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Abstract 

For over two decades Na0.5Bi0.5TiO3 (NBT) -based lead-free piezoelectrics have attracted attention due to its ability to exhibit large 
electric-field driven strain. Compared to the popular Pb(Zr, Ti)O3 (PZT)-based piezoelectrics, which exhibit electrostrain of about 
0.3%, the derivatives of NBT-based lead-free piezoelectrics at the ergodic—non ergodic relaxor crossover exhibit larger electric-field 
driven strain �0.45%. In recent years, there has been a concerted effort to increase the maximum electrostrain in lead-free piezocer
amics. Recent reports suggest that oxygen deficient NBT- based piezoceramics can exhibit electrostrain �1%. In this paper we explore 
this phenomenon and show that the ultra high electric field driven strain measured is primarily a consequence of reducing the thick
ness of the disc dimension below 500 microns and not an exclusive effect of the composition.
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Introduction
For over six decades, the relaxor ferroelectric compound 
Na0.5Bi0.5TiO3 and its derivatives have attracted considerable 
attention both from the scientific and technological viewpoints 
[1–3]. Though discovered almost six decades ago [4] as a rhombo
hedral ferroelectric compound, the structure and the properties 
of NBT have puzzled the scientific community for a long time. 
The structural complexity of NBT owe its origin to the random 
distribution of Na and Bi on the A-site of the ABO3 perovskite 
structure and qualitatively very different character of the Bi-O 
(covalent) and Na-O (ionic) bonds [5–8]. The local structural dis
order in NBT manifests has been explained variedly as deviation 
of the A-site cation displacements away from the [111] rhombo
hedral direction [9–11], and to the persistence of the high temper
ature non-ferroelectric tetragonal (P4/mbm) distortions on the 
local scale at room temperature [12]. Electron diffraction studies 
have revealed the presence of short-ranged regions comprising of 
in-phase (a0a0cþ) octahedral tilt (characteristic of the P4/mbm 
distortion) embedded between the relatively long range ordered 
rhombohedral regions comprising of the a-a-a- type antiphase 
octahedral tilt [13]. A complex interaction of the two tilt types 
[14] leads to the global structure (as observed by x-ray diffraction 
studies) of NBT appear as monoclinic (Cc) [15, 16]. Strong 
electric field irreversibly transforms the Cc average structure to 
R3c [17–19]. On the local scale this process is accompanied by 
irreversible suppression of the in-phase tilted octahedral region 
[5]. From the property viewpoint this transformation is a field- 
driven transformation of the non-ergodic relaxor state of NBT to 
a normal ferroelectric state [5].

The onset of the in-phase octahedral tilt characteristic of the 
non-polar P4/mbm phase appears on heating NBT above 150�C. 

This temperature coincides with the onset of the depolarization 
of poled NBT [5, 18]. Though the system retains the memory of 
the poling field up to 300�C, the piezoelectric coefficient of poled 
NBT is drastically reduced when heated to 200�C. This tempera
ture is generally referred to as the depolarization temperature of 
NBT. NBT-BT [19–27] and NBT-KBT [28–40] are two of the 
most important NBT solid solution systems as they exhibit 
morphotropic phase boundary (MPB) in their respective 
composition-temperature phase diagrams and show enhanced 
electromechanical responses. However, in comparison to normal 
ferroelectric based MPB systems like PZT or BaTiO3-based sys
tems, the MPB compositions of NBT-KBT and NBT-BT exhibits a 
peculiar behavior in the sense that the depolarization tempera
ture exhibits a minimum at the MPB of the later two systems 
[19]. The dramatic reduction in the depolarization temperature 
at the MPB of the two NBT-based MPB systems is caused by in
creased propensity for the in-phase octahedral tilt as the MPB is 
approached, causing increased structural-polar disorder [19, 41].

The depolarization temperature of NBT-based piezoelectrics is 
representative of nonergodic—ergodic transformation. In 2007 
Zhang et al. reported that when certain compositions of NBT-BT 
is further modified with K0.5Na0.5NbO3 (KNN), the depolarization 
is further reduced, and that a composition at the crossover of the 
nonergodic- ergodic relaxor boundary exhibits electrostrain 
�0.5% [42]. Given that the maximum electrostrain obtained from 
PZT-based polycrystalline piezoelectrics is �0.3%, this was con
sidered as an important breakthrough [42]. Since then, attempts 
have been made to improve the electrostrain of NBT-based 
systems. Liu and Tan reported electrostrain �0.7% in a 
non-stoichiometric NBT-based system [43].

Recently Luo et al. reported that the introduction of oxygen 
defects in NBT-based piezoceramics simultaneously improved 
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the piezoelectric response and the thermal depolarization tem
perature [44]. The approach involved forming solid solutions of 
NBT-BT with defect perovskites like BaAlO2.5, BaGaO2.5 and 
BaInO2.5 to increase the overall tolerance factor of the system 
alongside the formation of oxygen vacancies [45]. The authors ar
gued that oxygen vacancies increased the tetragonality (c/a) of 
the system and thereby the depolarization temperature. The role 
of defect dipoles in enhancing electrostrain in ferroelectrics has 
been emphasized for quite some time now [46–48]. It has been 
suggested that compositional design strategies which promote 
reversible polarization rotation and defect -induced pinning ef
fect can also help in improving the high field electrostrain values 
[45]. A strain of 1.1% at 100 kV/cm was recently reported for a 
composition 0.94NBT- 0.06BaAlO2.5. Prior to the strain measure
ment, the specimen was aged in a dc field. The authors argued 
that aging the specimen under DC field oriented the defect 
dipoles along a preferable direction. It provided the restoring 
force for large reversible switching of the domains. The strain 
�1.1% in 0.94NBT- 0.06BaAlO2.5 is almost similar to the strain of 
�1.3% at 80 kV/cm, reported earlier by Narayan et al. in La modi
fied BiFeO3-PbTiO3 (BF-PT) [49]. However, it is important to note 
that no aging was required to obtain large strain in the La modi
fied BF-PT [49]. Given that (1-x)NBT-(x)BT exhibits MPB at 
x�0.06, it is anticipated that the electrostrain can be further en
hanced by introducing oxygen defects of the NBT -based MPB sys
tems. Interesting to note that no such large strain values were 
reported by Luo et al. in the (1-y)[(1-x)Na0.5Bi0.5TiO3-(x)BaTiO3] 
-yBaAlO2.5 (NBT-BT-BAO) [44]. The bipolar strain of this pseudo 
ternary system is reported to be significantly lower (in the range 
0.2–0.25%) than the �1% strain reported for (1-y)Na0.5Bi0.5TiO3- 
yBaAlO2.5 [45]. This is quite puzzling and suggests that something 
is missing in our understanding of what drives large electrostrain 
in these systems. In this paper we have investigated this issue in 
detail and found that it is not the composition which is responsi
ble for the large electrostrain value but the dimension of the ce
ramic disc. We succeeded in obtaining large electrostrain values 
(>2%) even in the BaAlO2.5 modified MPB composition 0.935NBT- 
0.065BT. Our study sheds new light on the phenomenon of large 
electrostrain in piezoceramics

Experimental methods
Lead-free polycrystalline (1-x)(0.935Na1/2Bi1/2TiO3-0.065BaTiO3)- 
(x)BaAlO2.5 (where x¼ 0.00, 0.01, 0.03, 0.05 and 0.07 mol) piezocer
amics were prepared by conventional solid-state reaction method 
using dried Al2O3 (99.9%, Alfa Aesar), BaCO3 (99.8%, Alfa Aesar), 
Bi2O3 (99%, Alfa Aesar), Na2CO3 (99.8% Alfa Aesar), and TiO3 

(99.8%, Alfa Aesar) as raw materials. The designed composition of 
raw oxides were weighed and then ball milled in a planetary ball 
mill with acetone medium for 12 h. The resulting mixture were 
dried and calcined in alumina crucible at 900�C for 3 h. Afterward, 
the calcined powders were subjected to another round of ball 
milled for 8 h, mixed with 5% PVA, and pressed into disk green pel
lets at 100 MPa by unidirectional pressing followed by cold iso- 
static pressed at 300 MPa. The green pellets were sintered in a muf
fle furnace at 1160�C for 3 h inside cup-cone alumina crucibles to 
minimize the loss of Na and Bi atoms, then sintered pellets were 
polished and coated with silver electrodes on both sides of the sur
face for electrical characterization. The pellets were poled at 60 kV/ 
cm dc source in non-conductive silicone oil media for 20 min using 
IATOME, India, and then measured direct piezoelectric response 
(d33) on poled pellets using Piezotest (PM300) with the frequency 
110 Hz and applied force 0.25 N. Both unpoled and poled X-ray 
powder diffraction (XRPD) of specimens were carried out using a 
Cu-Ka1 X-Ray Diffractometer (Rigaku, Smart lab). The morphology 
and grain size distribution of specimens were studied by using 
a Scanning electron microscope (FESEM, Zeiss). The density of 
sintered pellets measured by Archimedes liquid displacement 
method was �95% dense (Supplementary Fig. S1 and Table S1). 
Ferroelectric (P-E) hysteresis loops and electrostrain (S-E) curves 
were recorded using a ferroelectric workstation (Radiant 
Technologies Inc) in insulating silicon medium by applied ac field 
of 70 to 80 kV/cm having a frequency of 1 Hz at room temperature.

Results and discussion
Here we have focused on the MPB composition 0.935NBT- 
0.065BT of the NBT-BT series and modified it with BaAlO2.5 as 
per the nominal chemical formula (1-x)(0.935Na1/2Bi1/2TiO3- 

Figure 1. Composition evolution of the selected pseudocubic (pc) X-ray powder diffraction Bragg profiles of f110gpc, f111gpc, and f200gpc (a) unpoled 
and (b) poled specimens.
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0.065BaTiO3)-(x)BaAlO2.5. Figure 1a shows the evolution of the 
f110gpc, f111gpc and f200gpc pseudocubic x-ray Bragg profiles of 
as a function of x. The diffraction patterns were collected after 
grinding the sintered ceramic discs to powder followed by ther
mal annealing to 500�C for 2 h to remove the stress effects caused 
by the grinding process. Consistent with the previous reports [20– 
22] the singlet nature of all the Bragg profiles suggests a cubic 
like structure of the unmodified (x¼0.00) MPB composition. With 
increasing the BAO concentration (x), the f110gpc and the f200gpc 

Bragg profiles develop split. This split is indicative of the develop
ment of a long-range tetragonal distortion in the system. The in
creasing intensity of the tetragonal peaks suggests that more 

volume fraction of the cubic like phase transformed to the long- 
ranged tetragonal phase with increasing x.

We also collected diffraction patterns from poled specimens 
of the different compositions. The diffraction patterns of the 
poled specimens were taken after griding the poled pellets to 
powder. The random orientation of the powder specimen gives 
preferred orientation free diffraction pattern while retaining the 
irreversible changes brought about by the poling field [22, 50]. 
The diffraction pattern of the poled x¼0.00 shows f110gpc, 
f111gpc and f200gpc as triplets. This confirms that the poling field 
has irreversibly transformed the cubic like phase to a mixture of 
long ranged rhombohedral and tetragonal ferroelectric phases,  

Figure 2. (a) Polarization hysteresis (P-E) loops measured at 1 Hz for the (1-x)(0.935Na1/2Bi1/2TiO3-0.065BaTiO3)-(x)BaAlO2.5 ceramics. The relative 
change in (b) remnant polarization (Pr), (c) coercive field (Ec), (d) Longitudinal direct piezoelectric coefficient (d33), and (e) depolarization temperature 
(Td) values of ceramics as a function of composition x.
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Fig. 1b. The poled BAO modified compositions (x�0.01), on the 
other hand, show only long ranged tetragonal ferroelectric phase.

Figure 2 shows the composition dependence of ferroelectric 
and piezoelectric properties. All compositions show well- 
behaved polarization electric field hysteresis loop under bipolar 
cycling. The remanent polarization increased from 27 mC/cm2 for 
x¼0.00 to 42 mC/cm2 up to x¼ 0.03. The longitudinal piezoelectric 
coefficient, d33 from �165 pC/N for x¼0.00 to a maximum of 205 
pC/N for x¼0.01. In general, given all other parameters being 
equal, a specimen with higher polarization is expected to exhibit 
higher d33. In the present case, the coercive field of x¼ 0.01 is the 
lowest (Fig. 2c). That is, the domains in x¼ 0.01 are more mobile 
than in x¼ 0.03. This factor seems to make x¼ 0.01 show rela
tively better piezoelectric coefficient than x¼0.03. Interestingly, 
the depolarization temperature increased abruptly from 85�C for 
x¼0.00 to 155�C for x¼ 0.01. The abrupt increase of Td at x¼0.01 
can be understood from the fact that the average structure of 
poled x¼ 0.00 is rhombohedralþ tetragonal and for x¼ 0.01 is te
tragonal. In an MPB piezoelectrics, the tetragonal phase, gener
ally exhibit significantly higher depolarization temperature. 
Another important point to note is that the d33 is maximum for 
the tetragonal composition at the boundary of the two phase 
(rhombohedralþ tetragonal) region, and not for the composition 
exhibiting the phase mixture. This observation is similar to what 

was reported earlier by Adhikary et al. for (1-z)NBT-(z)KBT [37]. 
The phase coexistence region in (1-z)NBT-(z)KBT spans 
0.20< z< 0.25 and the tetragonal composition z¼0.25 exhibit the 
maximum piezoelectric response [37]. This suggests that the best 
piezoelectric response in piezoelectric systems exhibiting MPB 
should be sought in tetragonal composition at the boundary of 
the two-phase region.

Figure 3 shows the bipolar and unipolar electrostrain of 
(1-x)(0.935Na1/2Bi1/2TiO3-0.065BaTiO3)-(x)BaAlO2.5 at room 
temperature measured with a triangular wave waveform with 
field amplitude 70 kV/cm. The butterfly strain loop is evidently 
asymmetric with more strain in the positive cycle as compared 
to the negative cycle. The maximum strain (at 70 kV/cm) in the 
positive cycle is �0.4% for x¼ 0.01. The same composition 
shows strain of 0.1% in the negative cycle. For actuator appli
cations, the unipolar electrostrain is of practical significance. 
Interestingly, the unipolar electrostrain (measured for the pos
itive cycle) is maximum (�0.35%) for the same composition 
(x¼0.01) which exhibits maximum d33. This scenario is differ
ent from the strategy which emphasizes extracting maximum 
strain in compositions at the ergodic-non ergodic relaxor 
boundaries in NBT-based piezoelectrics [42, 43]. Since such 
compositions cannot be poled, they show nearly zero d33. 
Important to note that the maximum electrostrain reported by 

Figure 3. (a) Bipolar strain curves and (b) unipolar strain curves of the specimens with the electric field, and (c) converse piezoelectric coefficient (d33
�) 

of ceramics at an electric field of 70 kV/cm with a function of composition x.
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Luo et al. for (1-y)0.94NBT-0.06BT)-(y)BaAlO2.5 with y¼ 0.05 is in 
the range 0.2 to 0.25% at similar field values [44]. The authors 
did not report unipolar strain in their paper. However, it is an
ticipated to be lower than the strain obtained in bipolar field 
cycling. At this point we would like to emphasize that the elec
trostrain measurements performed by us were on circular 
discs of thickness of diameter �10 mm and thicknesses of 
0.7 mm. Luo et al. measured electrostrain values on thickness 
disc thickness of 1 mm. In contrast, the electrostrain of 1.12% 
reported by Luo et al. on a non-MPB composition 0.94NBT- 

0.06BaAlO2.5 was measured on ceramic discs of thickness 
0.3–04 mm [45]. While it may not seem obvious as to how the 

thickness of the piezoceramic disc be a factor in determining 
the electrostrain we measure on the discs, recently Adhikary 
et al. have shown that thickness of the ceramic disc does 

matter in the electrostrain we measure [51]. Below we show that 
the same phenomenon is applicable to (1-x)(0.935Na1/2Bi1/2TiO3- 

0.065BaTiO3)-(x)BaAlO2.5.
Figure 4 shows the thickness dependence of the polarization, 

bipolar and unipolar strain loops of the critical composition 

Figure 4. Thickness dependence ferroelectric and piezoelectric measurements of a composition x¼0.01. (a) P-E hysteresis loops, (b) bipolar S-E curves, 
and (c) unipolar S-E curves for the thickness of 0.7, 0.5, 0.3, and 0.15 mm measured at 1 Hz and room temperature.
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x¼0.01. While the P-E loops are not affected notably on decreas
ing the disc thickness, the bipolar strain loop becomes increas
ingly more asymmetric. The strain in the positive cycle are 0.4% 
for the 0.7 mm, �1.0% for 0.5 mm, �4% for the 0.3 mm disc and 
10% for 0.15 mm disc. The unipolar strain values are 0.35, 0.6, 1.8 
and �5% for 0.7, 0.5 and 0.3 and 0.15 mm thickness, respectively. 
The effect of reducing the thickness down to 0.2mm for 
other compositions (x¼ 0.03, 0.05 and 0.08) can be found in 
Supplementary Figs S2 and S3. Such highly asymmetric bipolar 
strain has earlier been referred to as hetrostrain [52] and caused 
by oxygen defects. We show here that it is rather a phenomenon 
of thickness reduction. In fact, for similar composition as ours, 
Luo et al. reported very low strain �0.2% at 80 kV/cm in oxygen 
deficient MPB compositions of [(1-y](1-x)NBT-(x)BaTiO3-(y) 
BaAlO2.5 [44]. The large value of strain �1% was reported for a 
non MPB composition x¼ 0.00 [45]. In view of our results, this ap
parent contradiction in the two papers of Luo et al. [44, 45] can be 
understood by because the two works were carried out on ce
ramic discs with distinctly different thicknesses. While the study 
reporting lower (�0.2%) electrostrain used 1 mm thick ceramic 
discs, the one reporting strain of 1.12% strain used discs 
�0.3 mm. As our study has clearly shown, the electrostrain 
decreases sharply below on increasing the disc thickness. For 
0.7 mm thickness, we obtain strain of 0.4%. It is therefore no sur
prise that the 1 mm thick discs show strain of �0.2%.

In summary, our work has shown that large electrostrain in 
oxygen deficient [(1-y](1-x)NBT-(x)BaTiO3-(y)BaAlO2.5 reported re
cently is not a composition effect. We have shown that composi
tions close to the morphotropic phase boundary of this system 
can exhibit electrostrain >1% only if the thickness of the ceramic 
discs is kept low (<0.5 mm). Large electrostrain is therefore pri
marily a thickness effect. Although at present there is no clear 
understanding of the mechanism underlying this intriguing phe
nomenon, it is important to report the phenomenon per se to 
make the scientific community aware about it. The bipolar strain 
reaching 10% value in 0.15 mm thick disc of our specimen is ex
traordinary. In this context it is worth highlighting the possibility 
of the large strain being measured because of bending of the ce
ramic discs. He et al. [53] has recently reported a nominal strain 
of 0.7% at 150 kV/cm in a non-perovskite piezoceramic Bi2WO6. 
The authors reported highly asymmetric bipolar strain, similar to 
what we have shown above, and argued the possibility of the disc 
bending due to asymmetric 90-degree ferroelastic switching in 
the upper and lower surfaces of the disc.

Supplementary data
Supplementary data is available at Oxford Open Immunology 
Journal online.
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