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The bipolar electric fatigue behaviour of antiferroelectric ceramics with the composition of
Pb0.88Ba0.10La0.02(Zr0.55Sn0.35Ti0.10)O3 was investigated under various cycling fields. The
material exhibits a degradation in the maximum field induced strain, a diffuse AFE-FE
phase transition and an enhancement in the diffusion character of the FE-AFE phase
transition due to electric cycling. Those variations increase with cycle number, indicating a
logarithmic fatigue up to 108 cycles. There is no indication for the variations to be
recovered, and the symmetry of the negative and positive parts of the strain hysteresis
loops still remains. Higher cycling field results in a stronger deterioration of the maximum
field induced strain and a larger extent of diffusion in AFE-FE and FE-AFE phase transitions.
The normalized maximum strain shows nearly the same scale of degradation when the
materials are cycled at various electric fields. After a heat treatment at 500◦C for 1 h, the
variations in the AFE-FE and FE-AFE phase transition due to cycling disappear, whereas the
maximum strain resumes almost to its original value. Electrochemical variations are
considered to contribute to the main fatigue mechanism for the material under
investigation. C© 2004 Kluwer Academic Publishers

1. Introduction
The aging effect of piezoelectric materials under alter-
nating electric fields, namely degradations in polariza-
tion and field induced strain, is called the electric fatigue
of the materials, which has been the major hindrance
for their applications as non-volatile memory devices
and actuators [1]. Intensive investigations have been
conducted to reveal the fatigue behaviour and mecha-
nisms of the materials for more than a dozen of years.
It has been found that numerous factors, such as com-
position [2], grain size [3], porosity [1], electrode [4],
surface contamination [5], temperature [6], frequency
[7], the strength [8] and type [9] of cycling field, exert
an influence, more or less, on the fatigue behaviour of
piezoelectric bulk materials and thin films. Four stages
of electric fatigue in ferroelectrics were explored [10,
11]. During an incubation period up to 105 cycles, rem-
nant polarization and coercive field show only minor
changes. Between 105 to 107 cycles, a stage of logarith-
mic fatigue will be observed, where remnant polariza-
tion and coercive field show marked decreases. At the
following stage of saturation (107 to 108 cycles), rem-
nant polarization and coercive field stay almost constant
and at the final stage of “rejuvenation” (above 108 cy-
cles), the properties recover to some extent. With regard
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to the mechanisms that cause electric fatigue of piezo-
electric materials, there have been numerous models
including those of mechanical deterioration and elec-
trochemical variations [12]. The former is based on the
idea that microcracks reduce the local effective field
or yield conductive corrosion pathways in the material,
thus decreasing the number of domains which switch
in the proximity of such cracks [13, 14]. The latter is
based on the scenario that domains become inactive
due to point defects pinning the domain walls [15–17].
The electrochemical variations will be relieved by heat
treatment at temperatures exceeding 300 to 500◦C [18],
while the mechanical deterioration in fatigued samples
can not be resumed below sintering temperatures.

The above-mentioned findings on influencing factors
of electric fatigue, fatigue stages and fatigue mecha-
nisms are mostly based on the investigation of ferro-
electric bulk materials and thin films rather than antifer-
roelectrics. There are only a few reports on the fatigue in
polarization of antiferroelectric bulk materials and thin
films [2, 19–22]. So far, no other studies have been per-
formed according to our knowledge on electric fatigue
in the field induced longitudinal strain of antiferroelec-
tric materials. The fatigue behaviour of antiferroelectric
materials with different compositions and their fatigue
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mechanisms still remain to be exploited. Furthermore,
the influence of cycling fields with different maximum
strengths on the fatigue behaviour of antiferroelectric
ceramics is unknown. In this paper, we present the in-
vestigation of bipolar electric fatigue behaviour in an-
tiferroelectric (Pb,Ba,La)(Zr,Sn,Ti)O3 ceramics under
various cycling fields. The electric fatigue behaviour
of the material and the influence of cycling fields on
the fatigue will be discussed. The fatigue behaviour
and mechanism of this composition will be compared
with those of antiferroelectric (Pb,La)(Zr,Sn,Ti)O3
ceramics.

2. Experimental procedure
2.1. Sample preparation
The composition of the antiferroelectric ceram-
ics investigated in this paper is Pb0.88Ba0.10La0.02
(Zr0.55Sn0.35Ti0.10)O3. Samples were prepared by solid-
state reactions and conventional sintering, using com-
mercially available reagent-grade raw oxides, i.e., PbO,
BaO, La2O3, ZrO2, SnO2 and TiO2, as starting materi-
als. 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 highly 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 thick-
ness. 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 min-
imise the lead loss during sintering, the samples were
heated inside a closed alumina crucible with tablets of
a powder mixture of PbZrO3 and 8 mol% ZrO2, which
provides a constant PbO pressure. The sintered samples
were ground and fine polished to 1 micron finish into
thin discs, about 1.0 mm in thickness, with flat and par-
allel major surfaces. Finally the samples were ground
into round discs with 10 mm in diameter after anneal-
ing at 500◦C for 8 h in air and sputtering with gold as
electrodes on both major surfaces.

2.2. Measurements and cycling
The Rietveld method was used to detect the lattice pa-
rameters of the perovskite structures by X-ray diffrac-
tometry (Siemens D5000) with scanning steps of 0.008◦
per second. A refinement programme, WINCELL, was
used to refine the lattice parameters. Theoretical den-
sities of the samples were then calculated according to
the lattice parameters and the composition of the sam-
ples. Density measurements were performed via the
Archimedes principle. Fracture surface and polished or
polished-etched surfaces of the sintered samples were
observed by optical microscopy (Leica DM RM, Le-
ica Microsystems AG, Wetzlar, Germany) and scanning
electronic microscopy (SEM, Jeol 6300F). A solution
of 5 ml of HCl and 95 ml of distilled water, containing
a few drops of HF acid, was used as etchant. A dozen

of seconds of exposure gave clear images of the grains.
An inductive strain gauge was employed to measure
the field induced longitudinal strain of the disc sam-
ples immersed in silicone oil to prevent arcing. Sinu-
soidal fields with a frequency of 0.05 Hz were used
for the measurements. Unless specially indicated, the
strain referred to in this paper is the longitudinal strain.

The maximum values of the bipolar cycling fields
were chosen as 2.1, 2.6 and 3.1 kV/mm, which are 0.5,
1.0 and 1.5 kV/mm higher than the antiferroelectric to
ferroelectric transition field (of about 1.6 kV/mm), re-
spectively. An electric transmitter provided the needed
sinusoidal voltage (50 Hz) from the normal electric line
voltage. Samples were immersed in a bath of silicon oil
in order to avoid arcing and to ensure good thermal
conductivity. The cycling field was slowly and steadily
increased and decreased when loading and unloading.
The starting and ending time of cycling were deter-
mined as the times when the field strength passed the
value of 1.6 kV/mm. After a certain period of cycling,
the samples were removed from the cycling set-up for
strain hysteresis loop measurements under sinusoidal
fields with the same maximum strength as in case of
the corresponding cycling fields. It was observed that
the strain hysteresis loops in the first few cycles might
not be steady. The measurement was conducted till the
strain hysteresis loop was stable for 4 cycles, which
were used to calculate the average strains and fields
to characterize the fatigue behaviour of the materials.
Cycling and strain hysteresis loop measurements were
repeated till a cycle number larger than 108 was reached.

The strain hysteresis loop measurements were con-
ducted again after a heat treatment of the fatigued sam-
ples at 500◦C for 1 h with a heating rate of 5◦C/min
and a cooling rate of 3◦C/min. The microstructure of
the fatigued samples was also observed by optical mi-
croscopy after the electrodes had been removed, and
by scanning electron microscopy after etching of the
surface.

3. Results
3.1. Crystal structure, microstructure, and

strain hysteresis loop
The X-ray diffraction pattern of the material shows a
single tetragonal crystal structure, indicating an anti-
ferroelectric phase. The refined lattice parameters are
a = 4.111 ± 0.001 Å and c = 4.097 ± 0.001 Å, respec-
tively. The specimens, translucent after polishing, were
highly densified up to more than 99% of the theoreti-
cal X-ray density. As shown in Fig. 1, the grain sizes
of the ceramics are fine, with an average about 2 µm.
The maximum pore size within the material is less than
5 µm, as observed on the polished surface of the sam-
ples. The material with high density and fine grain size
is expected to exclude markedly negative influences of
large porosity and large grain size on the fatigue be-
haviour and to exhibit its intrinsic electric fatigue be-
haviour.

The strain hysteresis loops of virgin samples, with
maximum fields of 2.1 and 3.1 kV/mm, are shown
in Fig. 2a and b, respectively. The loops are typical
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Figure 1 SEM micrograph of the polished-etched surface of the material.

for antiferroelectric materials, with sudden increases
in field induced strain due to the antiferroelectric-
ferroelectric (AFE-FE) phase transition. The transition
field (EAF) is about 1.6 kV/mm, where the field in-
duced strain shows a sudden increase with increas-
ing electric field. The back switching, ferroelectric-
antiferroelectric phase transition (FE-AFE), exhibits a
diffuse behaviour, with a transition field (EFA) of about
0.5 kV/mm, where the strain exhibits the fastest de-
crease with decreasing electric field. The diffusion na-
ture of the FE-AFE phase transition is attributed to mi-
crostresses in the field forced ferroelectric state due to
the field induced strain. The microstresses provide ad-
ditional energy to some grains, beside the electric field,
and cause the grains to undergo phase transition not at
exactly the same point but within a range of electric
fields. It is found that the measured AFE-FE transition
strain (ST) of the material shows a geometric effect.
With the same diameter, thicker disc samples exhibit
smaller transition strain, while thinner ones show larger
relative deformation. Samples with a thickness of about
1.0 mm display a transition strain of about 0.08%.

3.2. Variations in strain hysteresis loops
due to cycling

Fig. 2c to f show strain hysteresis loops of the mate-
rials cycled at 2.1 and 3.1 kV/mm for 106.25 and 108

cycles, respectively. Comparing Fig. 2c and e with 2a
and Fig. 2d and 2f with 2b, it is found that the strain hys-
teresis loop of the material exhibits obvious variations
in three aspects due to cycling. Firstly, the maximum
strain (Sm) at the maximum field is degraded with in-
creasing cycle number. The maximum strains at 2.1 and

3.1 kV/mm are about 0.11 and 0.14%, respectively. Af-
ter cycling at 2.1 and 3.1 kV/mm for 106.25 cycles, there
is only a slight decrease in Sm in both cases, while Sm is
decreased to 0.09 and 0.11%, respectively after 108 cy-
cles. Secondly, the AFE-FE phase transition becomes
more and more diffuse with increasing cycle number.
As shown in Fig. 2a and b, the phase transitions of vir-
gin samples exhibit normal behaviour with a clearly
defined transition field (1.6 kV/mm) and a sudden in-
crease in strain at this field strength. After cycling for
106.25 cycles, it is obvious that the phase transition takes
place in a range rather than at a particular electric field.
It is clear that the phase transition becomes diffuse to-
wards to low electric fields since the ending field of the
phase transition (EAFE) stays nearly constant at EAF.
The starting field of the transition (EAFS) shifts more
close to zero when the cycle number approaches 108.
However, the phase transition becomes so diffuse that
EAFE is difficult to determine when the cycle number
is so large. Finally, the FE-AFE phase transition also
becomes more diffuse due to cycling. Actually, the FE-
AFE phase transition is diffuse to some extent when
the materials are still in the virgin state, as shown in
Fig. 2a and b. Due to cycling, the phase transition ex-
tends to both lower and higher electric fields. However,
the phase transition is so diffuse that it is difficult to
decide exactly the starting field and the end fielding of
the transition when the cycle number is up to 106.25.

As a whole, strain hysteresis loops due to cycling ex-
hibit not only degradation in Sm, but also diffuse nature
of the AFE-FE phase transition and an enhancement
in diffuse character of FE-AFE phase transition. Those
variations increase with increasing cycle number. As a
result, both the positive and the negative parts of the
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Figure 2 Strain hysteresis loops of samples before and after cycling: (a) At 2.1 kV/mm, virgin state, (b) At 3.1 kV/mm, virgin state, (c) At 2.1 kV/mm,
after 106.25 cycles, (d) At 3.1 kV/mm, after 106.25 cycles, (e) At 2.1 kV/mm, after 108 cycles and (f) At 3.1 kV/mm, after 108 cycles.

strain hysteresis loop lost their slimness gradually with
cycle number. However, the symmetry of the two parts
keeps intact during cycling.

3.3. Fatigue behaviour as a function
of the strength of the cycling field

Since the starting field of AFE-FE phase transition
(EAFS) and the maximum strain (Sm) could be always
identified exactly in strain hysteresis loops with cycle
numbers from zero up to 108, the two parameters are
used to characterize the fatigue behaviour of the mate-
rial. EAFS as a function of cycle number under different
cycling fields is shown in Fig. 3a. As a whole, EAFS de-
creases with cycle number, which indicates that the dif-
fuse character of the AFE-FE phase transition increases
with cycle number. EAFS shifts from about 1.6 kV/mm
at the first few cycles to about 0.4 kV/mm at 108 cy-
cles, with fast variation rate within a range of 106 to
107 cycles. With increase in the strength of the cycling
field, EAFS exhibits a faster decrease rate at cycle num-
bers lower than 106, but shows a slower decrease rate
at cycle numbers higher than 107. As a result, for a

given cycle number, higher cycling fields yield a more
diffuse for the AFE-FE phase transition. Sm as a func-
tion of cycle number under different cycling fields is
shown in Fig. 3b. In general, the material exhibits high
fatigue resistance in field induced strain with an onset
of degradation in Sm at 105 cycles. Sm undergoes loga-
rithmic fatigue after 105 cycles and shows no indication
of recovery till 108 cycles.

Fig. 4 shows the normalized strain Sm as a function
of cycle number at various cycling fields. It is found
that the normalized Sm follows nearly the same evo-
lution of deterioration with cycle number, independent
of the applied cycling fields. Obvious degradation in
Sm occurs from 105 cycles; after 108 cycles, Sm de-
creases to about 75% of its original values for all cycling
fields.

3.4. Microstructure of fatigued samples and
recovery of the strain hysteresis loop

No damaged structure was found in the fatigued sam-
ples. There are neither macro nor micro-cracks found at
the major surface after the electrodes were removed nor
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Figure 3 EAFS and Sm as a function of cycle number at different cycling
fields.

Figure 4 Normalized Sm with cycle number at different cycling fields.

so-called corrosion paths were observed at the etched
major surface.

Fig. 5 shows the strain hysteresis loop for the
fatigued-recovered state of a sample fatigued by cycling
at 3.1 kV/mm for 108 cycles and recovered by heat
treatment at 500◦C for 1 h. The strain hysteresis loop
for the virgin state of the sample, shown in Fig. 2b, is
also plotted in the Fig. 5 for comparison. Compared
with the virgin state, the strain hysteresis loop for the
fatigued-recovered state of the sample indicates that
field induced strain was nearly fully recovered. The
AFE-FE transition field resumed its initial value, while
the diffuse character of AFE-FE phase transition due

Figure 5 Strain hysteresis loops for virgin and fatigued-recovered
states of the material (Fatigued: cycling at 3.1 kV/mm for 108 cycles;
recovered: heat treatment at 500◦C for 1 h).

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, how-
ever, could not be fully resumed to their original values.

4. Discussion
As mentioned in the introduction, the electric fatigue
in ferroelectric materials exhibits four stages, includ-
ing incubation, logarithmic fatigue, saturation and re-
juvenation. The remnant polarization and coercive field
decrease slightly, undergo logarithmic fatigue, stay al-
most constant and recover to some extent from the first
stage to the final one. Those stages for ferroelectric
ceramics are also observed in the maximum field in-
duced strain when cycle number is up to 108, where the
strain shows some recovery [12]. The stages of elec-
tric fatigue for antiferroelectric ceramics have not yet
been fully understood, but it is believed that the mate-
rials will undergo similar fatigue stages as ferroelectric
ones. According to the degradation of Sm, it is assumed
that the antiferroelectric fatigue in this study undergoes
stages from the incubation to the logarithmic state un-
der all of the cycling fields even though cycle number
exceeds 108 since there is no indication of recovery of
Sm.

In this investigation, the mechanical deterioration as
the main source for fatigue can be excluded since no
indication of damaged microstructure in the fatigued
specimens was found. Furthermore, a rejuvenation of
the AFE-FE and FE-AFE transition behaviour as well
as a large extent of recovery of the maximum field
induced strain was observed after heat treatment of
the fatigued samples. Therefore, the electrochemical
variations, i.e., the generation, migration and redis-
tribution of some charged species, most probably the
oxygen vacancies, is considered to be responsible for
to the main fatigue mechanism of the material. The
charged defects in the material migrate to the domain
wall or grain boundary during the switching of AFE-
FE and FE-AFE phase transitions under electric field
and are captured by domain walls or grain boundaries
or electrode-antiferroelectric interface. With the accu-
mulation of this process, the piled up space charges
would pin some domains and, thus, block the further

2679



phase transition and the reorientation of the domains,
resulting in the occurrence of degradation in the max-
imum strain. The massive generation, migration and
redistribution of charged defects also leads to residual
microstresses, which provide additional energy for the
generation and stabilization of the ferroelectric phase.
Therefore, the AFE-FE phase transition in some grains
occurs at lower field than that needed for normal tran-
sition, which contributes to the diffuse character of the
AFE-FE phase transition. The stronger stabilization of
the ferroelectric phase under residual microstresses is
assumed to be the source of the diffuse nature of the
AFE-FE phase transition and the enhancement in dif-
fuse character of the FE-AFE phase transition. The
majority of the charged species, most probably oxy-
gen vacancies, are reduced and redistributed by the heat
treatment, thus, the material is recovered to a great ex-
tent to its original states.

It is reported that the degradation of properties, in-
cluding polarization and strain, is strongly related to the
cycling field in PZT ferroelectric bulk materials [12].
As for the antiferroelectric ceramics investigated in this
study, it is also found that higher cycling fields result
in stronger degradation in the maximum field induced
strain and larger extent of diffuse character of AFE-
FE and FE-AFE phase transitions, which indicates that
higher electric fields enhances the generation, migra-
tion and redistribution of charged species and thus re-
sult in a stronger fatigue effect.

Compared with the antiferroelectric ceramics
(Pb0.97La0.02(Zr0.77Sn0.14Ti0.09)O3) investigated previ-
ously [23], the ceramics in the present study exhibit a
distinct electric fatigue behaviour and mechanism. The
former shows no diffuse AFE-FE phase transition due
to cycling, but exhibits a damaged microstructure with
dendritic macrocracks and microcrack clouds after high
cycle numbers. The fatigue mechanism of the materi-
als is attributed to the combination of both mechanical
deterioration and electrochemical variations. The lat-
ter displays a diffuse AFE-FE phase transition from
the beginning of the fatigue and no indication of dam-
aged microstructure when the cycle number exceeds
108. Electrochemical variations due to cycling mainly
contribute to the fatigue behaviour of the ceramics. It
is concluded that fatigue behaviour and mechanism of
antiferroelectric ceramics depend strongly on the com-
position of the materials, which is assumed to result
from the differences in the properties of the ceramics.
The (Pb,La)(Zr,Sn,Ti)O3 antiferroelectrics need high
energy, i.e., high electric field (3.9 kV/mm) for the AFE-
FE phase transition and show a large transition strain of
about 0.26%, while the (Pb,Ba,La)(Zr,Sn,Ti)O3 materi-
als undergo the AFE-FE phase transition at low exciting
energy, namely low electric field (1.6 kV/mm), and ex-
hibit a small transition strain of 0.08%. The large transi-
tion strain, yielding large microstresses in the material,
is considered as the main cause of damaged microstruc-
ture in the former case, whereas the small energy gap
between antiferroelectric and ferroelectric states in the
latter material makes it easy to yield diffuse AFE-FE
transition under cycling induced residual microstresses
in the material.

5. Conclusions
Based on the above investigation, the following con-
clusions can be drawn on the fatigue behaviour and
mechanism of the antiferroelectric material under var-
ious bipolar cycling fields:

1. The antiferroelectric material exhibits a number
of variations in strain hysteresis loop, including degra-
dation of the maximum field induced strain, diffuse
AFE-FE phase transition and an enhancement of diffuse
character the FE-AFE phase transition due to bipolar
electric cycling.

2. The variations increase with cycle number, indi-
cating a logarithmic fatigue up to 108 cycles, without
any indication for the variations to be recovered. The
symmetry of the negative and positive parts in strain
hysteresis loops still stays intact.

3. High cycling fields result in a stronger fatigue ef-
fect, namely more pronounced deterioration of the max-
imum strain and more diffuse AFE-FE and FE-AFE
phase transitions.

4. The electrochemical variation, i.e., the genera-
tion, migration and redistribution of charged species,
most probably the oxygen vacancies, is believed to
be the main fatigue mechanism for the material under
investigation.
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