
Unipolar fatigue of ferroelectric lead–zirconate–titanate

C. Verdier, D.C. Lupascu*, J. Rödel

Institute of Materials Science, Darmstadt University of Technology, Petersenstr. 23, 64287 Darmstadt, Germany

Received 7 June 2002; received in revised form 5 September 2002; accepted 16 September 2002

Abstract

In multilayer actuators the ferroelectric material is known to degrade under bipolar and to some degree under unipolar electric
loading. Fatigue effects due to unipolar cycling of a commercial bulk lead–zirconate–titanate up to 4.108 cycles at 2 Ec are

demonstrated. Unipolar as well as bipolar polarisation and strain hysteresis loops are measured after fatigue. Bipolar measurements
after cycling show a small decrease of the remnant polarisation and an increasing asymmetry of the strain hysteresis with cycle
number, which is explained by an offset polarisation. This offset polarisation is reduced under application of bipolar fields. A small
offset-field is also observed. Etch grooves known to occur after bipolar fatigue are not found after unipolar fatigue. The results

reveal that different mechanisms are responsible for bipolar and unipolar fatigue.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The fatigue phenomenon in ferroelectric ceramics has
stimulated scientific discussions for more than a decade.
Large market shares are engaged with the development
of non-fatiguing multilayer actuator components and
ferroelectric memories.1,2 While bipolar fatigue is
mostly encountered in ferroelectric memory devices
unipolar ac loading is the predominant loading regime
in multilayer actuators.
The fatigue effect under bipolar loading has been

phenomenologically described by many authors (Refs.
1, 3 and 4). There is general agreement that the locally
switchable polarisation is reduced and accounts for the
loss of macroscopic polarisation. Two types of charge
configurations may constitute obstacles to domain wall
motion, isolated charged defects or defect dipoles. Both
types may agglomerate. Robels and Arlt explained the
pinning of domain walls by the local interaction of bulk
domains with charged point defect dipoles distributed
within the interior of each domain.5,6 All other models
have considered the interaction of isolated or agglom-

erated point charges located at some perimeter of a
domain. Brennan proposed the domain walls within
each grain to be the location of these charges.7 He con-
sidered the oxygen vacancy to be the dominant charge
carrier. Other authors demonstrated the additional effect
of electronic charge carriers either injected from the elec-
trodes or generated from the ionization of dopants and
oxygen vacancies by different processes like UV illumina-
tion.8,9 At the present stage, this discussion has not been
fully settled. The agglomeration of point defects is con-
sidered additionally necessary to fully clamp domains in
bulk material an effect derived by us from etch grooves
identified in bipolar fatigued samples.3 Such a fatigue
mechanism was independently predicted by Scott and
Dawber as a major fatigue mechanism in the bulk of thin
film ferroelectrics10 as well as underneath the external
electrodes11 and indirectly already implied in the origi-
nal model assumptions by Brennan.7 Defects can also
be seen as the source of new domain walls, if switching
is assumed to be determined by domain wall genera-
tion.12 Due to fatigue the generation process of new
domain wall surface may be hindered, because the
number of such domain wall sources may be reduced.4

This may equally be the case for domain walls generated
at external electrodes13 as well as internal boundaries
like e.g. 90� domain walls or grain boundaries.14
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In addition to the well described mechanical failure
mechanisms due to cracking,2,15,16 the changes in mat-
erial properties due to unipolar electric loading have not
been addressed. This may be surprising, because the
poling of a ceramic material is not complete during a
single poling cycle. A subsequent increase of the polari-
sation state17 entailing an increased piezoelectric coeffi-
cient during use18 is not desired in actual electrical
control circuitry.2 Other materials exhibit the reverse
effect and lose some of their switchable polarization19

entailing a reduced piezoelectric actuation amplitude. In
different fatigue studies the effect of unipolar cyclic
loading on switchable polarisation has been shown to be
much less pronounced than for bipolar fatigue.20�22 No
strain measurements in ceramics have been reported.
The aim of this study is to investigate the effects

induced by a unipolar cyclic loading on the polarisation
and strain properties of a commercial bulk PZT. In
particular subsequent bipolar loading is applied to
highlight the changes in switching properties caused by
unipolar fatigue.

2. Experimental

2.1. Material

All measurements were performed on a commercial
material (PIC 151, PI Ceramic Lederhose, Germany).
The samples are disc shaped with 10 mm in diameter
and 1 mm thickness. They consist of material of the
ternary phase system Pb(Ni1/3Sb2/3)O3–PbTiO3–PbZrO3

including about 2–3% of the Pb(Ni1/3Sb2/3)O3 compo-
sition in the vicinity of the morphotropic phase bound-
ary of PZT in the tetragonal range. The average grain
size is about 6 mm.3 All samples are electroded with
silver fired into the surface at 850 �C leaving a rim of
250 mm uncovered. The Curie point is Tc=250 �C. All
samples were initially unpoled.

2.2. Cycling

The cycling field was 2 kV/mm (peak value). Since Ec

of the uncycled material is about 1 kV/mm, this field
represents approx. 2 Ec. The unipolar cyclic voltage was
generated by transforming the line voltage (50 Hz, 230
V) to the desired maximum value. It was then rectified
by a diode bridge rectifier in order to obtain a unipolar
signal of 100 Hz. The time constant of the sample circuit
was chosen such that the applied voltage reaches 0 V at
the end of each waveform cycle by connecting an addi-
tional resistance in parallel to the samples. Each sample
was placed between two metal clamps electrically con-
nected to the power supply and immersed in a bath of
silicon oil (Wacker-Chemie GmbH, München, Ger-
many) in order to avoid arcing. The cycling field was

steadily increased from zero to the maximum field value
within 5 s. Then the peak value was held constant for a
number of cycles, whereafter the field was reduced to
zero again within 5 s. The samples were removed from
the cycling set-up for measurement. The measurements
were performed 1 h after the end of cycling in order to
avoid possible differences in ageing between each sam-
ple set. Five samples were measured for each of the
cycling steps (0, 2.105, 106, 8.106, 3.2.107, 3.2.108, 4.2.108

cycles).

2.3. Measurement

All data (polarisation, field, strain) were simulta-
neously recorded by the measuring set-up (AMS3, Val-
len Systeme, Icking, Germany). The high voltage is
delivered by a bipolar high voltage power supply
(F.u.G. Elektronik GmbH, Rosenheim, Germany) dri-
ven by a frequency generator (Hewlett Packard, Santa
Clara, CA, USA). The samples are placed in a silicone
oil bath in order to avoid arcing. The dielectric hyster-
esis loops were determined by a linear capacitor
(C=6.62 mF>>Csample) placed between the sample and
ground. The voltage on this capacitor was measured by
an electrometer (Keithley Instruments, Cleveland, OH,
USA, input resistance 1014 �) and converted to polar-
isation. For the strain hysteresis loops, a linear variable
displacement transducer (LVDT, resolution 20 nm)
connected to an ac measuring bridge (Hottinger Bald-
win Meßtechnik, Darmstadt, Germany) was used. The
tip of the transducer was placed onto the upper face of
the sample.
In each set of five samples, bipolar measurements of

the polarisation and strain hysteresis were conducted
for three of them and unipolar measurements for two of
them. Triangular fields of 40 mHz were used in both
cases and driven to maximal values of �2 or +2 kV/
mm, respectively. Five bipolar or 10 unipolar measure-
ment-cycles were applied before and after cycling. For
one sample, 200 bipolar measurement-cycles were
applied in order to observe the evolution of the polar-
isation and strain hysteresis under bipolar field after
cycling. For the bipolar measurements the primary pol-
ing direction was the cycling direction and the unipolar
measurements were conducted in cycling direction with
the same polarity. Finally, for two samples with highest
cycle number (4.2.108 cycles) a unipolar measurement
was conducted in the opposite direction of the cycling
polarity after polarisation inversion (also at 40 mHz) in
order to test the relaxation behaviour for reverse fields.
The waiting time between the end of the cycling and the
measurement was different from the previous measure-
ments (about 2 weeks).
SEM images were taken from two samples with

4.2.108 cycles. Each of the samples was ground to dif-
ferent thicknesses using SiC powder. The surfaces were
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then polished to 1 mm finish with diamond paste. The
etching procedure was conducted such that the polished
surfaces were wetted with HF/HCl. After about 60 s the
surface was intensively rinsed with distilled water. A
thin layer of Au/Pd was sputtered onto the samples to
avoid charging in the SEM.

3. Results

3.1. Bipolar measurements

A direct comparison of the polarisation and strain
hystereses is given in Fig. 1. The polarisation hysteresis
exhibits a very slight decrease in remnant polarisation.
The first hysteresis loop is shifted to the left and the next
ones follow with a small continuous shift of the entire
hysteresis to lower polarisation values. For each sample
the strain hysteresis after cycling exhibits an asymmetry
always in the same direction. The strain observed in
cycling direction corresponding to the right wing (Sr) of
the hysteresis loop is always higher than in the opposite
direction (left wing, Sl).
As for the polarisation hysteresis the first loop devi-

ates from the following ones. In the subsequent hyster-
esis loops a continuous decrease of Sr and an increase of
Sl is observed. Thus consecutive bipolar cycles yield a
gradual reduction of the strain asymmetry of a cycled
sample.
In Figs. 2 and 3 the parameters obtained from the

bipolar hysteresis loops are shown between 0 and

4.2.108 cycles. The parameters of the third polarisation
and strain hysteresis were evaluated because the first
loop is not complete and differs from the following
ones. The results were then averaged for three samples.
According to Fig. 2 the remnant polarisation decreases
steadily with cycle number. However, the decrease in Pr

is small only reaching 5.2% of Pr after 4.2.10
8 cycles in

comparison to the degradation induced by bipolar fati-
gue of around 70%.3

In Fig. 3 the strain values Sr, Sl and their ratio are
shown. It is obvious that the asymmetry of the strain
hysteresis increases with cycle number. Although the
increase of the right wing is not so evident as the
decrease of the left wing, the ratio, taken as a measure
of the asymmetry, increases steadily with unipolar cycle
number.

Fig. 1. Bipolar polarisation hysteresis (a) before and (b) after unipolar cycling (3.2.108 cycles). The first five cycles are shown. (c) and (d) are the

corresponding strain hysteresis loops.

Fig. 2. Reduction of switchable polarisation due to unipolar cycling.

The change of the total height of the hysteresis is plotted versus cycle

number.
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Both intersections of the polarisation hysteresis with
the field axis (coercive fields) slightly shift to more
negative values with cycle number indicating a small
shift of the entire hysteresis in the negative field direc-

tion. The shift observed in the polarisation hysteresis is
somewhat smaller than the shift in the strain hysteresis,
here determined from the minimum of the butterfly-
loops (�19.4 V/mm after 3.2.108 cycles versus�69.8 V/mm
for the strain hysteresis), both being only small fractions
of the absolute coercive field values (1 kV/mm). As these
values are determined during the third measurement
hysteresis loop they represent a small remainder of an
offset field.

3.2. Unipolar measurements

In Fig. 4 the unipolar polarisation and strain hyster-
esis are shown before cycling (a), (b) and after cycling,
in cycling direction (c), (d), and in the opposite direction
(e), (f). The polarisation hysteresis loops show a very
slight decrease in slope in both directions after cycling.
The slope of the strain hysteresis in cycling direction has
increased whereas it has decreased in the opposite
direction. It is more relevant to notice the differences
between consecutive hysteresis measurements. For
polarisation and strain of the uncycled sample, con-
secutive hysteresis loops steadily shift to higher strain or
polarisation values, respectively. These shifts almost
disappear after cycling indicating a completely saturated
state of the sample without relaxation. Upon polarity
inversion a second set of unipolar measuring cycles was
applied to the samples. The relative shift of these hys-
teresis cycles at inverted polarity was significantly larger
than before.

Fig. 3. (a) Strain amplitudes of the right (Sr) and left (Sl) wings of the

strain hysteresis loops; (b) ratio of the right to left strain amplitudes.

Fig. 4. Minor polarisation (left) and strain (right) hysteresis loops measured (a), (b) before unipolar cycling, (c), (d) after 4.2.108 unipolar fatigue

cycles, and (d), (e) at opposite polarity after a single step of polarisation inversion. In order to illustrate the relative change of the strain amplitude,

identical bottom markers are introduced on the left hand side of the plots. The markers on the right hand side indicate the differences in slope.
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3.3. Multiple bipolar measurement cycles

200 bipolar hysteresis loops after unipolar cycling are
shown in Fig. 5. The arrows indicate the shift in
between consecutive loops. A shift of the polarisation
hysteresis to lower polarisation values is observed for
both the positive and negative polarity expressing a shift
of the hysteresis loop as a whole. The strain measure-
ments exhibit a steady removal of the asymmetry with a
decrease of the right wing and an increase of the left
wing. After 200 bipolar cycles the asymmetry is not yet
completely removed. As shown in Fig. 6 the shifts of
both hysteresis loops display an exponential dependence
on the number of measurement cycles.

3.4. Microstructural changes

No significant changes were observed in the micro-
structure due to the unipolar fatigue. While bipolar
fatigue is by now known to significantly modify the
local affinity to etching of some grains allowing for an
enhanced acid attack and showing etch grooves after-
wards,3,23 no differences between acid attacked virgin
and unipolar fatigued samples were found.

4. Discussion

Our results show a much lower fatigue in unipolar
cycled samples compared to bipolar cycled samples and
agree with the measurements by Pan et al.20 The degra-
dation of the polarisation (ca. 5% after 109 cycles) is
found to be much smaller than that observed after
bipolar fatigue where the polarisation-decrease reaches
70% after 108 cycles. In a bipolar fatigued sample the
total strain also strongly decreases with cycling, whereas
it remains almost the same in a unipolar cycled sample,
at least in one direction. The increase and the spreading
of the coercive field characteristic of bipolar fatigue is
not observed in the unipolar case where the strain
minima remain sharp and the slope of the polarisation
hysteresis at the coercive field is very steep.
The strong polarisation decrease in the bipolar fatigue

can be explained by the pinning of domains through
agglomerated point defects.3,7,10 The large distribution
of the clamping energies of the domains induces a large
distribution of the coercive fields and as a consequence
diffuse minima in the strain hysteresis. Unipolar cycling
on the other hand seems to yield no strong pinning of
the domains like in the bipolar fatigue and probably no

Fig. 5. Bipolar measurement cycles after 3.2�108 unipolar fatigue cycles: (a) polarisation, and (b) strain. 200 measuring cycles are shown.

Fig. 6. (a) Reduction of the centre of the polarisation hysteresis loop measured as the average of the +Pr and �Pr corresponding to Fig. 5;

(b) reduction of the maximum strain at 2 kV/mm as a function of measurement cycle number. Shown are the increase of the left wing, the reduction

of the right wing and their average change.
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agglomeration of oxygen vacancies. The SEM images at
least do not indicate any such formation.
The only common feature of the unipolar cycling with

the bipolar one is the asymmetry of the strain hysteresis.
This can be explained in both cases by the formation of
an offset polarisation p in the bulk. Its existence is con-
firmed by the shift of the polarisation hysteresis loop to
lower polarisation values, when a bipolar electric field is
applied after unipolar cycling leading to a removal of
this offset polarisation (Fig. 5).
According to Landau–Devonshire theory, the strain of

an electrostrictive material is proportional to the square of
the total polarisation (switchable and offset),24 S(E )=Q11

(P(E )��)2. We obtain the approximated asymmetric
butterfly curve as depicted in Fig. 7 for the parameters
Q11=2.9.102 m4/C2 and �=0.074 C/m2. The degree of
asymmetry depends on the value determined for �. Note,
however, that the behaviour of the material is not purely
electrostrictive, because the electrostricive hysteresis S–P
curve is not perfectly parabolic. This calculation thus is
only an approximation of the offset polarisation.
In the literature, a strain asymmetry was observed for

a two layer model geometry modeling a multilayer geo-
metry of cofired stack actuators25 and attributed to the
formation of cracks on one side of the sample. A ver-
tical offset of the polarisation hysteresis was reported in
aging and fatigue experiments. Warren et al.8 explained
the offset polarisation observed after aging by the local
alignment of defect dipoles in the sense of the model
description by Robels and Arlt.6 The authors mention
the implications of an offset polarisation on strain but
no published data are cited. Kholkin et al.18 gave a
direct measure of an offset polarisation for PZT-thin
films after bipolar fatigue. It was considered to be a
buildup of fixed internal polarisation due to the pinning
of ferroelectic domains in a preferred orientation. This
was later correlated with observations showing fully
clamped polarisation using atomic force microscopy.13

The authors discuss that the mere alignment of defect
dipoles is not a sufficient mechanism to account for the
offset polarisation, because 1021 cm�3 dipoles would be

needed to generate the effect. They furthermore observed
that the offset polarisation is induced under bipolar fati-
gue, while unipolar fatigue induces an offset-field.
In our experiment, unipolar cycling yields both offsets

but the effect of the offset polarisation is more pro-
nounced than the offset field.
A characteristic difference between offset fields and

offset polarisation is the degree of clamping of domains.
If a domain is entirely clamped, its contribution will
only be to enhance the total amount of aligned polar-
isation. A domain which is only partially clamped will
actually react to the externally applied field, but at a
modified field value. In the bulk material the offset field
appears to be a weak microscopic mechanism, because
it can be removed in a single bipolar cycle. All other
offset fields then average out over the sample and effec-
tively a non-shifted hysteresis loop is seen. This is dif-
ferent for the offset polarisation, which is obviously
much more stable. Only the multitude of bipolar cycles
in Fig. 5 unpins those domains, which during the uni-
polar fatigue developed into totally clamped domains
constituting the offset polarisation. The 200 bipolar
cycles shift the polarisation hysteresis loop by about
0.02 C/m2. This is to be compared to the increase of the
total height of 0.015 C/m2, which is nearly the same
amount. This implies that the lost offset polarisation has
been re-gained for the polarisation switching. This
argument supports the hypothesis of pinning of ferro-
electric domains in a preferred direction, here the
cycling direction. The pinning can result from the trap-
ping of ionic and/or electronic defects7,26 at domain
walls locally stabilising these domains in a particular
direction.27 A second probable localisation for point
charges within the microstructure is the grain boundary,
where the charge mobility is comparatively high with
respect to the bulk material. Values for strontium titan-
ate yield values 30 times larger in the grain boundary
than in the bulk,1 but no study concerning this effect
seems to be known for PZT. Due to the structural
similarities of the perovskite ferroelectrics we expect
similar ratios in PZT. Due to the assumed high charge
mobility in the grain boundary, charges located here
may be associated with the easily removable offset field
while charges located within the grains fully stabilise the
offset polarization. These may be freely located in some
parts of the grain constituting a form of an electret
effect.28 The role of defect dipoles in our material is not
evident due to the soft doping which has been con-
sidered to yield a material free of defect dipoles.
Altogether, the modifications of materials properties

are significant enough to be unwanted in actuator
applications. This becomes relevant particularly, when
these actuators are incorporated into closed loop con-
trol systems, where the change in material properties
then necessitates a sophisticated fatigue state dependent
control circuitry.

Fig. 7. Strain hysteresis loop after 3.2�108 cycles. Measured strain,

and calculated strain by squaring the measured polarisation plus offset

polarisation and re-scaling.
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5. Conclusion

Unipolar fatigue induces much lower losses of polar-
isation, but does induce a similar amount of offsets as
bipolar fatigue. The underlying microscopic origins for
the offset formation and for the loss in switchable
polarisation are thus very likely to be different. The
offsets induced during unipolar fatigue can be recovered
by bipolar fields of the same amplitude, which is differ-
ent in bipolar fatigued samples.
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