three kinds of polymers, which are the non-
piezoelectric epoxy resin, F-24 (PVDF + PTFE) and
the unpoled PVDF, were employed as matrix materials.
Note that the poled PVDF is a piezoelectric polymer,
but it can be poled only under a strict condition with an
extremely high electric field. Under our testing condi-
tions, it cannot be poled and, therefore, it did not have
piezoelectricity.

Five different kinds of 0-3 type ferroelectric compos-
ites, i.e., the PVDF matrix with 17% PZT-5A particles,
the epoxy resin with 17% PZT-5A particles and the
F-24 matrix with 10%, 30% and 65% PZT-2 particles.
The composites were produced in a rolling process by
a heat-rolling machine. Note that the particles are ran-
domly distributed in the matrix. The specimens, with
nominal dimensions 10 mm × 10 mm × 16 mm, were
cut from the bulk ferroelectric composites, and all faces
were polished. The upper and lower faces of the speci-
mens with an area of 10 mm × 10 mm were electroded
with sputtered Ag. That is, the poling direction is verti-
cal to the upper and lower faces and parallel to the long
side of the cubed specimen.

2.2. Experimental setup
The electric hysteresis loop and the butterfly-shape
curve are two main nonlinear characteristics of ferro-
electric materials. The hysteresis loops of strain versus
electric field and electric field versus electric displace-
ment were recorded using a modified Sawyer-Tower
circuit, as shown in Fig. 1. A servo-hydraulic loading
fixture was set up for applying stresses to a polarized
sample. Since the thickness of the samples was large
(about 15 mm), a very high voltage was required in
order to reach the coercive electric field of the ferro-
electric inclusion. Hence, the samples were placed in a
silicone oil bath to prevent high voltage arcing.

With reference to Fig. 2, the sample was isolated
from the fixture by two alumina and one ethoxyline
blocks. The high voltage arcing was prevented effec-
tively by the silicon oil bath and a ringed ethoxyline
block in the middle of the sample. For protecting the

Figure 1 Approach of taking test measurements. The electric displace-
ment is monitored by voltage U2 and the electric field is measured by
voltage U1.

Figure 2 Schematic of the electric-mechanical loading system.

strain gauges from the high voltage arcing, these gauges
must be bonded to the area near the ground electrode
and covered by a special isolated-glue. To avoid the
bending stress and the inhomogeneous distribution of
the stress, the upper and lower faces of both the alu-
minum and the ethoxyline blocks were kept parallel
(misalignment <0.01 mm). Besides, one spherical cone
was incorporated in the setup. Moreover, to ensure that
the upper and lower faces were parallel to each other,
the sample was polished again after the two faces were
electroded. A 50 KN load sensor was installed on the
test fixture to monitor the applied force on the speci-
men. The load sensor output was recorded through the
A/D circuit, which was connected to the computer. The
stress was determined from the force and the cross sec-
tional area of the specimen.

2.3. Experimental procedure
2.3.1. Measurement of electric

displacement
A high voltage source was connected to the upper elec-
trode of the specimen. This voltage source created a tri-
angular wave of ±30 KV with frequency from 1 HZ to
0.003 HZ. A reference signal (1/10000 times the output)
was provided by the source. This reference signal was
recorded through the A/D circuit connected to the com-
puter. By multiplying this signal by 10000 times and di-
vide it by the thickness, the applied electric field can be
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obtained. The charge per unit area on the electrode was
equal to the normal component of the electric displace-
ment. The charge on the electrode was measured by
monitoring the voltage of a capacitor (10 µF) connected
from the lower electrode of the specimen to the ground.
The voltage of the capacitor was monitored by means
of a high input impedance electrometer and the A/D
circuit connected to the computer. Thus, the hysteresis
loops of electric field versus electric displacement for
ferroelectric composites can be obtained. Many impor-
tant parameters, such as the remanent polarization and
coercive field, can then be obtained from the hysteresis
loops.

2.3.2. Measurement of strain
Strain gauges were bonded to the center of the area near
the lower electrode to measure the strains parallel and
perpendicular to the polarization direction. The strain
gauges were connected to a Wheastone Bridge and an
A/D circuit that was connected to the computer.

2.3.3. Measurement of piezoelectric curve
When the specimen was subjected to compressive
stress, the 90◦ domain switching occurred in the fer-
roelectric phase of the composite. This phenomenon
led to the decrease of the overall remanent polariza-
tion of the composite and finally gave rise to the lost of
the electromechanical coupling properties of the com-
posite. The stress versus electric displacement curve
is called the piezoelectric curve. To avoid the bending
stress and the inhomogeneous distribution of stresses,
a specially designed loading setup was employed in
which one spherical cone was incorporated. Moreover,
to ensure that the upper and lower faces were parallel
to each other, the sample was polished again once the
two faces have been electroded.

3. Experimental results and analysis
By subjecting the specimen to an electric field with
different frequencies, the hysteresis loops of electric
displacement versus electric field were recorded, and

T ABL E I Electric and mechanical properties of materialsa

Electromechanical properties PZT-2 PZT-5A F-24 PVDF

Elastic moduli C1111 (Gpa) 135 121 8.0 8.0
C1122 (Gpa) 84.1 75.4 4.4 4.4
C1133 (Gpa) 83.9 75.2 4.4 4.4
C3333 (Gpa) 113 111 8.0 8.0
C1313 (Gpa) 23.5 21.1 1.8 1.8

Piezoelectric constants e311 (C/m2) −1.9 −5.4 0 0
e333 (C/m2) 9.0 15.8 0 0
e131 (C/m2) 9.8 12.3 0 0

Dielectric constants kε
11/ko 504 916

of PZT particles kε
33/ko 260 830

kσ
11/ko 990 1730

kσ
33/ko 450 1700

Dielectric constants κ0/ko 660 50.5
of matrixes κ1/ko −660 −34.2

Spontaneous strain ε#
11 = ε#

22 −2.52 × 10−4 −2.52 × 10−4

ε#
33 5.04 × 10−4 5.04 × 10−4

Spontaneous polarization P#
3 (C/m2) 0.253 0.253

Coercive field Ec (MV/m) 0.75 0.75
Dielectric relaxation time τ = 1/ν (s) 48.2 8.03

athe permittivity of the free space, ko = 8.85 × 10−12 C/Vm2.

Figure 3 Plots of electric field versus electric displacement for matrix
materials at an applied cyclic electric field of 7 MV/m with two loading
frequencies of 1/30 Hz and 1/120 Hz: (a) PVDF matrix; (b) F24 matrix.

when a compressive stress was applied, the piezoelec-
tric curves of stress versus electric displacement were
also recorded. All experimental results are presented
in Figs 3 through 10. The measured electric and me-
chanical properties of the materials are presented in
Table I, which shows that both F24 and PVDF are not
piezoelectric.

3.1. Behavior of the matrix materials
Firstly, the behavior of two matrix materials, i.e., the un-
poled PVDF and F-24, was observed. The stable curves
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Figure 4 Actual hysteresis loops of dielectric relaxation materials.

of electric displacement versus electric field for these
two materials, subjected to an applied electric field of
amplitude 7 MV/m with two loading frequencies, were
recorded as shown in Fig 3a and b, respectively. In fact,
for the dielectric relaxation material, the real hystere-
sis loops are as shown in Fig. 4. At the initial loading
stage, the hysteresis loops are like screw loops, but they
become stable once the loading time is larger than the
relaxation time of the material. In the subsequent anal-
yses, only the stable curves were studied. From the ex-
perimental results, some conclusions for the two matrix
materials can be drawn as follows:

(a) The strength of the relaxation property of the ma-
terial is mainly related to the dielectric relaxation time,
τ . The larger the τ , the stronger is the relaxation prop-
erty of the material.

(b) The saturation polarization and coercive field of
both PVDF and F24 are very large. It is very difficult
to establish an experimental setup to completely pole
these two kinds of polymer matrices so that they do not
possess piezoelectricity under our testing conditions.

(c) The electric displacement is dependent upon the
loading frequency. The smaller the frequency, the larger
is the electric displacement.

(d) The stronger the relaxation property of the ma-
terial, the more significant is the effect of the loading
frequency on the hysteresis loops. The relaxation prop-
erty of F-24 is stronger than that of PVDF, therefore,
F-24 is more sensitive to the loading frequency than
PVDF.

3.2. Electric field versus electric
displacement hysteresis loops

In the case of F-24 matrix ferroelectric composite re-
inforced with PZT-2 particles of three different volume
fractions of 10%, 30% and 65%, the curves of electric
displacement versus electric field, due to the applied
electric field of different amplitudes with frequency
1/100 Hz, are shown in Fig. 5a through c. It can be
seen from Fig. 5 that the hysteresis loops are affected
by both the volume fractions of the PZT particles and
the applied electric field amplitude. The saturation po-
larization and coercive field of the composites are ex-
tremely large since the size of the loops increase with
the increase of the applied electric field amplitude. The
hysteresis loops for the PVDF matrix composite with

Figure 5 Hysteresis loops of electric field versus electric displacement
for the F-24 matrix composites subjected to different applied electric
field amplitudes with a constant loading frequency of 1/100 Hz: (a) with
10% PZT-2 particles; (b) with 30% PZT-2 particles; (c) with 65% PZT-2
particles.

17% PZT-5 particles and the epoxy matrix composite
with 17% PZT-5 particles due to different applied elec-
tric field amplitudes with frequency 1/100 Hz are pre-
sented in Fig. 6a and b, respectively. By comparing Figs
5 and 6, one can clearly see that for the composite with
F24 matrix, the remanent polarization is still increas-
ing even when the applied electric field is reduced from
its maximum value. Moreover, the maximum value of
the remanent polarization is increased when the elec-
tric field is reduced to zero, which means that this
type of ferroelectric composite has a strong dielectric
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Figure 6 Hysteresis loops of electric field versus electric displacement
subjected to different applied electric field amplitudes with a constant
loading frequency of 1/100 Hz: (a) the PVDF matrix composite with 18%
PZT-5A particles; (b) the epoxy matrix composite with 17% PZT-5A
particles.

relaxation. However, one cannot find such characteris-
tics from the hysteresis loops of both the PVDF and
the epoxy matrix composites, as shown in Fig. 6. This
shows that these two composites did not have signifi-
cant dielectric relaxation, which was due to the fact that
the strength of the relaxation property of the material is
closely related to the dielectric relaxation time, τ . It can
be seen from Table I that the dielectric relaxation time,
τ , of the F24 matrix is one order larger than that of
the PVDF matrix. However, our experimental results
show that when the amplitude of the applied electric
field was very large, the PVDF-matrix composite also
clearly exhibited dielectric relaxation.

Fig. 5 shows that the remanent polarization decreased
with the increase of the volume fraction of the PZT-2
particle, which means that the dielectric property of the
F24 matrix is even stronger than that of the PZT-2. How-
ever, by comparing Figs 6a and 3a, we found that the
remanent polarization increased with the increase of the
volume fraction of the PZT-5 particle. This may be be-
cause the dielectric property of PZT-5 is even stronger
than that of the PVDF matrix. The same conclusion
might be made from the dielectric constants listed in
Table I. It has been mentioned above that the dielectric
relaxation of the F24 matrix is considerably strong, re-
fer to Fig. 3b. But, the increase of the volume fraction
of the PZT-2 particle will reduce the dielectric relax-

ation of the ferroelectric composite, which can be seen
from Fig. 5a through c. The shape change of the hys-
teresis loops in Fig. 5 caused by the increase of the
PZT volume fraction evidently reflects the change of
the dielectric relaxation. Finally, Figs 5 and 6 show that
under the conditions of same volume fraction and load-
ing frequency, the larger the electric field, the larger
is the coercive field of the composite. The reason is
that due to the dielectric relaxation of the matrix, when
the applied electric field is reversed in direction, the
positive electric field still work on the ferroelectric in-
clusions, which makes the local field on the ferroelec-
tric inclusions smaller than the applied electric field.
The larger the applied electric field, the more obvious
is the phenomenon of the counter-interaction between
the positive and the negative electric fields.

Fig. 7 illustrates the hysteresis loops of the compos-
ites with different matrices subjected to an applied elec-
tric filed of amplitude 7 MV/m and loading frequency
1/100 Hz. It can be seen from Fig. 7 that at the same
loading amplitude and frequency, the remanent polar-
ization of the F24-matrix composite is far larger than
that of the PVDF-matrix and epoxy-matrix composites.
This is due to the fact that the dielectric constant of the
F24 matrix is one order higher than that of the PVDF
and the epoxy matrices, as shown in Table 1. Fig. 7b
shows that the hysteresis loop of the PVDF matrix

Figure 7 Comparison of the matrix materials for the hysteresis loops of
electric field versus electric displacement subjected to an applied electric
field of amplitude 7 MV/m and loading frequency 1/100 Hz: (a) different
composites with four kinds of the matrix materials; (b) the PVDF-matrix
and epoxy-matrix composites with 17% PZT-5A particles.
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composite is similar to that of the epoxy matrix com-
posite and both of them do not exhibit significant di-
electric relaxation. However, the electric displacement
of the former is less than that of the later. This is due to
the fact that the dielectric constant of PVDF is smaller
than that of the epoxy resin. It can be clearly seen from
Fig. 7 that the property of the matrix significantly af-
fects the nonlinear behavior of the composite.

Due to the viscoelasticity of the polymer matrices, the
loading rate will affect the remanent polarization and
coercive field of the composites. In order to examine
the effect of the loading rate upon the hysteresis behav-
ior, three loading frequencies of 1/20 Hz, 1/60 Hz and
1/360 Hz were selected to test the F24-matrix compos-
ites with two PZT volume fractions. It can be observed
from Fig. 8a and b that for the composite with 10%
PZT-2 particles, when the frequency is small, that is,
when the loading rate is low, the electric displacement
increases even when the electric field reduces from its
maximum point. This shows that the dielectric relax-
ation is significant. Because of the small volume frac-
tion of the PZT-2 particle, the shape of the hysteresis
loop of the composite is similar to that of the F-24
matrix material. This means that the property of the
matrix dominates the behavior of the composite when

Figure 8 Effects of the loading frequency on the hysteresis loops of
electric field versus electric displacement for the F24 matrix composites
subjected to an applied electric field of amplitude 7 MV/m with three
different loading frequencies of 1/20 Hz, 1/60 Hz and 1/360 Hz: (a) with
10% PZT-2 particles; (b) 30% PZT-2 particles.

both the volume fraction of the PZT particle and the
loading frequency are low. Moreover, it is worth not-
ing that the electric displacement in the case of fast
loading is much smaller than that of slow loading. This
indicates the strong influence of the viscoelasticity of
the matrix on the hysteresis behavior. With reference to
Fig. 8, when the loading rate is increased from that of
1/360 Hz, the hysteresis loop changes from that of slow
loading. It is reasonable to assume that domain switch-
ing occurs at the faster loading rate. In other words, the
faster the loading rate, the more significant is the effect
of the properties of the ferroelectric phase on the elec-
tromechanical behavior of the composite. In addition,
the loading rate also affects the coercive field of the
composite. This can be clearly seen from Fig. 8a and b
in which the current coercive field of the composite
increases with the increase of the loading rate.

3.3. Piezoelectric curves
Figs 9 and 10 show the measured piezoelectric curves,
i.e., axial compressive stress versus electric displace-
ment, for four kinds of composites, namely, the PVDF

Figure 9 Piezoelectric curves of the F24 matrix composites with 10% ,
30% and 65% PZT-5A particles.

Figure 10 Piezoelectric curves of the PVDF and F24 matrix composites
with 18% PZT-5A and 10% PZT-2 particles, respectively.
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matrix with 17% PZT-5A particles and the F-24 matrix
with 10%, 30% and 65% particles. With reference to
Fig. 9, for the composite with F24 matrix, the remanent
electric displacement increases with the increase of the
volume fraction of the ferroelectric inclusions. More-
over, for the composite with a larger volume fraction of
PZT particle, a larger compressive stress is required in
order to obtain the piezoelectric curve. In addition, un-
like the piezoelectric curves of the PZT ceramics, there
is neither a linear region nor a clear turning point corre-
sponding to the coercive stress in the three curves shown
in Fig. 9. This may be due to the effects of dielectric
relaxation and/or the viscoelasticity of the matrix. It has
been mentioned above that the dielectric relaxation of
the F-24 material is strong and so is its viscoelasticity.
Whereas, the dielectric relaxation of the PVDF material
is quite weak and so is its viscoelasticity. Therefore, the
coercive stress in the piezoelectric curve of the compos-
ite of PVDF + 17% PZT shows both a linear loading
region (segment AB) and an obvious turning point A,
as shown in Fig. 10. Hence, it is obvious that the ef-
fects of the viscoelasticity and dielectric relaxation of
the matrix material on the electromechanical behavior
should be taken into account carefully, in the design and
analysis of the ferroelectric composites with a polymer
matrix.

4. Conclusions
In this paper, the experimental analysis of the electric
and mechanical behavior of ferroelectric composites
with a viscoelastic and dielectric relaxation matrix was
carried out. It was found that the hysteresis loops and
the piezoelectric curves depend not only on the volume
fraction of the PZT inclusions, but also on the loading
frequency. This was due to the dielectric relaxation and
the viscoelasticity of the polymer matrix. The analysis
shows that the effects of viscoelasticity and dielectric
relaxation of the matrix on the electromechanical cou-
pling behavior of ferroelectric composites are signifi-
cant and, therefore, can not be neglected in engineering
applications. Some specific conclusions are as follows:

(1) The strength of the dielectric relaxation property
of both the composites and the matrix materials are
mainly related to the dielectric relaxation time, τ . The
larger the τ , the stronger is the relaxation property of
the materials.

(2) In the case of same volume fraction and loading
frequency, the larger the electric field, the larger is the
coercive field of the composite. The saturation polar-
ization and coercive field of both the composite and
matrix materials are very large. It is very difficult to es-
tablish an experimental setup to completely poled the
F24 and PVDF polymer matrices, so that they do not
possess piezoelectricity under our testing conditions.

(3) At the same loading amplitude and frequency,
the remanent polarization of the F24-matrix composite
is much larger than that of both the PVDF-matrix and
epoxy-matrix composites. This is due to the fact that
the dielectric constant of the F24 matrix is one order
higher than that of the PVDF and the epoxy matrices.

(4) The effect of the PZT volume fraction on the non-
linear behavior of the composite is dependent on the ra-
tio of the dielectric property of the matrix to that of the
PZT particle. For example, the remanent polarization
decreases with the increase of the volume fraction of the
PZT-2 particle. This means that the dielectric property
of the F24 matrix is even stronger than that of the PZT-2
particle. But, the remanent polarization increases with
the increase of the volume fraction of the PZT-5 parti-
cle because the dielectric property of PZT-5 particle is
even stronger than that of the PVDF matrix.

(5) The electric displacement is dependent upon the
loading frequency. The smaller the loading frequency,
i.e., the slower the loading rate, the larger is the electric
displacement. The stronger the relaxation property of
the material, the more significant is the effect of the
loading frequency on the hysteresis loops. The relax-
ation property of the F-24 material is stronger than that
of the PVDF material, therefore, the composite with
F-24 matrix is more sensitive to the loading frequency
than that with the PVDF matrix. In addition, the faster
the loading rate, the more significant is the effect of the
properties of the ferroelectric phase on the electrome-
chanical behavior of the composite.

(6) The piezoelectric curve is affected both by the
relaxation property of the matrix and the volume frac-
tions of the PZT particle. The remanent electric dis-
placement increases with the increase of the volume
fraction of the ferroelectric inclusions. One needs to
apply a larger compressive stress to the composite with
a larger volume fraction of PZT particle to obtain the
piezoelectric curve. If the dielectric relaxation and vis-
coelasticity of the polymer matrix are weak, the coer-
cive stress shows both a linear loading region and a turn-
ing point in the piezoelectric curve of the ferroelectric
composite.
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