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Abstract

This study is focused on the investigation of the fundamental properties of piezoceramics under loading conditions simulating the in-service
environment of high-strain actuators. High electric field induced polarization and strain responses were experimentally evaluated for a
commercial soft PZT material subjected to cyclic mechanical load with different mean stresses and amplitudes. When the stress is applied
in-phase with electrical loading, the polarization and strain outputs are found to monotonically decrease with an increase in stress amplitude,
until mechanical loading completely impedes the piezoelectric response. An inverse effect occurs for the out-of-phase electromechanical
loading tests, in which the polarization and strain outputs increase with increasing stress amplitude. In general, the enhanced polarization
a to explain the
e ects.
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nd strain responses are accompanied by an unfavorable increased hysteresis and nonlinearity. An attempt has been made
xperimental findings by simultaneously taking into account the effects of elastic deformation, domain reorientation, and piezoeff
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Piezoelectric actuators offer many excellent charac-
eristics that are attractive to smart structure and system
pplications, such as large generative force, quick re-
ponse time, low power consumption, and compactness.1,2

hen composed in the vicinity of the morphotropic phase
oundary (MPB), lead zirconate titanate (PZT) ceramics
nd related modified families exhibit outstandingly high
lectromechanical coupling coefficients which make them

he most widely commercialized and studied piezoelectric
aterials.3,4 Polycrystalline piezoceramics are subdivided

nto domains separated by domain walls. Application of
n electric field or a mechanical load in excess of a critical
agnitude may reorient the spontaneous polarization direc-

ion of domains, which is commonly called ferroelectric or
erroelastic domain switching. The consequence of domain

� Presented at “ELECTROCERAMICS IX”, Cherbourg, France, 31
ay–3 June 2004.
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switching is the occurrence of a non-linear hyster
behavior.5,6

For actuators used in practice, the simplest but frequ
encountered loading spectrum is uniaxial electromecha
loading, i.e. the electric field and a co-axial stress are
plied to a component along its poling axis (3-direction).
resulting electric displacement (D3) and longitudinal strai
(S3) can be described as

D3 = ε33E3 + Pr
3 + d33σ3, S3 = s33σ3 + Sr

3 + d33E3

(1)

whereε33E3 ands33σ3 represent the dielectric contributi
and mechanical elastic strain,Pr

3 andSr
3 correspond to th

domain switching-related irreversible remnant polariza
and strain, andd33σ3 (direct) as well asd22E3 (inverse) are
the contributions of piezoeffects. Note that the dielectric
piezoelectric coefficients are functions of the poling s
which in turn depends on the electric field and stress loa
conditions.

Considerable efforts were made in recent years to
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actuator applications, where high forces and/or large
displacement output are required. Some of the most promis-
ing industrial applications include precision positioning,
vibration suppression devices, noise controls, and fast fuel
injection valves in automotive areas.7,8 Piezoelectric materi-
als offer excellent capability of high force generation, but the
actuation displacements are limited. To obtain high-strain
output, novel designs, e.g. multilayer stacks and mechanical
amplification devices, are utilized; furthermore, the active
material has to be subjected to high driving electric field.9

The mechanical preloading mechanism (or prestress) is
an essential component of the actuator design. It is well
known that the tensile strength of piezoceramics is much
lower than the compressive strength.10 Therefore, the ac-
tuators are normally designed to operate under significant
compressive preload to avoid failure. Superimposition of a
compressive stress can effectively prevent premature delam-
ination and cracking from occurring in multilayer stacks.

Large signal external loads lead to ferroelectric and/or fer-
roelastic domain switching in the material. Due to the change
of remnant polarization and strain (poling state), the mate-
rial’s parameters in Eq.(1) are no longer constants, but de-
pendent on the history of applied signals. As a result, the real
response of piezoceramics will display significant hysteresis
and non-linearity.

Faced with the design, working condition optimization,
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in-phase as well as out-of-phase with electrical loading. The
experimental findings were explained by simultaneously
taking into account the contributions of elastic deformation,
domain switching, and piezoeffects.

2. Experimental procedures

2.1. Materials, specimen preparation, and experimental
setup

Measurements were performed on the commercially
available PIC 151 “soft” PZT piezoceramic (PI Ceramic,
Lederhose, Germany). The samples were cut and ground
to rectangular blocks of 5 mm× 5 mm× 15 mm by the
manufacturer, with silver electrodes burned into the upper
and bottom 5 mm× 5 mm surfaces. Following stringent
cleaning, four strain gauges were attached to the sample
using an M-bond 600 adhesive (Vishay Measurements
Group, Raleigh, CA). A pair of oppositely mounted gauges
was used to measure the longitudinal strain, another two
were employed for transverse strain monitoring.

The prepared specimen was installed into a carefully
designed test fixture capable of simultaneously applying
uniaxial compressive stress and electric field. The top test
fixture incorporated a spherical joint assembly to accom-
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ec-
t ee
nd especially reliability assessment of novel actua
equiring high force and/strain output, some research e
ave been made to investigate experimentally the diele
nd actuation behavior of bulk ceramics or piezo-st
nder large-signal combined electro-mechanical loa
onditions.5,8,11–13Enhanced actuation capabilities ass
ted with larger nonlinearity and hysteresis were confir

or a component driven by a high electric field within
recise compression preload range. This phenomen
enerally attributed to extra extrinsic contribution of m
on-180◦ domain switching induced by the combined ac
f electro-mechanical loading.

These studies provided valuable information, howe
ost of the measurements were simply performed u
constant (dead) compression preload. For applicatio

ractice, the actuators may be designed to operate
yclic stress loading. That is, the active material will exp
nce alternating electrical and mechanical loading at the

ime. Knowledge of material’s properties under more c
licated loading spectra is desirable. A preliminary work
arried out by Mitrovic et al.,8 in which only the strain beha

or was investigated for piezo-stacks upon the applicatio
imultaneous cyclic electromechanical load and, espec
he compressive stress was applied in step with electric

In this paper, we evaluate the performance of a c
ercial piezoceramic under combined electro-mecha

oading as it relates to the in-service condition. H
lectric field induced polarization and strain measurem
ere carried out under alternating mechanical load
arious mean stresses and amplitudes, which was ap
odate slight misalignment. An Instron servohydraulic l
rame was used to apply mechanical loads. The highE-field
as provided by a bipolar high-voltage power supply (H
5–30 000, F.u.G., Rosenheim, Germany) with a maxim
utput of ±30 kV. During measurement, the sample

mmersed in an insulated electric liquid (FC-40, 3M, St. P
N) to prevent arcing. More details about the specim
reparation and the testing setup can be found in Refs.13,14.

Sawyer-Tower method was applied to measure the
ric polarization using a high-input-resistance electrom
6517A, Keithley Instruments, Cleveland, OH).

KWS 3073 5 kHz carrier frequency amplifiers (HB
armstadt, Germany) were used to monitor the strains

ra caution was taken to minimize the bending effects. U
he application of a very small compression load, the s
eadings from each pair of oppositely attached strain ga
ere compared to detect the degree of misalignment i
uced in the specimen. The sample position was then ad
epeatedly to ensure the stress applied along the centra
urthermore, the data recorded by each pair of gauges
veraged to plot the curves after the experiments.

A computer equipped with a data acquisition board
unning DASYLAB software (Dasytec, Amherst, NH) w
sed to digitally record the measurement signals and co

he Instron machine as well as the high-voltage power su

.2. Measurement procedure

The initially unpoled specimen was first poled by full el
ric field reversals (±2 kV/mm, four cycles) in the stress-fr
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state. After poling, ramp-shape cyclic electric field with a
range limited between−0.4 and +2 kV/mm was applied on
the specimen to conduct the designed measurements. The
coercive field (Ec) of this material is about±1 kV/mm, the
selected field range is the maximum recommended for high-
strain actuator applications. For all the measurements, the
field loading rate is fixed to 0.08 kV/(mm s).

Two series of combined electro-mechanical tests were de-
signed to simulate the practical operation of piezo-actuators
assuming the cyclic stress and electric field loading occurred
at the same frequency. The mechanical load was rigidly
restricted in compressive range. In each stress state with a
certain amplitude, a total of fiveE-field loading cycles were
applied, and only the stable responses induced in the last
cycle were used to plot the curves.

In the first series of tests, the maximum stressσmax is
zero. That is, the stress ranges from zero down to some
compressive minimum and then back to zero. This special
stress-time pattern is often referred to asreleased compres-
sion in the literature. The mean stress is half the minimum
stress, orσm =σmin/2, and the stress range is defined as
�σ =σmax− σmin.

In the second series of tests, the stress spectrum to which
the specimen is subjected is a constant-mean stress-time pat-
tern of various amplitudes. Such a constant-mean case may
be thought of as a static stress equal in magnitude to the mean
σ ss of
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Fig. 1. Comparison of the polarization (a) and strain (b) behavior in the
stress-free state, under in-phase and out-of-phase electromechanical loading
with zero-maximum stress.

60 MPa. The results obtained in the stress-free state are also
given for comparison.

Even in the stress-free state, theP–E and S–E curves
do not show ideally linear responses, but exhibit pro-
nounced hysteresis and non-linearity. This is due to some
amount of domain alignment repeatedly induced by the
cyclic E-field loading. Zhang et al.6 proved that at room
temperature and under stress-free conditions, extrinsic
non-180◦ domain switching made the major contribution to
the dielectric and piezoelectric responses of PZT ceramic
materials.

When the mechanical load is applied in-phase with
electrical load, increasing of theE-field from −0.4 to
+2 kV/mm is accompanied by a loading of the stress from
zero to the maximum magnitude of−60 MPa. As shown
in Eq. (1), the compressive stress induced direct piezoeffect
(d33σ3) and elastic deformation (s33σ3) will cause a decrease
in the polarization and strain, respectively. In addition,
the synchronously increasing compression load will act
against theE-field to prevent domain switching to the poling
direction, by which a gradual reduction ofPr

3, Sr
3, d33, and

ε33 will be induced. As a result of the combined action, we
m, with a superposed completely reversed cyclic stre
mplitudeσa (σa = (σmax− σmin)/2).

To simplify the complicated loading spectra encounte
n practice, two extreme electro-mechanical loading s
re considered in this work: in-phase and out-of-phase

n-phase loading, an increase of theE-field from −0.4 to
2 kV/mm is accompanied by a synchronous loading o
ompressive stress up to a specific maximum magni
ollowing that, the electric field and stress are unloa
imultaneously. That is, the two external loads go thro
heir maximum and minimum points at the same t
nd in the same direction (using absolute values for s

oading). The out-of-phase loading means a loadin
he stress is accompanied by an unloading of theE-field
rom its positive peak or do it the other way round. T
s, the stress loading acts 90◦ later in time than does th
lectric field. Notice that the phase relationship define

his work is consistent with physical convention, wher
contrary definition was used in the work of Mitro

t al.8

. Results and discussion

.1. Polarization and strain response under loading with
ero-maximum stress

An example of polarization and strain versus electric fi
esponse under released compression (zero-maximum s
oading condition is presented inFig. 1 for a stress range
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find the polarization and strain responses are significantly
impeded, and the curves display slight hysteresis.

A completely contrary phenomenon is observed for the
specimen exposed to out-of-phase electro-mechanical load-
ing. In such a case, unloading of theE-field from +2 to
−0.4 kV/mm is accompanied by increasing stress load from
zero up to the maximum magnitude. Their combination will
induce large amount of non-180◦ domain switching perpen-
dicular to the poling direction. As a result, both polarization
and strain are observed to decrease drastically (including the
aforementioned effects of direct piezoeffect and elastic de-
formation). Following that, loading of theE-field together
with unloading of the stress will gradually reorient most of
the domains back to the poling direction. When theE-field
reaches +2 kV/mm, the stress returns to zero, the polariza-
tion and strain are almost recovered to the same values in the
stress-free state. Due to large amount of domain switching in-
duced during the loading–unloading process, large hysteresis
and non-linearity are observed in the polarization and strain
curves. We can anticipate that more pronounced hysteresis
will be observed with the stress range increment.

F
i
s

The measurements were repeated for different stress
ranges of up to 150 MPa. The polarization and strain differ-
ences between +2 and−0.4 kV/mm are plotted inFig. 2as a
function of stress range. In the case of in-phase loading, the
polarization and strain outputs monotonically decrease with
an increase in load range. At�σ ≈ 75 MPa, the mechanical
loading completely eliminates the piezoelectric strain (strain
induced byE-field). After it, the strain output becomes neg-
ative, which indicates the strain behavior is mainly deter-
mined by mechanical elastic deformation. An inverse effect
occurs when the specimen subjected to out-of-phase electro-
mechanical loading, the polarization and strain outputs in-
crease with increasing stress range and tend to be saturated
at high range levels.

3.2. Polarization and strain response under loading with
a constant-mean stress

Figs. 3 and 4show the polarization and strain response
under cyclic mechanical load with a constant-mean stress of
−25 MPa. The range of stress amplitude is between 0 and
25 MPa, with an increment of 5 MPa between two steps.
ig. 2. Polarization (a) and strain (b) output as a function of stress range for
n-phase and out-of-phase electro-mechanical loading with zero-maximum
tress.

F
s

ig. 3. In-phase electro-mechanical loading with−25 MPa constant-mean
tress: polarization (a) and strain (b) response as a function of electric field.
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In Fig. 3, mechanical load of different amplitudes is ap-
plied in-phase with electrical load. In such a case, loading
of theE-field from −0.4 to +2 kV/mm is accompanied by a
synchronous increase in compressive stress, which will act
against the electric field to inhibit domain alignment to the
poling direction. With stress amplitudeσa increment, more
and more domains will be constrained in the perpendicular di-
rection and cannot be oriented by the electric field to provide
contributions to the polarization and strain, the hysteresis of
the P–E andS–E curves, therefore, becomes less and less
pronounced.

Fig. 4corresponds to the out-of-phase electric-mechanical
loading. As mentioned before, during the unloading period
of E-field from +2 to−0.4 kV/mm, a gradually increasing
compressive stress will induce non-180◦ ferroelastic domain
switching. A subsequent reloading of theE-field with de-
creasing stress will reorient more domains switching back to
the poling direction. As a result, an enhancement of the polar-
ization and stress response with larger hysteresis is observed
with σa increment.

F
m
fi

The polarization and strain outputs between +2 and
−0.4 kV/mm are measured and plotted inFig. 5 as a func-
tion of stress amplitude. In the case of in-phase loading,�D3
and�S3 linearly decrease with increasing stress amplitude.
An inverse effect occurs for the out-of-phase loading, as ex-
pected, both�D3 and�S3 monotonically increase with an
increase in stress amplitudeσa.

The measurements were repeated for a constant-mean
stress of−50 MPa. The load amplitude ranges between 0 and
50 MPa, with an increment of 5 MPa between two steps. Only
the strain response is shown inFig. 6 for in-phase electro-
mechanical loading, because the actuation behavior is more
interesting for a designer and the in-phase loading represents
a worst case of operating scenario.

Similar to the behavior at−25 MPa mean stress,Fig. 6
clearly demonstrates a suppression of the strain response for
a specimen undergoing in-phase electro-mechanical load-
ing. The actuation output and hysteresis ofS–E curves de-
cease quickly with an increase in load amplitude. At about
σa = 40 MPa, the piezoelectric strain is completely eliminated
by the mechanical load and, the strain output becomes nega-
tive at higher stress amplitude levels.
ig. 4. Out-of-phase electro-mechanical loading with−25 MPa constant-
ean stress: polarization (a) and strain (b) response as a function of electric

eld.

F
f
c

ig. 5. Polarization (a) and strain (b) output as a function of stress amplitude
or in-phase and out-of-phase electro-mechanical loading with−25 MPa
onstant-mean stress.
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Fig. 6. In-phase electro-mechanical loading with−50 MPa constant-mean
stress: strain response as a function of electric field (a) and mechanical load
(b).

So far, the polarization and strain responses of piezoce-
ramics under several alternating stress loading conditions are
presented. Keep in mind that the real electric field/stress-time
pattern encountered in practical actuator applications can be
more complicated. The active material may experience asyn-
chronous electro-mechanical loading, various loading fre-
quencies, random or periodical changing of mean stress and
amplitude, etc. The loading spectra investigated in this work
are beginning to approach a degree of realism, the experi-
mental results may, therefore, serve as a basis for the design
of piezoelectric actuators.

4. Summary and conclusions

In this experimental work, high-field induced polarization
and strain responses were measured for a commercial soft
PZT material under cyclic compressive stress loading with
different mean stresses and amplitudes. When the stress is
applied in-phase with electrical load, a suppression of the

dielectric and actuation response is observed since the me-
chanical load impedes domain switching to the poling di-
rection. However, applying an out-of-phase mechanical load
has the adverse effect on the polarization and strain re-
sponse due to more domain switching induced during the
loading–unloading period of electric field, the overall strain
output is, therefore, improved significantly with increasing
hysteresis and non-linearity.
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