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Electric fatigue in antiferroelectric Pb0.97La0.02(Zr0.55Sn0.33Ti0.12)O3
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Powder Metallurgy Laboratory, Max-Planck-Institut für Metallforschung and Institut für Nichtmetallische Anorganische Materialien,

Universität Stuttgart, Pulvermetallurgisches Laboratorium, Heisenbergstrasse 3, D-70569 Stuttgart, Germany

Received 24 August 2004; received in revised form 30 November 2004; accepted 5 December 2004
Available online 13 February 2005

Abstract

Antiferroelectric lead zirconate titanate stannate (PZST) ceramics are promising materials for high-strain transducers and actuators. The
degradation of the strain excited by an ac field remains largely unknown so far for this family of antiferroelectric ceramics. In this study,
the bipolar electric fatigue of antiferroelectric Pb0.97La0.02(Zr0.55Sn0.33Ti0.12)O3 ceramics was investigated. Variations in the strain hysteresis
loop and damage in the microstructure of the materials due to the electric cycling were monitored. Higher cycling field yielded a stronger
f e transition
w cid etching.
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atigue effect. The material showed an increasingly asymmetric suppression of the strain hysteresis loop and diffuse AFE–FE phas
ith increasing cycle number. A damaged microstructure was observed on the polished surfaces of fatigued samples after a
lectrochemical variations, the pinning of domains, randomly or preferentially orientated, due to the cycling are considered as

atigue mechanism of the material.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

The lead zirconate stannate titanate (PZST) family of ce-
amics, with La3+, Nb3+, Sr2+, Ba2+ and Mg2+ as dopants,
as been studied for more than 30 years. The attractive fea-

ure of this class of materials originates from the fact that
here is a large electrically induced longitudinal strain due
o the phase transition from the tetragonal antiferroelectric
o the rhombohedral ferroelectric phase provided that the an-
iferroelectric composition is located in the vicinity of the
orphotropic phase boundary between the antiferroelectric
nd ferroelectric phases.1,2 These materials, therefore, have
een investigated for high strain transducers and actuators.3–5

he materials could also be used as charge storage capaci-
ors since the field forced ferroelectrics release all polariza-
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tion charges and therefore can supply very high instantan
current at the inversion of the phase transition, from the
roelectric to the antiferroelectric state.6,7 Like ferroelectric
materials, the antiferroelectric PZST ceramics, show de
dations in polarization and field induced strains when cy
under high ac fields. This fatigue effect has been mec
cally and electrically the major hindrance for application
the ceramics.8

Intensive investigations have been conducted to reve
electric fatigue behaviour and mechanisms, mostly on f
electric bulk materials and thin films rather than on ant
roelectric ones, for more than a dozen years. Fatigue c
be initiated by various factors, including intrinsic charac
istics of the materials and extrinsic contributions. The
mer include the composition and microstructure of the
materials or thin films; the latter include surface condit
electrodes and temperature as well as the frequency, str
and type of the cycling field. Four stages of electric fati
have been identified, including an incubation period, a s
of logarithmic fatigue, a saturation regime, and a reco
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.12.024
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stage.10,11There have been numerous models concerning the
mechanisms of electric fatigue, including those related to
electrochemical variations and mechanical deterioration.11

The former are based on the scenario that domains become
inactive due to point defects pinning the domain walls.12–14

The latter rests on the idea that microcracks reduce the lo-
cal effective field or yield conductive corrosion pathways in
the material, thus decreasing the number of domains which
can switch in the proximity of such cracks.15,16 The elec-
trochemical variations can be relieved by heat treatment at
temperatures exceeding 300–500◦C,17 while the mechanical
deterioration in fatigued samples cannot be recovered below
sintering temperatures.

Polarization, strain or acoustic emissions (AE) are suit-
able means by which to investigate the electric fatigue be-
haviour of ferroelectric and antiferroelectric materials. The
three properties have been monitored simultaneously to in-
vestigate the fatigue behaviour of PZT bulk materials induced
by bipolar cycling.11 Altogether, most previous studies on
electric fatigue have been concerned with polarization, a few
with strain, while AE studies are rare.

Interesting results have been shown in previous studies
on the deterioration of strain hysteresis loops induced by
electric cycling. The asymmetric degradation of the strain
hysteresis has been previously reported for ferroelectric bulk
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Samples were prepared by solid-state reactions and conven-
tional sintering, using commercially available reagent-grade
raw oxides, i.e. PbO, BaO, La2O3, ZrO2, SnO2 and TiO2,
as starting materials. Firstly, the starting oxides were mixed
and attrition milled in isopropanol for 6 h with small zirconia
balls as milling media in order to increase their reactivity and
to get intimately mixed materials. After drying, the mixtures
were calcined at 850◦C for 5 h and attrition milled again for
6 h. The resulting powders were dried at 60◦C for 24 h and
cold isostatically pressed at 200 MPa into disks of 14 mm in
diameter and 2 mm in thickness. The disks were sintered in
an oxygen atmosphere which is necessary to achieve dense
samples, using a heating and cooling rate of 3◦C/min and
a holding time of 2 h at 1150 and 1250◦C, respectively. In
order to minimise the lead loss during sintering, the samples
were heated inside a closed alumina crucible with a constant
PbO pressure provided by tablets of a powder mixture of
PbZrO3–8 wt.% ZrO2. The average grain size and the rel-
ative density of the sintered samples are 2.6�m and 98%,
respectively. The samples were ground and fine polished to
1�m finish into thin discs, about 0.5 mm in thickness, with
flat and parallel major surfaces. Finally the samples were
ground on the rim into round discs with 10 mm in diameter
after annealing at 500◦C for 8 h in air and fully sputtering
with gold as electrodes on both major surfaces.
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aterials, thin films and crystals. The asymmetry o
he strain hysteresis was first attributed to some rema
nfluence of the first poling in pre-poled samples.21–23 An
lternative explanation for the asymmetry in strain hyste

oops is the existence of an unidirectional frozen-in pola
ion, termed “offset polarization”.11 The size of the region
f frozen polarization in thin films is on the scale of micro
ters, the same order as the grains of the PZT-films,19 while

he size of those exposed on [1 1 1]C surfaces of PZN-P
rystals is on a millimeter scale. No significant asymme
egradation of the strain hysteresis due to electric cy
as previously detected in PZST antiferroelectric bulk m

ials having different compositions.24,25The variations of th
train hysteresis loops of the antiferroelectric ceramics
o electric cycling, however, are different from composit
o composition.

The present study investigates electric fatigue in a
omposition in the PZST family of antiferroelectric cera
cs. The electric fatigue behaviour of the material and
nfluence of the cycling field on fatigue will be discuss
he fatigue behaviour and fatigue mechanism of this c
osition will be compared with those of the antiferroelec
eramics with different compositions studied previously

. Experimental procedure

.1. Sample preparation

The composition of the antiferroelectric ceramics inv
igated in this paper is Pb0.97La0.02(Zr0.55Sn0.33Ti0.12)O3.
.2. Electric cycling and measurements

An inductive strain gauge was employed to measure
eld induced longitudinal strain in the center of the disc s
les immersed in silicone oil to prevent arcing. Sinuso
elds with a frequency of 0.05 Hz were used for the meas
ents. The strain referred to in this paper is the longitud

eld induced strain.
The maximum values of the bipolar cycling fields w

hosen as 3.5 and 4.5 kV/mm, which are about 1 and 2 kV
igher than the antiferroelectric to ferroelectric transi
eld (of 2.5 kV/mm), respectively. An electric transmit
rovided the required sinusoidal voltage (50 Hz) from
ormal electric line voltage for the electric cycling. Samp
ere immersed in a bath of silicone oil in order to avoid

ng and to ensure good thermal conductivity. The cycling
as slowly and steadily increased and decreased when

ng and unloading. The starting and ending time of cyc
ere determined as the times when the field strength p

he value of 2.5 kV/mm. After a certain period of cyclin
he samples were removed from the cycling set-up for s
ysteresis loop measurements under sinusoidal fields

he same maximum strength as in case of the correspo
ycling fields. Cycling and strain hysteresis loop meas
ents were repeated till a cycle number larger than 108 was

eached. The strain hysteresis loop measurements wer
ucted again after a heat treatment of the fatigued samp
00◦C for 1 h with heating and cooling rates of 5◦C/min.

The microstructure of the fatigued samples was obse
y optical microscopy (Leica DM RM, Leica Microsyste
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AG, Germany) on the polished surface about 100�m under-
neath the electrodes, and by scanning electron microscopy
(SEM, JEOL 6300F) after etching of the surfaces. A solu-
tion of 5 ml of HCl and 95 ml of distilled water, containing
a few drops of HF acid, was used as etchant. A few seconds
of exposure gave clear images of the grains. The microstruc-
tures of virgin samples were observed in an identical way as
references.

3. Results

The strain hysteresis loops of virgin samples, recorded
with a maximum field of 3.5 and 4.5 kV/mm, are shown
in Fig. 1(a) and (b), respectively. The loops are typ-
ical for antiferroelectric materials, showing a normal
antiferroelectric–ferroelectric (AFE–FE) phase transition
with a sudden increase in field induced strain at the tran-
sition field (EAF) of 2.5 kV/mm. The back switching from
ferroelectric to antiferroelectric state (FE–AFE) exhibits a
diffuse behaviour, with a transition field (EFA) in the range
of 0.1–0.5 kV/mm. The diffuse nature of the FE–AFE phase
transition is assumed to be related to microstresses in the field
forced ferroelectric state due to the field induced strain since
the FE–AFE transition can also be induced by pressure.

eri-
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r
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t one
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d ifted
t ec-
o

the hysteresis loop is always higher than in the opposite di-
rection (right wingSr). The direction of the asymmetry due
to cycling is always the same. On the other hand, both the
AFE–FE phase transition and its reverse transition become
more diffuse with electric cycling. As shown inFig. 1(a) and
(b), the phase transitions of virgin samples exhibit normal
behaviour with a clearly defined transition field and a sudden
increase in strain at this field strength. After cycling of the
samples for 106.5 times, the phase transition takes place in a
field range rather than at a particular electric field, with its
onset lower and its termination higher than 2.5 kV/mm. The
reverse transition becomes more diffuse compared with that
in the virgin state. The extent of the diffuseness of the phase
transitions at the same cycle number varies from sample to
sample, but shows an increasing trend with the cycle number
for each sample. It cannot, however, be quantified so far.

Summarizing, the strain hysteresis loops exhibit not only
an asymmetric degradation of the maximum strain, but also a
diffuse nature of the AFE–FE phase transition and an en-
hancement in the diffuse character of the FE–AFE phase
transition. Those variations increase with increasing cycle
number.

Since the maximum strains of the left and right half mea-
suring cycle,Sl andSr, could always be identified exactly in
strain hysteresis loops with cycle numbers from zero up to
108, these two parameters and the gap between them,�S,
a ma-
t er
b
w
F the
v en-
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t e
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F n virgin d for 10
t V/mm
Fig. 1(c)–(f) show strain hysteresis loops of the mat
ls cycled at 3.5 and 4.5 kV/mm for 106.5 and 108 cycles
espectively. ComparingFig. 1(c) and (e) withFig. 1(a) and
ig. 1(d) and (f) withFig. 1(b), it is found that the strain hy

eresis loop of the material exhibits remarkable variation
wo aspects due to the bipolar electric cycling. On the
and, the maximum strain is degraded asymmetrically

ncreasing cycle number. The asymmetry is caused by
ifferent processes. Firstly, the whole loop is always sh

o the right into the direction of positive electric fields. S
ndly, the maximum strain observed in the left wing (Sl ) of

ig. 1. Strain hysteresis loops of a measuring cycle for the samples: i
imes at 3.5 kV/mm (c) or 4.5 kV/mm (d); and cycled for 108 times at 3.5 k
re used to characterize the fatigue behaviour of the
erial. Sl , Sr and �S as a function of cycle number und
oth magnitudes of the cycling fields are shown inFig. 2,
hile the normalizedSl , Sr and�S are presented inFig. 3.
or the normalization, the respective maximum strain in
irgin state is utilized. The maximum strains exhibit deg
ration starting at around 105 cycles, undergo logarithm

atigue after 105 cycles and show no indication of recove
ill 108 cycles. The degradation ofSr with increasing cycl
umber is always more pronounced than that ofSl . In the

state with a maximum field of 3.5 kV/mm (a) or 4.5 kV/mm (b); cycle6.5

(e) or at 4.5 kV/mm (f).
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Fig. 2. Sl , Sr and�S as a function of cycle number.

virgin state, the strain hysteresis loops are symmetric, with
maximum strains, 3.61× 10−3 and 4.12× 10−3 at 3.5 and
4.5 kV/mm, respectively. After cycling at 3.5 and 4.5 kV/mm
for 105.5 cycles, the maximum strains show a significant de-
crease with obvious asymmetry in both cases.Sl andSr de-
crease more strongly at high cycling field than at low cycling
field. The degeneration accelerates with rising cycle number.
When the cycle number reaches 108, Sl andSr are reduced
by 1.42× 10−3 (34.5%) and 1.63× 10−3 (39.6%) with the
cycling field of 4.5 kV/mm, while the reduction amounts to
5.5× 10−4 (15.2%) and 6.8× 10−4 (18.8%) at 3.5 kV/mm.
�S at both cycling fields shows a rising trend with the cy-
cle number, indicating an increasing asymmetry of the strain
hysteresis loop. In general, a higher cycling field yields a
larger�S.

By the use of optical microscopy, no significant damage
was observed in the microstructure on the polished surfaces

F

Fig. 4. Micrograph of the polished-etched surface for (A) the virgin sample
and (B) the samples cycled at 4.5 kV/mm for 108 cycles (some etch grooves
are marked).

of the fatigued samples. There were no macro and micro-
cracks noticeable on the surfaces. Significant microstructural
modifications, however, were found via SEM observation of
the polished-etched surfaces of the fatigued material. Nu-
merous etch grooves can be found within grains, as shown in
Fig. 4(B). In contrast, there is no such etch grooves noticeable
within grains of the virgin microstructure (Fig. 4(A)).

Fig. 5 shows the strain hysteresis loop for the fatigued-
recovered state (bold curve) of a sample cycled at 4.5 kV/mm
for 108 cycles and recovered by heat treatment at 500◦C
for 1 h. The strain hysteresis loop for the virgin state (fine

Fig. 5. The strain hysteresis loop (bold curve) for a fatigued-recovered sam-
ple (cycled at 4.5 kV/mm for 108 cycles and resumed by heat treatment at
5
ig. 3. NormalizedSl , Sr and�S values as a function of cycle number.
 00◦C for 1 h).
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curve) of the sample, shown inFig. 1(b), is also plotted in
Fig. 5 for comparison. Compared with the virgin loop, the
strain hysteresis loop for the fatigued-recovered state shows
a remarkable degree of recovery. The symmetry of the strain
hysteresis loop was re-established. The AFE–FE transition
field resumed its initial value, while the diffuse character of
AFE–FE phase transition due to cycling disappeared. The
FE–AFE phase transition was also almost recovered to its
original behaviour. The AFE–FE transition strain and the
maximum strain, however, were not fully restored to their
original values. Nevertheless, it is evident from the hystere-
sis loop that the recovery of the fatigued sample was almost
complete.

4. Discussion

When the cycle number exceeds 108, the fatigue of PZT
ferroelectric bulk materials, as evidenced by the field-induced
strain, shows four stages.11 This agrees with the stages of fa-
tigue of polarization in ferroelectric bulk materials as well
as thin films.9–11 The stages of electric fatigue for antiferro-
electric ceramics have not yet been fully understood, but it
is assumed that these materials will undergo similar fatigue
stages to the ferroelectric ones. According to the degradation
of the maximum strain with the cycle number, the antiferro-
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a severely deteriorated microstructure detectable by optical
microscopy,25 while the present one shows significant dam-
ages in the microstructure due to the cycling only after acid
etching of the polished surface. The diffuse AFE–FE phase
transition in the present material rather than a normal one
in the earlier investigation shows a gradual transition strain
without a sudden change and, thus, has less impact on the mi-
crostructure. Electrochemical variation rather than mechani-
cal deterioration is considered to be the main fatigue mecha-
nism for the present material since the symmetry of the strain
hysteresis loop and the normal AFE–FE phase transition are
recovered after heat treatment of the fatigued samples.

It is assumed that the pinning of domains contributes to
the diffuse AFE–FE phase transition of the material caused
by electric cycling. After a period of cycling, some domains
are pinned by charged species, and a higher energy, i.e. a
higher electric field is needed to cause the AFE–FE phase
transition. The energy needed for the phase transition of in-
dividual domains is distributed over a range of electric fields
and, thus, results in the diffuse phase transition. It is possible
that some domains are frozen so strongly that a small fraction
of field forced ferroelectric phase is not relieved into the an-
tiferroelectric state when the electric field decreased to zero.
Those ferroelectric domains, however, are reoriented when
driven by electric field, which is also likely to contribute to
the diffuse character of the AFE–FE transition.
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lectric fatigue in this study undergoes the stages from
ncubation to the logarithmic period or, at most, to a sat
ion state under both cycling fields since there is no indica
f recovery of the maximum strains even when at 108 cycles

The fatigue was found to strongly depend on the stre
f the cycling field. Higher cycling field yields stronger

igue effect, and, thus, more degeneration in the maxim
eld induced strain and more diffusion of the AFE–FE ph
ransition. This is consistent with previously published res
n both ferroelectric and antiferroelectric materials.11,24,26,27

ccording to electrochemical mechanisms, electric fat
esults from the pinning of domain walls by charged spe
hat migrate or reorient from their initially random positio
r direction to the preferred sites or orientations driven
n applied electric field. A higher cycling field provide
tronger driving force to yield a more severe fatigue effe

So far, numerous mechanisms for electric fatigue h
een proposed, as summarized by Nuffer et al.11 Those mod
ls are concerned with both mechanical deterioration
lectrochemical variations. It is clear in this study that the

iferroelectric to ferroelectric phase transition and the rev
ransition are also a driving mechanism for the electric
igue since the transitions are accompanied by large cha
n strain and consequent microstress, which is expect
ause mechanical deterioration during cycling. The effe
he phase transitions on mechanical deterioration in this
erial is not as pronounced as in a material with a diffe
omposition of (Pb0.97La0.02(Zr0.77Sn0.14Ti0.09)O3), which
as examined earlier. Cycled for 108 times under the sam
aximum value of electric field, the latter material exhib
There are alternative scenarios for the asymmetric d
ation of the strain hysteresis due to electric cycl
ne is related to a preferred poling direction in fe
lectric materials,21–23 the second is attributed to the ex

ence of a unidirectional frozen polarization, termed “of
olarization”.11,28–30Since there is no preferential orien

ion of domains in the virgin antiferroelectric ceramics be
ycling, the former hypothesis is excluded as the sourc
train hysteresis asymmetry. The hypothesis of offset p
zation is consistent with the observation of special reg
ith a strong preferential direction of the frozen polar

ion domains by atomic force microscopy (AFM).19 Kholkin
t al.28 reported a direct measurement of offset polariza

or PZT thin films after bipolar cycling. Lupascu et al.11,30

alculated the values of offset polarization due to electric
ling in a commercial PZT ferroelectric material (PIC 1
I Ceramic, Lederhose, Germany) according to the Lan
evonshire theory, assuming that the strain of the ma

s proportional to the square of the total polarization. Th
nvestigations support the scenario of pinning of ferroele
omains in a preferred direction.

Two preferred directions of frozen polarization were
icated in polycrystalline compounds since the left wi
f strain or piezoelectric hysteresis loops show more
ere changes than the right one in fatigued PZT ferroele
aterials,11,28–30while the opposite type of strain hyste

is asymmetry was evidenced in another specific ferro
ric material23 and the antiferroelectric material in this stu
oth asymmetry types, however, can be found in fatig
ZN-PT crystals in the [1 1 1]c orientation.
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Different length scales of the areas with frozen polariza-
tion may contribute to the fact that only one type of asymme-
try shows up in a given polycrystalline material, while differ-
ent types are exhibited by single crystals. Two main configu-
rations of frozen polarization domains were distinguished in
PZT thin films.19One is characterized by a strong preferential
direction and the other are by randomly distributed regions
of oppositely oriented frozen polarization. The size of the
regions in the PZT thin films is in the micrometer-range, the
same order of magnitude as the size of the grains. The length
scales of such regions in other polycrystalline materials are
assumed to be similar to the grain sizes of the material, on
the order of several micrometers. Such small regions make it
impossible to monitor hysteresis loops region by region since
the size of contact points on the electrodes of the materials
for strain measurement is in a scale of, at least, hundreds of
micrometers. In this case, the hysteresis loops detected show
a combined effect of hundreds of frozen polarization regions,
among which those in the preferential direction contribute to
the asymmetry of the loop. The size of regions with differ-
ent types of strain hysteresis asymmetry in single crystals
was reported to be in the order of millimeters,20 which may
be the same scale as the frozen polarization regions. Such a
large size makes it possible to monitor strain hysteresis loops
region by region. Thus, opposite asymmetry types of strain
hysteresis loops were recorded in oppositely-oriented frozen
p
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. Conclusions

Higher cycling field yields a stronger fatigue effect in
ntiferroelectric PZST material. The ceramic shows as
etric degeneration of field induced strain, a diffuse AFE
hase transition and mechanical damage in the micros

ure due to the bipolar electric cycling. The changes in
train hysteresis loop are attributed to electrochemical v
ions, such as the pinning of domains due to the cycling. M
pecifically, the pinning of some domains in a preferentia
ection results in an asymmetry of the strain hysteresis
hose variations are thermally unstable and can be reco
y heat treatments.
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ferroelectric lead-zirconate-titanate.J. Eur. Ceram. Soc., 2003, 23,
1409–1415.


	Electric fatigue in antiferroelectric Pb0.97La0.02(Zr0.55Sn0.33Ti0.12)O3 ceramics induced by bipolar cycling
	Introduction
	Experimental procedure
	Sample preparation
	Electric cycling and measurements

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


