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Effects of uniaxial prestress on the ferroelectric
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Abstract

This paper deals with the influence of preload stress on the ferroelectric hysteretic behavior of piezoelectric ceramics. The polarization and
strain versus electric field hysteresis loops were measured for soft lead zirconate titanate (PZT) piezoceramic material under various uniaxial
compressive stress preloads of up to−400 MPa. The investigation revealed that the superimposed compression load reduced the remnant
polarization, decreased the coercive field, and also had a significant impact on the dielectric and piezoelectric properties. With increasing
mechanical load, dielectric hysteresis and butterfly hysteresis became less and less pronounced, as the compressive stress prevented full
alignment of the domains and induced mechanical depolarization. The slopes of the polarization and strain curves at zero electric field were
measured to evaluate the dependence of permittivity and piezoelectric coefficients on the prestress. The experimental results were interpreted
in terms of the non-180◦ domain switching process under combined electromechanical loading.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: PZT; Piezoceramics; Domain switching; Polarization; Strain; Preload stress; Dielectric and piezoelectric properties

1. Introduction

Lead zirconate titanate (PZT) ceramics are widely used
in sensor and actuator applications as a representative
piezoelectric material.1–3 To enhance electro-mechanical
coupling, most of the technically important PZT ceramics
have compositions in the vicinity of the morphotropic phase
boundary (MPB), with two ferroelectric phases, i.e., the
tetragonal and the rhombohedral phases, coexisting inside
the materials.4,5 PZT ceramics are usually modified with
dopants to meet the stringent requirements for specific ap-
plications. In general, high-valent additives (donors) induce
“soft” piezoelectric behavior, while lower valent additives
(acceptors) induce “hard” behavior.3–5 The higher piezo-
electric coefficients of soft compositions are appropriate for
positioning actuator applications, while hard PZT ceramics
are particularly suitable for ultrasonic motor applications.2

Polycrystalline ferroelectric ceramics consist of crystals
subdivided into domains separated by domain walls. A
domain is a group of unit cells within a single crystal all
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of which share the same spontaneous polarization direc-
tion. Based on the angle between polarization directions in
neighboring domains, domain walls can be grouped into
two categories: 180◦ walls separating domains with op-
posite polarization vectors, and non-180◦ walls separating
the remaining domains (90◦ for tetragonal symmetry and
71◦/109◦ for rhombohedral symmetry).4,5 Application of an
electric field or a mechanical load above a critical magni-
tude may reorientate the polarization direction of domains.
This effect is commonly called domain switching or domain
wall motion. Domain switching induced by electric field
loading is referred to as ferroelectric switching; both 180◦
and non-180◦ reorientation can occur in this case. Piezoce-
ramics also exhibit ferroelasticity, where non-180◦ domain
switching can be induced by mechanical stress loading of
sufficient magnitude.6 The consequence of domain switch-
ing is the occurrence of non-linear hysteresis behavior.

For piezoceramic materials working under high-frequency,
small-signal loading conditions, a set of linear constitutive
laws has been developed to describe the electromechanical
coupling behavior, and the material parameters are nor-
mally determined by weak-field measurements performed
using a resonance-antiresonance method.7 However, nowa-
days, piezoelectric actuators normally have complicated
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geometries and are required to work under severe loading
conditions. For instance, some active actuator applications
(e.g., vibration suppression devices, sonar projectors, etc.)
require the active material to accommodate significant
compression preloads and produce high strain outputs. To
accomplish this, a strong electric field must be applied.8–10

For components with field intensifiers, e.g., cracks or em-
bedded electrodes, local stress or electric field concentra-
tions will occur inside the structure.11–13

When large-signal loads (electric field and/or stress) are
applied, the real responses of piezoceramics are dominated
by a significant non-linearity and hysteresis due to the in-
herent ferroelectricity and ferroelasticity. Consequently, the
conventional linear assumptions for small-signal loading
conditions are inadequate in representing accurately the
practical behavior of materials. For device design, working
condition optimization and, especially, for components reli-
ability assessment, recent experimental and modeling efforts
focused on evaluating and understanding the large-signal
non-linear behavior of ferroelectric piezoceramics in the
context of domain switching.

In general, the constitutive models describing the hystere-
sis properties of piezoceramics fall into one of two classes:
Phenomenological models and micro-mechanical models.
The review article by Kamlah14 discussed details of the ma-
terial behavior and recent constitutive modeling efforts.

On the experimental side, Cao and Evans11 studied the
response of soft and hard PZT piezoceramics to uniaxial
compressive stress loading. When a sufficiently high com-
pressive load was applied, the stress–strain behavior was
characterized by significant non-linearity with a distinct ir-
reversible remnant strain present upon unloading. In addi-
tion, non-linear mechanical depolarization was induced also
for the pre-polarized specimen. These non-linear responses
were attributed to ferroelastic non-180◦ domain switching
processes. Fett and coworkers15,16 compared the non-linear
response of soft PZT ceramics under tensile and compressive
loading. Due to the different ferroelastic domain switching
processes in tension and compression, a non-symmetric de-
formation behavior was observed; the tensile strength was
found to be much lower than the compressive strength.
Partial unloading tests were further performed to measure
the change of Young’s modulus under uniaxial compres-
sive stress loading. Young’s modulus was found to increase
from 40–70 GPa (depending on the poling states) up to
about 130–150 GPa with increasing stresses. Schäufele and
Härdtl12 investigated the effects of a biasing electric field on
the compressive non-linear behavior of PZT ceramics with
variable Zr:Ti ratios and additive dopants. An electric field
applied parallel to the poling direction was found to linearly
increase the coercive stress of ferroelastic switching.

Applying a strong alternating electric field to a mechani-
cally unclamped piezoceramic specimen causes the polariza-
tion to reverse. As a result, the plots of polarization and strain
versus the field applied are recorded by the so-called dielec-
tric and “butterfly” strain hysteresis loops. This pure ferro-

electric hysteresis behavior were investigated extensively by
materials scientists.3–5,17 Additionally, it was found that the
hysteresis response of piezoceramics depended significantly
on the amplitude and frequency of the field applied.18,19

For active actuator applications and reliability assessment of
components referred to above, several authors studied fer-
roelectric behavior as a function of mechanical preloads.
Lynch20 measured the polarization and strain versus electric
field hysteresis loops for (Pb,La)(Zr,Ti)O3 (PLZT) ceram-
ics at various compression preload levels of up to−60 MPa.
The effects of prestress on remnant polarization, the coer-
cive field, and piezoelectric coefficients were studied quali-
tatively. It is worth noting that PLZT is a kind of very soft
relaxor ferroelectric material. It is convenient to deal for ex-
periments (quite easier to be poled by low electric field appli-
cation and depoled by small mechanical load), but is not of
interest in practical piezoelectric actuator applications. Re-
cently, Chaplya and Carman21 presented similar experimen-
tal results for the non-linear electromechanical behavior of
PZT-5H soft piezoceramics. In their work, polarization and
strain responses to bilpoar and unipolar electric field loading
were evaluated at various prestresses of up to−175 MPa,
and the measurement results were interpreted qualitatively
in terms of two successive non-180◦ domain switching pro-
cesses. Although these investigations provided valuable in-
formation on the non-linear behavior of piezoceramics, they
were performed within a limited compressive preload range,
and only part of the properties were characterized.

To compensate for the noticeable lack of experimental
data about the non-linear properties of piezoceramics, the
polarization as well as the longitudinal and transverse strains
versus full cycles of electric field hysteresis loops were sys-
tematically measured in this study for a commercial soft PZT
ceramic over a wide range of uniaxial compressive preloads.
Based on the measurement results, the influence of prestress
on dielectric permittivity, the piezoelectric constants,d33 and
d31, was determined by plotting the slopes of the hystere-
sis curves at zero field. The experimental results were ex-
plained physically in terms of two successive non-180◦ do-
main switching processes under combined electromechani-
cal loading. This type of investigation can serve to calibrate
the existing models and develop a more suitable constitutive
law for the complete response of piezoceramics over a wide
range of environmental conditions and signals applied.

2. Experimental procedures

2.1. Material, specimen preparation,
and experimental setup

Measurements were performed on a commercially avail-
able PIC 151 piezoceramic (PI Ceramic, Germany). This
material is a kind of Pb(Ni1/3Sb2/3)O3–PbTiO3–PbZrO3
ternary phase system incorporating approximately 2–3% of
Pb(Ni1/3Sb2/3)O3 in the vicinity of the morphotropic phase
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boundary (MPB) of PZT in the tetragonal range.22 Sb5+
in the composition acts as a donor to make the material
“soft.” Therefore, the material may be considered a kind of
soft PZT. For further information about this material, see
www.piceramic.de.

The samples were cut and ground by the manufacturer
into rectangular blocks of 5 mm× 5 mm × 15 mm, with
silver electrodes burnt into the top and bottom 5 mm×5 mm
surfaces. The large aspect ratio of 3:1 can ensure that a
significant middle portion of the sample experiences uniform
uniaxial stress and strain states.

The external load-induced deformations were monitored
by a strain gauge technique using an M-bond 600 adhe-
sive (Vishay Measurements Group). A pair of strain gauges
mounted on opposite sides were used to measure the longi-
tudinal strain; another two gauges were employed for trans-
verse strain monitoring. Initial investigations indicated that
the deformation signal detected by strain gauges could dif-
fer significantly from the true strain when the electric field
applied became very strong. This challenge was eventually
solved by attaching a thin layer of Kapton polyimide film
between the sample and the gauges. Theoretical analysis in-
dicated that this polyimide substrate could provide sufficient
insulation of the conductive gauge pattern to avoid electric
field distortion in the PZT ceramics and, consequently, could
ensure correct strain measurement.23

As is shown inFig. 1, a special experimental setup was
developed for simultaneous application of the stress and the
electric field. A fluorinert electric liquid (FC-40, 3 M) bath
was designed to prevent high-voltage arcing during electric
loading. A uniaxial compressive stress was supplied by the
Instron servohydraulic load frame (Model 1361). The top
fixture incorporated a spherical joint assembly to accommo-
date slight misalignment. The prepared specimen was care-
fully placed in the center between two flat alumina blocks
insulating the load frame from high voltage. High voltage
was provided by a bipolar high-voltage power supply with
a maximum output of±30 kV (HCB 15-30 000, F. u. G.,

Fig. 1. Experimental setup used for the combined electromechanical tests.

Germany) and applied to the specimen via the copper shims
attached to the alumina blocks.

Electric polarization was measured by a modified
Sawyer–Tower circuit. A high input resistance electrometer
(6517A, Keithley Instruments) was employed to monitor
voltage fluctuations across a 10�F reference capacitor
connected in series with the specimen.

KWS 3073 5 kHz carrier frequency amplifiers (Hottinger
Baldwin Messtechnik, Germany) were used to monitor
strain. Prior to each experiment, the specimen was first
subjected to a very low compression load, after which the
strain readings from each pair of opposed strain gauges
were compared to detect the degree of bending introduced
in the sample. When the difference in strains indicated by
one pair of gauges was too large, the specimen position was
readjusted carefully and the entire procedure was repeated.
Only when it was certain that a uniaxial compressive stress
was applied along the central specimen axis, could the mea-
surement begin. To further minimize bending effects, the
data recorded by each pair of strain gauges were averaged
to plot the curves after the experiment.

A computer equipped with a data acquisition board
and running DASYLAB software (National Instruments)
was used to control simultaneously the Instron machine
and the high-voltage power supply. All equipment out-
put signals were first passed through insulated dc in-
put/output signal-conditioning modules (Phoenix Contact,
Germany) and then digitally recorded by DASYLAB. The
signal-conditioning modules served to further insulate the
computer against high-voltage discharges.

Further details of the method of specimen preparation and
the electromechanical test setup can be found in Ref.23.

2.2. Measurement procedure

The experiment was performed on initially unpolar-
ized specimens; full cycles of a ramp-shaped electric field
were applied to the sample under different co-axial com-
pressive stress preloads. Starting the loading in positive
direction, theE field amplitude range was limited between
+2 and −2 kV/mm, with a loading rate of 0.08 kV/mm
per second. The magnitude of the discretely preloaded
constant stress varied from 0 to−400 MPa; the loading
rate was 5 MPa/s between two steps. Polarization as well
as longitudinal and transverse strains versus electric field
hysteresis loops were monitored simultaneously. To take
into account time-dependent effects of depolarization and
strain responses under constant mechanical load,23,24 in-
creasing the preload stress to a new magnitude included
a holding time of 150 s before electric field cycling was
started. A total of four cycles of the electric field were
applied to the specimen at each constant prestress level,
and only the curves induced during the last cycle were
plotted for illustration. The measurements were repeated
three to four times to ensure reliability of the experimental
findings.

http://www.piceramic.de
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Fig. 2. Polarization vs. electric field (P–E) hysteresis loops as a function
of compressive stress preload.

3. Results and discussion

3.1. P–E curves as a function of preload stress

The polarization versus electric field (P–E) hysteresis
loops under different compressive stress preload levels are
shown inFig. 2.

We notice first that the area of theseP–E hysteresis loops
decreases with increasing preload stresses. TheP–E hys-
teresis loop area represents the unit-volume polarization
dissipation energy of a ferroelectric material subjected to
one full cycle of electric field loading.17 The change in
polarization dissipation energy is plotted inFig. 3 as a
function of the preload stress, in which the dissipation en-
ergy is found to decrease non-linearly with the prestress
increment.

The polarization dissipation energy is also termed energy
loss being consumed for self-heating of the specimen and
related directly to the amount of domains participating in
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Fig. 3. Polarization dissipation energy (integration of the area ofP–E
hysteresis loops) as a function of compressive stress preload.

0 50 100 150 200 250 300 350 400
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

-T3 (MPa)

P
r (

C
/m

²)

 (+Pr)

 (-Pr)

Fig. 4. Change in the positive and negative direction remnant polarization
with increasing compressive stress preloads.

the switching process during an electric field loading cycle.
FromFig. 3 it is clear that the amount of domains contribut-
ing to polarization reversal decreases non-linearly with in-
creasing prestress. In the stress-free state (T = 0 MPa), the
dissipation energy is 1.382× 106 J/m3; at −400 MPa, the
dissipation energy decreases to 0.043× 106 J/m3, which is
approximately 30 times less than in the stress-free state. As
is seen inFig. 2, the correspondingP–E curve at−400 MPa
nearly becomes a straight line with very low hysteresis,
which implies that relatively few domains participate in po-
larization reversal under such high stress preload.

The P–E hysteresis loops inFig. 2 show a pronounced
decrease of remnant polarization, saturation polarization (at
±2 kV/mm), and coercive field as the compressive stress
increases. The changes in the absolute values of remnant
polarization and coercive field with increasing prestress are
plotted inFigs. 4 and 5, respectively, where+Pr and−Pr
symbolize remnant polarization in the positive and nega-
tive directions, respectively, and+Ec and−Ec are defined
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Fig. 5. Change in the positive and negative direction coercive fields with
increasing compressive stress preloads.
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as positive and negative direction coercive electric fields,
respectively.

Apparently, both the remnant polarization and the co-
ercive field decrease non-linearly with the increment in
the superimposed compressive stress. For example,+Pr is
0.341 C/m2 in the stress-free state, and is now 0.006 C/m2 at
−400 MPa, while−Pr is −0.337 C/m2 at 0 MPa, decreasing
to −0.010 C/m2 at −400 MPa. In addition, approximately
symmetrical changes in positive and negative remnant po-
larization can be observed inFig. 4.

The positive direction coercive field (+Ec) is 0.981 kV/mm
in the stress-free state, decreasing to 0.383 kV/mm at
−400 MPa.−Ec has the value of−0.983 kV/mm at 0 MPa,
and is−0.223 kV/mm at−400 MPa. The plots of±Ec in
Fig. 5 indicate that the changes in the positive and negative
direction coercive field with increasing preload stress ap-
pear not to be symmetrical. The negative direction coercive
field (−Ec) decreases slightly more significantly than+Ec.
This phenomenon was observed in repeated experiments.

The experimental results of the changes in remnant po-
larization and coercive field with increasing preload stress
are in agreement with the observation by Lynch20 for PLZT
material.

The decrease of remnant polarization should be attributed
to the depolarization induced by mechanical loading through
non-180◦ ferroelastic domain switching processes, where
domains are aligned orthogonally to the electric field ap-
plied. Summing up the plot of the dissipation energy inFig. 3
we can conclude that, with compressive preload increasing,
more and more domains are constrained by the prestress and
cannot be reorientated by the electric field so as to partic-
ipate in polarization reversal. Consequently, both remnant
polarization and maximum polarization at±2 kV/mm be-
come continuously lower.

3.2. S–E curves as a function of preload stress

The longitudinal strain (S3) and transverse strain (S1) ver-
sus electric field “butterfly” curves were measured simulta-
neously at various prestress levels. The results are shown in
Figs. 6 and 7, respectively.

One of the most notable features we can see fromFigs. 6
and 7 is that, as the stress level is increased, theS3–E3
curves are shifted towards the negative strain direction and
the S1–E3 curves are shifted towards the positive strain di-
rection. We also find that the downward/upward dips in the
longitudinal/transverse strain curves become rounded and
eventually flatten out. There is very little electrically induced
strain at much higher stress levels. InFig. 8, non-linear
changes in the residual longitudinal and transverse strains
(strain values atE = 0 kV/mm) can be clearly observed
with increasing stresses.

As was pointed out by Lynch,20 the superimposed com-
pressive stress makes two contributions to the total strain re-
sponse. First, it induces elastic deformation, which will shift
the longitudinal strain curves downward and move the trans-
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Fig. 6. Longitudinal strain vs. electric field (S3–E3) curves as a function
of compressive stress preload.

verse strain curves upward. The second contribution made by
the preload stress is ferroelastic non-180◦ domain switching.
Besides the effect of shifting the strain curves, stress-induced
ferroelastic domain switching also has a significant impact
on the shapes of the polarization and strain hysteresis loops,
dielectric permittivity, and piezoelectric coefficients.

3.3. ε33, d33, and d31 as a function of preload stress

At different prestress levels, the dielectric permittivity was
calculated approximately by usingEq. (1), which gives

ε33(T) = 	D3

	E3
(1)

where	D3 is the polarization difference between−0.1 and
+0.1 kV/mm. Within such a small field range, the calculated
ε33 is nearly equivalent to the slope of theP–E curve as
the electric field passes through zero. The calculated dielec-
tric constant can be called differential permittivity, which
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Fig. 7. Transverse strain vs. electric field (S1–E3) curves as a function of
compressive stress preload.
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Fig. 8. Longitudinal (a) and transverse (b) residual strains (strain values
at E = 0 kV/mm) as a function of compressive stress preload.

includes both the reversible (intrinsic dielectric property)
and irreversible (extrinsic domain switching related prop-
erty) contributions of the material. Generally, the differential
dielectric constant is significantly higher than the permit-
tivity measured by a dynamic method, which is normally
achieved by measuring the response of a material to a low ac
signal superimposed on a substantial dc bias signal. The dy-
namic coefficients are mainly determined by the reversible
effects.25

The change in the differential dielectric constant is illus-
trated inFig. 9 as a function of the preload stress.

We can see that the magnitude of the differentialε33 de-
pends significantly on the preload stress levels. The relative
dielectric constant is approximately 7400 in the stress-free
state. Initially, it increases with increasing stress; after reach-
ing a maximum value ofε33/ε0 ≈ 16,000 at−35 MPa, it
gradually decreases with further prestress increments. At
−400 MPa, nearly all domains have been aligned orthog-
onally to the field applied, and the corresponding relative
permittivity is around 3000. The experimental results indi-
cate that the preload stress has a significant influence on the
dielectric property of a ferroelectric material.
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Fig. 9. Change in the relative dielectric constant (measured from the slope
of P–E curves as theE field passes through 0 kV/mm) with increasing
preload stresses.

Similar toε33, two important piezoelectric constants,d33
and d31, were calculated at different prestress levels by
Eq. (2), which gives

d33(T) = 	S3

	E3

d31(T) = 	S1

	E3

(2)

Again, the electric field range was limited between−0.1
and+0.1 kV/mm. Within such a narrow range, the calculated
d33 andd31 are nearly equal to the slopes of theS3–E3 and
S1–E3 curves as the electric field passes through zero.

The changes ind33 and d31 are plotted inFig. 10 as a
function of prestress. In the stress-free state, the calculations
furnish d33 = 1470 andd31 = −670. Bothd33 and d31
initially increase with the preload stress increasing, reach-
ing their peak levels ofd33 = 2380 andd31 = −1050 at
−25 MPa. Thereafter,d33 andd31 decrease quickly with fur-
ther preload increase and finally approach zero, which indi-
cates that there is hardly any piezoelectric effect under such
high compressive stress preload, in this experiment, e.g.,
from −300 to−400 MPa.

3.4. Discussion

The influence of the preload stress on the shapes of
the P–E and S–E curves can be explained by two succes-
sive non-180◦ domain switching processes. Chaplya and
Carman21 presented a similar explanation in one of their
recent publications. In the stress-free state, when theE field
drops from+2 to 0 kV/mm, most of the domains are pre-
served with their orientations parallel to the positive electric
field loading direction (only a few unstable domains switch
back to their initially unpolarized states). From 0 kV/mm,
the first non-180◦ domain switching process starts in the
material as a negative electric field is applied. When the
negative coercive field (−Ec) is reached, the first non-180◦
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Fig. 10. Change in the piezoelectric coefficientsd33 (a) andd31 (b) with
increasing preload stresses. The piezoelectric constants were measured
from the slopes of theS3–E3 andS1–E3 curves as the electric field passed
through 0 kV/mm.

switching process will be completed. The strain is found
to achieve its minimum absolute value, and polarization is
zero. After −Ec, the second non-180◦ domain switching
process begins, both polarization and strain are observed
to increase by “jumps,” and finally become saturated at
higher electric field levels. (To simplify the discussion, it is
assumed here that polarization and strain reach their min-
imum levels simultaneously. For a detailed discussion of
this aspect, see Refs.19,23.)

When a low compressive stress is superimposed on the
specimen (e.g.,−25 or−50 MPa), the shapes of theP–E and
S–E curves are different from those in the stress-free state.
Due to compression load-induced depolarization, the resul-
tant polarization and strain at maximumE field (±2 kV/mm)
seem to become lower. As discussed earlier, this is because
some of the domains have been constrained orthogonally to
the E field by the superimposed stress and cannot be reori-
entated by the electric field with the maximum amplitude
of ±2 kV/mm in this experiment. During the field unload-
ing period from+2 to 0 kV/mm, the preload stress will in-

duce part of the first non-180◦ domain switching even be-
fore 0 kV/mm. As a result, we can see both polarization and
strain decrease more drastically than in the stress-free state.
After 0 kV/mm, the negativeE field acts together with the
prestress to complete the residual first non-180◦ switching.
Until the negative coercive field (−Ec) is reached, polariza-
tion and strain reach their minimum values.

The magnitude of the coercive field with a compressive
stress preload is smaller than it is in the stress-free state.
This is due to three reasons: (1) fewer domains take part in
polarization reversal, (2) the preload stress destabilizes the
polarized state and leads to part of the first non-180◦ domain
switching in the period of electric field unloading from±2
to 0 kV/mm, (3) the first non-180◦ switching process is com-
pleted by the combined action of theE field and prestress.

After −Ec, the steadily increasing electric field load will
act against the prestress to induce the second non-180◦ do-
main switching. Consequently, polarization and strain expe-
rience a more gradual development rather than a “jump” in
the case ofT = 0 MPa. With further preload stress incre-
ments, fewer and fewer domains take part in polarization
reversal, and the resultantP–E andS–E curves become flat.
For example, at−400 MPa, theP–E curve approximates
a straight line, and hardly any electrically induced strain
change can be observed.

So far, the influences of compressive prestress on the po-
larization and strain versus electric field curves have been
clarified. From the plots ofε33, d33, andd31 as a function of
the preload stress we can see that the superimposed stress
also has a significant impact on the piezoelectric and dielec-
tric properties of a piezoceramic material. The general obser-
vation is that the coefficients investigated initially increase
with increasing preload stress; after reaching a maximum
value at a specific low stress level they decrease quickly with
further stress increases.

In our other experimental investigation,26 unipolar high
electric field-induced polarization and strain were measured
for this soft PZT material under various compressive stress
preloads of up to−400 MPa. The results also indicated
a significant enhancement of dielectric and piezoelectric
properties within a certain prestress loading range. The
enhanced performance may be attributable to the extra con-
tribution by the extrinsic material properties to the overall
dielectric/piezoelectric response, i.e., more non-180◦ do-
main switching induced by combined electromechanical
loading. Recently, a similar phenomenon was reported by
several authors in their measurements of soft/hard piezoce-
ramics or piezoelectric stack actuators.8,9,25 The enhanced
actuation performance must be addressed in the design and
practical application of active actuators.

4. Summary and conclusions

In this study, a special method of specimen preparation
and an improved experimental setup were developed to
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investigate reliably the large-signal electromechanical re-
sponse of piezoceramics. Bipolar high electric field-induced
polarization and “butterfly” longitudinal/transverse strain
hysteresis loops were directly measured for a commercial
soft PZT material under various compressive stress preloads
of up to −400 MPa. As the compressive stress prevented
full alignment of the domains and induced mechanical de-
polarization, hysteresis of theP–E curves became less and
less pronounced and both remnant polarization and coercive
field decreased non-linearly with the superimposed stress
increasing. Mechanical preload induced elastic deformation
and ferroelastic domain switching significantly changed the
shape and amplitude of the strain curves. With the prestress
increment, the strain curves became much smoother, and
non-linear changes in the residual strain (strain values at
zero electric field) were observed. At much higher stress
levels, theP–E curves became a nearly straight line, and
hardly any electrically induced strain variation was ob-
served. Slopes of the polarization and strain curves at zero
electric field were measured to evaluate the influence of
prestress on the permittivity (ε33) and piezoelectric coeffi-
cients (d33 andd31) of piezoceramics. Significant enhance-
ment of the dielectric and piezoelectric performance was
observed within a narrow prestress range. After reaching
their maximum values at a certain stress level, these param-
eters decreased rapidly as compression preload increased
further. The material displayed hardly any piezoeffects at
much higher stress levels (e.g.,≥300 MPa). The experi-
mental results were interpreted qualitatively in terms of two
successive non-180◦ domain switching processes induced
by combined electromechanical loading.
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