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Lead-free Bi(Mg1/2Ti1/2)O3-(Bi1/2K1/2)TiO3-(Bi1/2Na1/2)TiO3 (BMT-BKT-BNT) ceramics have

been shown to exhibit large electromechanical strains under high electric fields along with

negligible fatigue under strong electric fields. To investigate the role of point defects on the fatigue

characteristics, the composition 5BMT-40BKT-55BNT was doped to incorporate acceptor and

donor defects on the A and B sites by adjusting the Bi/Na and Ti/Mg stoichiometries. All samples

had pseudo-cubic symmetries based on x-ray diffraction, typical of relaxors. Dielectric

measurements showed that the high and low temperature phase transitions were largely unaffected

by doping. Acceptor doping resulted in the observation of a typical ferroelectric-like polarization

with a remnant polarization and strain hysteresis loops with significant negative strain. Donor-doped

compositions exhibited characteristics that were indicative of an ergodic relaxor phase. Fatigue

measurements were carried out on all of the compositions. While the A-site acceptor-doped

composition showed a small degradation in maximum strain after 106 cycles, the other compositions

were essentially fatigue free. Impedance measurements were used to identify the important

conduction mechanisms in these compositions. As expected, the presence of defects did not strongly

influence the fatigue behavior in donor-doped compositions owing to the nature of their reversible

field-induced phase transformation. Even for the acceptor-doped compositions, which had stable

domains in the absence of an electric field at room temperature, there was negligible degradation in

the maximum strain due to fatigue. This suggests that either the defects introduced through

stoichiometric variations do not play a prominent role in fatigue in these systems or it is

compensated by factors like decrease in coercive field, an increase in ergodicity, symmetry change,

or other factors. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871671]

INTRODUCTION

Lead zirconate titanate (Pb(ZrxTi1�x)O3 or PZT)-based

piezoceramics are used in a wide range of applications owing

to their excellent material properties as well as the opportunity

to engineer their properties through chemical doping or optimi-

zation of the composition. However, the presence of lead

oxides poses serious environmental and health concerns, espe-

cially during manufacturing and disposal after usage, and

therefore the research community is actively engaged in devel-

oping Pb-free alternatives.1 In particular, (Bi1/2Na1/2)TiO3

(BNT)-based relaxors have attracted a lot of attention during

the last decade.2–14 Upon application of an electric field, these

systems exhibit large electromechanical strains as they

undergo a field-induced phase transformation to a polar ferro-

electric phase with metastable domains. This transformation is

irreversible in non-ergodic compositions and reversible in er-

godic compositions.6–10,12,14 A temperature-dependent transi-

tion from an ergodic to a non-ergodic state is also observed

around 100-200 �C.5,6,8–10,14 Above this transition temperature,

the polarization loops are pinched and electromechanical strain

data show no negative values, characteristic of a reversible

field induced phase transformation in ergodic relaxors.

Another disadvantage of PZT is its poor electromechani-

cal fatigue characteristics. These materials show significant

and asymmetric degradation in their material properties under

bipolar electrical cycles.15 Even after extensive studies, the

mechanisms for fatigue in PZT is not fully understood. Some

of the proposed mechanisms for fatigue include: domain wall

pinning, microcracks along grain boundaries, and poor electri-

cal contact between the electrode and sample.15,16 Recently,

Balke et al. showed evidence of a damaged region close to

the sample electrodes and attributed the degradation of prop-

erties to the presence of this damaged layer, thus attributing

fatigue as a surface-related phenomena rather than bulk.15 In

BNT-based systems, the effect of fatigue has been shown to

be not nearly as severe as in PZT and is often composition

dependent.4,10–12,17 Nonetheless, if these systems are to be

used extensively in industry, the mechanism behind their

fatigue must be understood. However, the amount of literature

available focusing on this issue is scarce. The reversible field-

induced phase transformation may be responsible for the

improved fatigue properties of BNT-based solid solutions.11

Another explanation for the excellent fatigue properties is the

much lower defect concentrations in these systems owing to

their lower processing temperatures.10,12 In addition, few

reports have studied the contribution of surface phenomena to

fatigue in these Pb-free materials, e.g., microcracks, damaged

layers beneath electrode, etc.4,17
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Patterson et al. and Kumar et al. have reported that

Bi(Zn1/2Ti1/2)O3 (BZT) and Bi(Mg1/2Ti1/2)O3 (BMT) modi-

fied (Bi1/2K1/2)TiO3-(Bi1/2Na1/2)TiO3 (BNT-BKT) ergodic

compositions exhibit negligible fatigue.10,12 The focus of the

present work is to study the effect of point defects on fatigue

phenomena in these systems with a focus on the composition

5BMT-40BKT-55BNT. Acceptor and donor doping was

accommodated on the A and B-sites by altering the Na and

Bi, and Mg and Ti stoichiometries, respectively.

Rayleigh analysis was also employed to gain further

insight and separate intrinsic and extrinsic contributions to

the non-linear dielectric properties. The intrinsic contribution

is believed to emanate from the lattice or single domain

structure, while the extrinsic contributions originate from the

motion of domain walls.18,19 The following basic equations

can be used to determine the contributions to dielectric

permittivity:

e� ¼ e0 þ ie00; (1a)

e0 ¼ e0init þ a0E0; (1b)

e00 ¼ a00E0 ¼
4

3p
a0E0; (1c)

P Eð Þ ¼ ðe0init þ a0E0ÞE 6 0:5 � a0ðE2 � E2
0Þ; (1d)

where e*, e0, and e00 are the complex, real, and imaginary per-

mittivities, respectively. The terms e0init and a0 are the reversi-

ble and irreversible Rayleigh coefficients. The a00 is the

imaginary irreversible Rayleigh coefficient, and E0 and P are

amplitude of applied electric field and dielectric polarization,

respectively. The peak-to-peak polarization is related to the

magnitude of the complex permittivity and the area under

the polarization loop gives the magnitude of the imaginary

permittivity. These can be used to obtain the reversible and

irreversible Rayleigh coefficients, the details of which can be

found elsewhere.18

EXPERIMENTAL

Four non-stoichiometric ceramics were prepared around

the composition 5Bi(Mg1/2Ti1/2)O3-40BKT-55BNT via con-

ventional solid state processing. The Bi and Na stoichiometries

were modified on A-site and Mg and Ti on B-site in order to

create either a 0.02 charge excess or deficiency as compared to

the stoichiometric composition. For convenience, the composi-

tion with deficiency on A-site will be referred to as AA and the

composition with deficiency on B-site as AB. In the same way,

compositions with 0.02 charge excess on A and B-sites will be

denoted as DA and DB, respectively.

The precursor powders used were Bi2O3 (>99.9%,

Sigma-Aldrich), MgCO3 (>99%, Sigma-Aldrich), TiO2

(>99.9%, Sigma-Aldrich), K2CO3 (>99%, Sigma-Aldrich),

and Na2CO3 (>99.5%, Alfa-Aesar). The powders were

mixed and ground using a vibratory mill for 6 h in ethanol

medium and then dried in an oven at a temperature of

�80 �C. All the compositions were calcined at 1050 �C for

6 h with or without intermediate milling. They were milled

again post-calcination and dried. Green pellets in the shape

of thin discs were made by cold-pressing uniaxially at a

pressure of 150 MPa. They were sintered on a bed of cal-

cined powder in a closed alumina crucible at 1125 �C for

4 h. All the sintered pellets were polished to sub-millimeter

thickness. X-ray diffraction (Bruker AXS D8 Discover,

Madison, WI, USA) was used to check phase purity and

determine crystal structure. Silver electrodes were applied

on both sides of the pellets and fired at 700 �C for 30 min

before performing any electrical measurements. To measure

the dielectric properties, the pellets were placed in a high

temperature measurement cell (NorECs AS ProbostatTM,

Oslo, Norway) and an LCR meter (Agilent 4284A, Santa

Clara, CA, USA) was used. An impedance analyzer

(Solartron SI1260A equipped with Solartron 1296A dielec-

tric interface, Farnborough, UK) was used in the frequency

range 1 Hz to 1 MHz, in conjunction with SMaRT imped-

ance measurement software program to collect the data.

Polarization hysteresis measurements were performed at

room temperature and 1 Hz (using Radiant Technologies

RT66A, Albuquerque, New Mexico) and strain measure-

ments were conducted at 0.1 Hz with the help of an inter-

ferometric sensor (MTI Instruments 2100 Fotonic Sensor,

Albany, New York). Electromechanical fatigue tests were

performed on unpoled samples by applying a bipolar trian-

gular waveform with a peak field of 50 kV/cm at 10 Hz.

RESULTS AND DISCUSSIONS

The dielectric permittivity and loss for the unpoled

compositions are shown in Fig. 1. Typical of BNT-based

systems, two temperature dependent transitions were

clearly observed and the temperature at which the relative

permittivity was maximum (Tmax) was close to 300 �C. The

dielectric maximum (Tmax) has been previously shown to

be correlated with the gradual disappearance of tetragonal

distortions.20 The low temperature shoulder (T0max), which

is related to the ergodic to non-ergodic transition, was

observed at approximately 90 �C. It has been reported by

Levin et al. that T0max in pure BNT marks the onset of a

non-ferroelectric phase with an antiphase tilting scheme

which persists nearly up to Tmax.21 The temperature T0max

also marks the threshold between two kinds dielectric relax-

ation processes, a linear decrease in permittivity with loga-

rithm of frequency below T0max and a complicated

dependence above it.13 It has also been reported that T0max

is simply a consequence of the correlation length distribu-

tion of polar nanoregions and no evidence of any structural

transition has been observed.9,22 The peak in dielectric loss,

in general, is observed at temperatures approximately

30–40 �C below T0max and has been termed as the depolari-

zation temperature by various authors.13 It has been sug-

gested that this temperature corresponds to the loss of long

range ferroelectric order and might be a better indicator of

onset of ergodicity. These arguments also suggest the possi-

bility of the coexistence of ergodic and non-ergodic behav-

ior over certain temperature ranges near the depolarization

temperature and T0max. This has been supported by the si-

multaneous observation of pinched polarization loops and

negative strain in a number of compositions.6,10
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Rayleigh’s analysis was performed on all the composi-

tions to quantify the intrinsic and extrinsic contributions to

dielectric properties. The Rayleigh’s coefficients were calcu-

lated from the slope and intercept of the relative dielectric

permittivity as a function of field (Fig. 2). Table I lists the

Rayleigh’s parameters obtained for all the compositions. The

data for the undoped composition have been included for ref-

erence. The ratio, a0/e0r,init, which is indicative of amount of

extrinsic contribution, has been reported to range between

0.07 (kV/cm)�1 for hard PZT and 0.62 (kV/cm)�1 for soft

PZT.18,23,24,29 Although there were no significant changes in

the dielectric data with temperature on doping (Fig. 1),

Rayleigh’s analysis showed clear differences. It could be

seen that while acceptor doping enhanced the extrinsic con-

tribution to the dielectric permittivity, donor doping sup-

pressed it irrespective of the lattice site of doping. This

might be indicative of the onset of non-ergodic behavior on

acceptor doping as enhanced extrinsic contribution is indica-

tive of increased domain stability. In the same way, compa-

ratively smaller domain wall contributions to the total

permittivity in donor-doped samples might be due to the fact

FIG. 1. Temperature dependence of dielectric constant (solid lines) and dielectric loss (dashed lines) for (a) AA, (b) AB, (c) DA, and (d) DB compositions.

FIG. 2. The non-linear field dependent variation in dielectric response. The

data for stoichiometric sample (S) have been included for reference.

TABLE I. The reversible and irreversible Rayleigh parameters and ratio of

irreversible to reversible contributions to dielectric nonlinearity for all com-

positions at room temperature.

e0r,init a0 (kV/cm)�1 a0/e0r,init (kV/cm)�1

Stoichiometric 1130 103 0.09

Acceptor, A site 1300 148 0.11

Acceptor, B site 1390 170 0.12

Donor, A site 1600 110 0.07

Donor, B site 1500 120 0.08
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that domain walls are relatively unstable in these

compositions.

Polarization and strain hysteresis loops for stoichiomet-

ric composition have been shown in Fig. 3 and the data for

doped compositions are shown in Figs. 4 and 5. It can be

seen (Figs. 4 and 5) that the polarization loops become

pinched and the negative strain disappears with donor doping

while the converse is seen with acceptor doping. This indi-

cates that these donor-doped compositions are mostly er-

godic at room temperature, while the acceptor doped

compositions are mostly non-ergodic. These results are con-

sistent with the Rayleigh analysis that suggested an increased

extrinsic contribution in the acceptor-doped compositions. It

is important to note that the Rayleigh analysis is conducted

at relatively low fields (maximum electric field ¼ 15 kV/cm)

and thus the electric-field induced phase transformation is

fully not realized.25–27 Interestingly, no measureable shift in

T0max was observed for any of the compositions. Furthermore,

the magnitude of the maximum permittivity and Tmax were

largely unaltered by the doping. The magnitude of the dielec-

tric loss (tand), however, seems to have increased slightly

compared to the stoichiometric composition. This was

expected since the compensating defects created due to dop-

ing should lead to increased conduction losses.10

The polarization hysteresis loops for all compositions

before and after fatigue are shown in Fig. 4. The samples

were subjected to a bipolar triangular waveform with a peak

field of 50 kV/cm at 10 Hz for 1 � 106 cycles. The variation

in remnant polarization (Pr) and maximum polarization

(Pmax) at increasing cycles is also shown. Looking at the

polarization data before the fatigue test for all four composi-

tions, it is clear that acceptor doping resulted in an increased

remnant polarization with ferroelectric-like hysteresis loops.

In contrast, donor doping appeared to cause the loops to

become constricted when compared to the stoichiometric

composition, as expected.10 Based on prior investigations on

doped PZT and doping studies on other BNT-systems,

acceptor doping is known to stabilize the ferroelectric

domains (hardening) and donor doping to destabilize them

(softening).8,28–30 Among many competing theories to

explain the domain-stabilizing behavior by acceptor doping,

the formation of defect associates between acceptor dopants

and oxygen vacancies is more widely accepted.31,32 These

defects presumably pin the domain walls and thus stabilize

the domain-structure. Donor-doping has the opposite effect.

There was no degradation in maximum polarization af-

ter 1 � 106 cycles for all four compositions, and the final

maximum polarization was slightly greater than the initial

value. In general, the remnant polarization decreased with an

increasing number of cycles, which suggests an increase in

the ergodicity under the cyclic application of the bipolar

field. The coercive field (Ec) also decreased for all composi-

tions after the fatigue test, which meant that it became easier

for the external electric field to align the domains as the

number of cycles increased for these compositions. The data

have been summarized in Table II below.

Figure 5 shows the electromechanical strain data before

and after fatigue. It is important to note that the stoichiometric

composition showed typical ergodic behavior with no nega-

tive strain (Fig. 3).10 In the doped compositions, consistent

with the findings from the polarization data, there were no sig-

nificant negative strains observed for the donor-doped compo-

sitions indicating the absence of domains when the electric

field was removed. A high field piezoelectric coefficient (d�33)

of 419 pm/V was observed for DA composition before fatigue.

The strain data for the acceptor-doped compositions exhibited

a typical butterfly shape, characteristic of non-ergodic relax-

ors. It can be noted that the “total” strain (peak to peak strain)

prior to fatigue was largely unchanged for all the four compo-

sitions; however, the amount of “usable” strain (positive

strain) was less in the acceptor-doped compositions due to the

presence of negative or remnant strain.

The donor-doped compositions did not experience any

fatigue in the strain data. For the acceptor-doped composi-

tions, the AB composition did not show any decay in maxi-

mum strain, while the AA compositions exhibited a minimal

loss in maximum strain (�9%) on the positive side of the

electric field after 1 � 106 cycles. This was in contrast to the

behavior shown by PZT or non-ergodic BNT-based compo-

sitions which show appreciable degradation in maximum

strain due to fatigue.10–12,15

The acceptor- and donor-doping scheme aimed to con-

trol the dominant point defect in the material. Acceptor
FIG. 3. Polarization and strain hysteresis loops for stoichiometric 5BMT-

40BKT-55BNT measured at 1 Hz and 0.1 Hz, respectively at room temperature.
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doping, in general, often results in a reduction in domain

wall mobility which is described as hardening. In this study,

acceptor doping was accomplished by manipulating the cat-

ion stoichiometry so as to replace Bi3þ with Naþ and Ti4þ

with Mg2þ on the A and B sites, respectively. This approach

leads to the formation of (NaBi
00) and (MgTi

00) defects which

must be compensated by positively charged defects to main-

tain charge neutrality. It is also known that cation vacancies

are often present in ceramics containing volatile alkali cati-

ons, even in the intended stoichiometric compositions, as has

been shown directly or indirectly by the previous studies.33,34

Considering only non-interacting point defects, the charge

balance equation can be written as

AA : 2½NaBi
00�þ 3 VBi

000½ � þ VNa
0½ � þ VK

0� þ e0 � 2 V••
O½ � þ h•;

�

(2a)

AB : 2½MgTi
00�þ3 VBi

000½ � þ VNa
0½ � þ VK

0� þ e0 � 2 V••
O½ � þ h•:

�

(2b)

Very often, the negatively charged acceptor defects and

positively charged oxygen vacancies form defect dipoles or

even trimers resulting in partial charge compensation and have

often been observed in doped PZT, (K,Na)NbO3, and

BNT-based systems.35–38 In this case, the formation of (NaBi
00

– V••
O)x or (MgTi

00 – V••
O)x is a possibility. They are thought to

be responsible for reduced mobility of 180� domain walls or

stabilized domain structure and may result in lower piezoelec-

tric coefficients.35–38 Domain wall pinning by doubly ionized

positively charged defect sites like oxygen vacancies (V••
O) and

defect dipoles involving oxygen vacancies are believed to play

an important role in fatigue as well, especially in Pb-based fer-

roelectric perovskites.16,37 Oxygen vacancy ordering into

two-dimensional planar arrays have been shown to be capable

of pinning domain walls.39 Under high electric fields, point

defects, especially highly mobile oxygen vacancies and defect

complexes can migrate even at room temperature. Therefore,

acceptor doping adversely affects material properties during

electrical switching in ferroelectrics. Drawing on the extensive

study of Pb-containing perovskites, it has been argued that

FIG. 4. Effect of fatigue on polarization hysteresis (at 10 Hz) for (a) AA, (b) AB, (c) DA, and (d) DB compositions tested at 50 kV/cm and 10 Hz up to 1 � 106

cycles. The plots also show the Pmax and Pr with number of cycles (top x-axis).
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presence of oxygen vacancies might be responsible for

observed fatigue in BNT-based systems as well, especially in

non-ergodic materials at room temperature with stable

domains.4,11

Donor-doping was accomplished in these materials by

replacing Naþ with Bi3þ and Mg2þ with Ti4þ in this study.

This should lead to the formation of (Bi••
Na) and (Ti••

Mg) defect

centers, which must be compensated with negatively charged

defects such as cation vacancies. A possible charge neutrality

equation can be

DA : 2 Bi••Na½ � þ 2 V••
O½ � þ h•|| 3½VBi

000� þ VNa
0½ � þ VK

0� þ e0;
�

(3a)

DB : 2 Ti••
Mg

� �þ 2 V••
O½ � þ h•||3½VBi

000� þ VNa
0½ � þ VK

0� þ e0:
�

(3b)

Donor doping destabilizes the domain structure, making

switching of domain walls easier.8,28 In BNT-based systems,

it is of special interest. As has been shown in this study as

well, they can increase the amount of “usable” strain making

them more suitable for actuator applications. In PZT and

other normal ferroelectric like BaTiO3, they have been

shown to improve the fatigue characteristics which can be

attributed to a reduction in the oxygen-vacancy concentra-

tion, a reduction in coercive field, and other factors.40,41 In

BNT-based relaxors, donor-doping is expected to not only

FIG. 5. Effect of fatigue on electromechanical strain (at 0.1 Hz) for (a) AA, (b) AB, (c) DA, and (d) DB compositions tested at 50 kV/cm and 10 Hz up to 1 �
106 cycles.

TABLE II. Remnant and maximum polarizations, and coercive field before and after fatigue.

Pr before fatigue

(lC/cm2)

Pr after fatigue

(lC/cm2)

Pmax before fatigue

(lC/cm2)

Pmax after fatigue

(lC/cm2)

Ec before fatigue

(kV/cm)

Ec after fatigue

(kV/cm)

Acceptor, A site 17 16 28 28 18 14

Acceptor, B site 11 10 26 28 14 10

Donor, A site 6.0 4.7 26 29 5.9 4.5

Donor, B site 6.9 6.1 25 29 6.8 6.1
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reduce oxygen vacancies but also impart greater ergodicity,

both of which can have an impact on fatigue behavior.

Impedance spectroscopy measurements were carried out

on all the compositions. The resistivities, as shown in Table

III, were still high (�107 X cm) in comparison to the stoichi-

ometric composition (and significantly higher than is typical

for PZT with a published value of resistivity �104–105 X cm

at �450 �C, Ref. 42), showing that the overall resistivity was

insensitive to stoichiometry. The Arrhenius plots were highly

non-linear between 400 �C and 550 �C; the activation ener-

gies for conduction (Ea) were estimated to range between 1.2

eV and 1.6 eV. The optical band gap for the stoichiometric

composition are approximately 3 eV.10 These suggest that

the point defects introduced by doping do not affect the resis-

tivities appreciably and instead they are controlled by some

other defect species (perhaps cation vacancies introduced

during processing), the origin of which needs to be investi-

gated further.

Upon integrating the results from the fatigue and imped-

ance measurements, some noticeable inferences can be

noted. Defects created as a consequence of donor doping did

not result in any noticeable fatigue. This is likely due to the

nature of the reversible field-induced phase transformation.

It has been suggested that a new domain structure is created

during each electrical cycle, as a result defects cannot pin the

domain walls effectively.11 However, the acceptor-doped

compositions showed evidence of stable domains at room

temperature in the absence of an electric field, as indicated

by the presence of an increased remnant polarization and

strain. In spite of this fact, the acceptor-doped compositions

exhibited a negligible effect on the maximum strain after fa-

tigue. This behavior is certainly different from some other

perovskite ferroelectrics where acceptor doping exaggerates

the fatigue possibly due to enhanced domain wall pin-

ning.41,43 This suggests that either defects do not play a

prominent role in fatigue in these systems or it is compen-

sated by other factors, which need to be investigated.

Drawing upon the past findings related to PZT, some of

the other phenomena related to fatigue in PZT were investi-

gated in this system as well. Extreme discoloration just

beneath the electrodes was observed in all the samples, simi-

lar to the observations made by Balke et al. in PZT which

they proposed to be the primary reason for fatigue.15

Microcracks have been shown to have formed during fatigue

in BNT-based compositions in other studies.4,17 Crack for-

mation is a possibility in our ternary systems as well; how-

ever, it was not investigated. While these mechanisms have

been shown to lead to fatigue in PZT and arguably some

other normal ferroelectrics, they do not seem to contribute to

fatigue in the BNT-based ternaries discussed here.

All the four compositions in this study exhibited a single

perovskite phase within the limits of the x-ray diffraction

instrument used (Fig. 6(a)). No peak splitting was seen and

all the virgin compositions exhibited pseudo-cubic symmetry

before fatigue, which is expected of relaxor materials.

However, short-range non-cubic distortions might be present

as is observed in other BNT-based piezoceramics.4 Figure

6(b) shows slow-scan data on the {111} and {200} reflec-

tions for all the compositions before and after fatigue, it was

not possible to fully resolve the peaks using a laboratory

scale diffractometer. There was no evidence of peak splitting

or asymmetry in the {111} peaks before or after fatigue for

all compositions. However, a slight shoulder was observed

in the {200} peaks before fatigue which is indicative of a tet-

ragonal distortion. This finding is not unexpected as the

BKT-to-BNT ratio in these ternary compositions are clearly

in the tetragonal phase field based on the BKT-BNT binary

phase diagram.44 These distortions are present before and af-

ter the fatigue test and there are no clear signs of an increase

in tetragonality after fatigue. The lack of induced

TABLE III. The DC resistivity values calculated by extrapolating ac imped-

ance data.

q (X cm) before

fatigue at 450 �C
q (X cm) before

fatigue at 550 �C

Stoichiometric10 1.6 � 107 9.9 � 105

Acceptor, A site 1.8 � 107 1.5 � 106

Acceptor, B site 7.8 � 106 1.1 � 106

Donor, A site 1.3 � 107 1.6 � 106

Donor, B site 4.6 � 107 2.8 � 106

FIG. 6. (a) XRD data for the indicated compositions, (b) slow-scan {111} and {200} peaks for all compositions before (red solid lines) and after fatigue (black

dashed lines).
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tetragonality might have implications on the fatigue proper-

ties for these systems as compared to some other BNT-based

systems.10 This behavior was different from some other

BNT-based compositions where a clear symmetry change

was observed on application of electrical cycles.4–6 In BNT-

BaTiO3 (BNT-BT), it has been shown that the symmetry

gradually changes from rhombohedral where both 180� and

non-180� domain walls can switch, to tetragonal symmetry

where 90� domains are constrained due to presence of grain

boundaries and only 180� domain walls can switch.4,45 In

experiments on CuO-doped BNT-BT, there was no evidence

of induced tetragonal symmetry and the tetragonal symmetry

of the virgin sample remained intact after electrical cycling.

This composition was shown to be fatigue-free as compared

to undoped BNT-BT.4 Pronounced tetragonal distortions

were observed in LaFeO3 doped BNT on application of

cyclic electric fields; however, no detailed fatigue studies

were reported.6

Despite the presence of factors which are known to

cause fatigue in PZT and possibly other BNT-based systems,

e.g., defects, stable domains, etc., these compositions exhibit

little degradation in maximum polarization and minimal to

no decay in maximum strain after 1 � 106 bipolar cycles.

However, the fatigue-free behavior was probably supported

by some unusual observations in these compositions. These

were: (i) the remnant polarization decreased after 1 � 106

cycles, indicating an increase in the ergodic phase which is

less prone to fatigue for these compositions, (ii) the coercive

field decreased by �20% for most compositions meaning

that lower fields were needed to align the domains, and (iii)

among the fatigue-free compositions, there was no induced

tetragonality which could degrade the material properties.

CONCLUSIONS

Acceptor and donor doping on A and B-sites were per-

formed on ceramics of the composition 5BMT-40BKT-

55BNT in order to investigate the role of point defects on

fatigue behavior. All samples exhibited pseudo-cubic sym-

metry within the limits of laboratory x-ray diffractometer.

Acceptor-doped compositions exhibited polarization and

strain data which are characteristic of non-ergodic relaxor

materials, while donor-doped compositions retained the er-

godic behavior observed in the stoichiometric composition.

Irrespective of polarity and lattice site of the dopant, all com-

positions maintained the high resistivities of the stoichiomet-

ric composition. This suggests the possibility that although

domain stabilization is related to oxygen vacancies, the over-

all resistivity is controlled by some other defect species.

Doping of either polarity did not show any effect during fa-

tigue tests on the maximum polarization. Apart from a minor

decrease observed in the maximum strain for the A-site

acceptor-doped composition, none of the other samples

showed any effects from fatigue on the maximum strain, de-

spite the presence of domains and defects in non-ergodic

compositions. These results suggest that the increase in ergo-

dicity, the reduction in coercive field, and the lack of induced

tetragonality during the fatigue cycles might be responsible

for the excellent fatigue characteristics in these materials.
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