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ABSTRACT

A-site off-stoichiometry has been an efficient method to enhance the elec-
tromechanical properties of lead-free Nag 5Big5TiO3(INBT)-based piezoceramics.
In this work, we have reported the effect of Na/Bi off-stoichiometry on the
microstructural, structural, and electromechanical properties of the tetragonal
0.80Nag 5Bip 5TiO3-0.20BaTiO; (NBT-20BT) ceramic. The maximum piezore-
sponse ~ 115 pC/N is obtained for 4 mol% Na-deficient (20BT-Na46) and
2 mol% Bi-excess (20BT-Bi52) compositions. It is a 25% increment over the
piezoresponse of the stoichiometric composition (20BT-Na50 ~ 90 pC/N). The
enhancement in piezoresponse has been attributed to an optimized presence of
polar-structural heterogeneity/disorder in the poled ceramic matrix and an
optimized distortion of the long-range tetragonal ferroelectric phase. It is
established that A-site off-stoichiometry is influencing the polar-structural
heterogeneity/disorder and tetragonal lattice distortion via the grain size.
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mostly lead zirconium titanate (PZT) based, owing
to their high electromechanical properties [6]. The

1 Introduction

Ferroelectric and piezoelectric materials are widely
used as pressure sensors, actuators, ultrasonic
transducers, and multi-layer ceramic capacitors
[1-5]. The ferroelectric and piezoelectric materials
currently dominating the international market are
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fundamental science behind the superior perfor-
mance of PZT-based material is also being keenly
studied [7-9]. However, PZT contains more than 40
weight% lead (Pb), which renders it toxic for
human health and the environment. Therefore, to
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discourage the use of lead, governing agencies
worldwide have imposed strict legislation [10, 11].
This has mandated researchers to look for a suit-
able lead-free alternatives to PZT, which show
similar if not superior properties [12-17].
Nag5Bip5TiO; (NBT)-based piezoelectric systems
are being extensively pursued by research groups
across the world since the past two decades. They
have shown the potential to replace PZT-based sys-
tems owing to their moderate piezoresponse and
high electrostrain [18-22]. Their electromechanical
properties are also easily reproducible, which make
them industrially scalable. The inherent structural
complexities present in NBT-based systems make
their structure-property correlation studies very
intriguing [14, 23]. Among the NBT-based systems,
the solid solution of Nag 5Bip5TiO3 (NBT) and BaTiO;
(BT), commonly known as NBT-BT has been under
focus for the past three decades [24-27]. This solid
solution forms the morphotropic phase boundary
(MPB) at 6 mol% BaTiO; (BT) doping in the NBT
matrix [24]. The MPB composition is commonly
known as NBT-6BT, and it shows a high longitudinal
piezoelectric response (ds3) of 200 pC/N [28]. It is also
interesting from the structural perspective as it shows
a high symmetry cubic (Pm 3m) structure in X-Ray
diffraction studies [28-30]. However, techniques like
transmission electron microscopy, nuclear-magneto
resonance, and neutron powder diffraction highlight
the structural complexities prevalent at the nanoscale
in the NBT-6BT matrix [31-36]. Transmission elec-
tron microscopy studies have shown the coexistence
of rhombohedral (R3c) and tetragonal (P4bm) phases
in NBT-6BT [31, 35, 36]. Groszewicz et al., through
Na NMR study, reported the coexistence of cubic
and polar local symmetries in the MPB composition
NBT-6BT [32, 33]. Garg et al. stated that NBT-6BT
has a long-period-modulated structure by analyzing
neutron powder diffraction data [34]. The structural
complexity of NBT-6BT is assumed to be inherited
from the parent compound NBT [28, 31, 34]. NBT was
considered to be a rhombohedral R3c ferroelectric
ever since its discovery by Smolenskii et al. in 1961
[37]. However, recent high-resolution diffraction
experiments have indicated that the unpoled struc-
ture of NBT belongs to the lower symmetry mono-
clinic Cc phase [38-40]. Balagurov et al. through
neutron diffuse-scattering and Thomas et al. through
X-ray diffuse-scattering study have reported that
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NBT has a long-period-modulated structure [41, 42].
Application of strong electric field (poling) results in
the establishment of long-range rhombohedral
(R3c¢) ferroelectric order in NBT [39, 40]. The
0.97Nag 5Big 5Ti03-0.03BaTiO; (NBT-3BT) composi-
tion has also been investigated with utmost interest
owing to its inherent structural complexities. Neu-
tron powder diffraction and electron diffraction
studies on NBT-3BT report the presence of out of
phase '2{000},. octahedral tilt in the ferroelectric
matrix [35, 43]. Badri et al. had reported a premor-
photropic phase boundary like characteristic for
NBT-3BT [43]. The postmorphotropic phase bound-
ary (MPB) region (beyond 7% BT doping) which is
known to have a tetragonal structure has been rela-
tively less studied [25-27, 44]. Badri et al. reported
that in the post-MPB regime, the composition of
0.80Nag 5Big 5TiO3-0.20BaTiO3; (NBT-20BT) shows the
highest tetragonality among the compositions of the
NBT-BT series [44]. The authors also stated that
NBT-20BT has a simple non-modulated tetragonal
structure with the absence of oxygen octahedral tilt
like the classical ferroelectric BaTiO;. A-site off-stoi-
chiometry technique has been used successfully in
case of the structurally complicated systems like
parent compound NBT, the premorphotropic phase
boundary composition NBT-3BT, and the mor-
photropic phase boundary composition NBT-6BT, to
enhance their piezoresponse substantially. However,
no report is present in the literature regarding the
effect of off-stoichiometry, on the structurally simpler
tetragonal composition NBT-20BT.

In this paper, we have reported the effect of A-site
off-stoichiometry on the microstructure, structure,
and electromechanical properties of the NBT-20BT
composition. The compositions were prepared
according to the formulae 0.80Nags5+.Bios5TiOs—
0.20BaTiO; and 0.80Nag 5Big 5., 1103-0.20BaTiOs. For
the sake of simplicity, we followed the approach of
past studies and varied only one A-site element at a
time, i.e., when Na concentration was varied, Bi
concentration was kept fixed, and vice versa [45—48].
Ba concentration was kept fixed throughout the
study. The compositions are named according to the
mole percentage of Na/Bi. For e.g., 0.80Nag4sBigs.
TiO3-0.20BaTiO3 is referred to as 20BT-Na48,
0.80Nag 5Big 54Ti03-0.20BaTiOj is referred to as 20BT-
Bi54, and the stoichiometric composition 0.80Nags.
Big5TiO5—0.20BaTiO; is referred to as 20BT-Na50/
20BT-Bi50 depending on the context of use. After
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careful structural investigation, the inherent correla-
tion of the piezoresponse with the polar-structural
heterogeneity/disorder prevalent in the poled cera-
mic matrix and the lattice distortion of the ferro-
electric phase is established.

2 Experimental

A-site off-stoichiometric compositions of NBT-20BT
were prepared by the traditional solid-state ceramic
synthesis method. High-purity powders of Na,CO;
(99.9%, Alfa Aesar), Bi,O3 (99.9%, SRL), BaCO3 (99.8%,
Alfa Aesar), and TiO, (99.8%, Alfa Aesar) were dried in
ahotair ovenat200 °C for 24 h to remove the absorbed
moisture. The dried powders were weighed according
to their nominal formulae 0.80Nags4,BigsTiOs—
0.20BaTiO; and 0.80Nags5Big 54, TiO3-0.20BaTiO3
(x = 0,0.02, 0.04, and 0.06). The powders were stirred
in yttria-stabilized zirconia vials having yttria-stabi-
lized zirconia balls using a planetary ball mill (Fritsch,
P5, Germany) at 200 rpm for 8 h. Acetone was used as
the mixing media for better homogenization. The ball-
milled powders were calcined at 900 °C for 3 h in a
muffle furnace (Delta power, India). The calcined
powders were again re-ball milled followed by recal-
cination to ensure complete perovskite phase forma-
tion. Polyvinyl Alcohol (PVA) binder was added to the
recalcined powders. The powders were pelletized at
100 MPa. The green pellets obtained were iso-statically
pressed at 300 MPa in an incompressible oil medium
using a customized die for uniform and enhanced
densification. The iso-statically pressed pellets were
sintered at 1200 °C for 3 h inside the MgO-sealed
alumina cup cone arrangement with spacer powder to
minimize Na and Bi's loss. The density of the sintered
pellets was measured using the Archimedes liquid
displacement method. The sintered pellets of all the
compositions were found to be more than 95% dense.
The sintered pellets were mirror polished and ther-
mally etched at 1150 °C for 15 min. Thermally etched
pellets were gold sputtered to avoid charging during
scanning electron microscopy (SEM) imaging. Scan-
ning electron micrographs (FESEM, Zeiss) of the gold-
coated thermally etched pellets were captured at an
accelerating voltage of 5 kV and a working distance of
10 mm in the secondary electron mode. The grain size
distribution was analyzed by the linear intercept
method with the aid of the ImageJ software [49, 50].
Around 350 grains from different regions of the

specimen were considered for reliable statistical
information. The pellets were thinned down to 0.5 mm
thickness and were electroded with silver paste on
both sides for electrical characterization. The thinning
down of pellets increases their dielectric breakdown
strength [51]. The room-temperature resistivity of the
silver-painted pellets was measured using an elec-
trometer (Keithley, 6514). The silver-electroded pellets
were poled in an insulating silicone oil medium ata dc
electric field of 120 kV/cm for 1 h using a high voltage
dc power source IATOME, India). The longitudinal
piezoelectric response (ds3) of the poled pellets was
measured using a Berlincourt meter by applying a
force of 0.25 N at a frequency of 110 Hz (Piezotest,
PM300, UK). After this, the poled pellets were crushed
to powder. The powder, thus, obtained is termed as
“poled powder.” “Poled powder” was then annealed at
700 °C for 1 h to remove the poling related memory,
and the resultant powder obtained is termed as “un-
poled powder.” The ferroelectric and piezoelectric
loops were measured on silver-pasted pellets at an
electric field of 70 kV/cm with a frequency of 1 Hz at
room temperature in a silicone oil bath using a ferro-
electric workstation (Radiant technologies Inc, USA)
enabled with a laser interferometer (MTI 2100, USA).
X-ray powder diffraction (XRPD) measurement was
carried out on the unpoled and poled powders in the 20
range of 15°-120° at a scan rate of 1°/min with a step
size of 0.01° using a high-resolution laboratory X-ray
diffractometer (Smartlab, Rigaku, Japan) operating at
4.5 kW power with a rotating copper anode enabled
with a Germanium single crystal monochromator in
the source arm. Room-temperature dielectric mea-
surements were carried out on unpoled and poled
pellets in the frequency range of 10-10° Hz with an ac
signal of 1 V amplitude using an impedance analyzer
(Novocontrol, Montabeur, Germany). Structural
analysis of the X-Ray diffraction data was carried out
by the Rietveld refinement technique using the Full-
Prof software package [52].

3 Results
3.1 Microstructural characterization

The scanning electron micrographs of the Na-varying
and Bi-varying compositions of the NBT-20BT series
are shown in Fig. 1. A compact, homogeneous, and
pore-free microstructure with clear grain boundaries
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is observed for both Na-varying and Bi-varying
compositions of the NBT-20BT series. This agrees
with a density of 95% obtained for the sintered pellets
via the Archimedes liquid displacement method. The
Na-varying compositions 20BT-Na44, 20BT-Na46,
20BT-Na48, 20BT-Na50, 20BT-Na52, and 20BT-Na54
have grain sizes of 1.7 pm, 1.9 um, 2.0 pm, 2.3 pm,
49 ym, and 5.9 um, respectively. The Bi-varying
composition 20BT-Bi46, 20BT-Bi48, 20BT-Bi50,
20BT-Bi52, and 20BT-Bi54 have grain sizes of 2.1 um,
2.2 um, 2.3 pm, 1.9 pm, and 1.4 pm, respectively. For
the Na-varying compositions, the grain size is
directly related to the Na concentration in the NBT-
20BT matrix. Lower Na concentration leads to a
smaller grain size with 20BT-Na44 (1.7 pm) showing
the minimum grain size, and higher Na concentration
leads to a larger grain size with 20BT-Na54 (5.9 pm)
showing the maximum grain size among the Na-
varying compositions. In the case of Bi-varying
compositions, both Bi excess and Bi deficiency lead to
a decrease in grain size, with the stoichiometric
composition 20BT-Bi50 (2.3 pm) having the

maximum grain size. Recently reported off-stoichio-
metric studies on NBT-based compositions have
shown similar trends [45, 46].

3.2 Room-temperature resistivity

Piezoelectric and ferroelectric materials are techno-
logically useful if they have an insulating/resistive
character [53, 54]. Therefore, we measured the resis-
tivity of the Na-varying and Bi-varying specimens of
NBT-20BT at room temperature. The room-temper-
ature resistivity of the Na-varying and Bi-varying
compositions of the NBT-20BT series is plotted in
Fig. 2 as a function of Na/Bi off-stoichiometry. The
Na-varying compositions 20BT-Na44, 20BT-Na46,
20BT-Na48, 20BT-Na50, 20BT-Na52, and 20BT-Na54
have resistivity of 0.86 x 10° Qcm, 0.87 x 10° Qcm,
0.86 x 10° Qcm, 0.69 x 10° Qem, 0.51 x 107 Qem,
and 0.05 x 10° Qcm, respectively. The Bi-varying
composition 20BT-Bi46, 20BT-Bi48, 20BT-Bi50,
20BT-Bi52, and 20BT-Bi54 have resistivity of
0.59 x 10° Qcm, 0.64 x 10° Qem, 0.69 x 107 Qcm,
0.87 x 10° Qcm, and 0.88 x 10° Qcm, respectively.

51 (®

—o— Navarying
—o—Bivarying

Grain size (micron)

Fig. 1 Scanning electron micrographs and grain size distribution
plots of (a) Nag sBij sTiO3—20BaTiO; (20BT-Na50), (b) Nag 44Big 5
TiO;—20BaTiO; (20BT-Na44), (c) Nags4BigsTiO;—20BaTiO3
(20BT-Na54), (d) NagsBig46TiO3—20BaTiO; (20BT-Bi46),
(e) NagsBigs54TiO3—20BaTiO3; (20BT-Bi54). The scale bar
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shown in the right-hand bottom corner of the SEM images
corresponds to 10 pum length. (f) The variation of the average grain
size as a function of off-stoichiometry for both the Na-varying and
Bi-varying compositions of the NBT-20BT series. The error bars
are shown along with the data points
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For the Na-series specimens, the specimens resis-
tivity decreases with Na concentration with 20BT-
Na46 (0.87 x 10° Qcm) showing the maximum
resistivity and 20BT-Na54 (0.05 x 10° Qcm) showing
the minimum resistivity. In case of the Bi-series
specimens, the samples’ resistivity increases with Bi
concentration with 20BT-Bi46 (0.59 x 10” Qcm)
showing the minimum resistivity and 20BT-Bi54
(0.88 x 10° Qcm) showing the maximum resistivity.
Na deficiency/Bi excess makes the NBT-20BT matrix
more insulating. This is in tune with previous reports
[45, 46, 55-57].

3.3 Ferroelectric and piezoelectric behavior

The ferroelectric (polarization(P)-electric field(E)) and
piezoelectric (strain(S)-electric field(E)) hysteresis
loops corresponding to the Na-varying and Bi-vary-
ing compositions of the NBT-20BT series are shown
in Fig. 3. It was impossible to obtain saturated fer-
roelectric loops for Na-excess and Bi-deficient speci-
mens due to their lower resistivity/higher
conductivity. It is observed that a minimum resis-
tivity of 0.69 x 10° Qcm is required to obtain non-
lossy and well-saturated ferroelectric hysteresis loop.
The Na-deficient and Bi-excess compositions of the
NBT-20BT series yield well-saturated ferroelectric
and piezoelectric hysteresis loops at an ac electric
field amplitude of 70 kV/cm and a frequency of
1 Hz. 20BT-Na44, 20BT-Na46, 20BT-Na48, and

1.0

0.8

0.6

0.4

p (109 Qcm)

0.24 —Na off stoichiometry
-0 Bi off stoichiometry

0'0 ) v ) v ) v ) v ) v )
-0.06 -0.04 -0.02 0.00 0.02 0.04
x of 0.80(Na o, Bij )TiO,-0.20BaTiO,
or 0.80(Na0. 5810‘ 5 +X)T103-0.20BaT103(mol fraction)

Fig. 2 Variation of room-temperature resistivity with off-
stoichiometry for both the Na- and Bi-varying compositions of
the NBT-20BT series. The error bars are shown along with the
data points

20BT-Na50 have remnant polarization (P,) of 31 pC/
cm?, 45 pC/cm?, 39 pC/cm? and 38 pC/cm?,
respectively. 20BT-Bi50, 20BT-Bi52, and 20BT-Bi54
have remnant polarization (P,) of 38 pC/ cm?, 39 uC/
cm®, and 38 pC/cm? respectively (Fig. 4a). The
coercive field (E,) of 20BT-Na44, 20BT-Na46,
20BTNa48, and 20BT-Nab50 are 32 kV/cm, 38 kV/cm,
44 kV/cm, and 43 kV/cm, respectively. 20BT-Bi50,
20BT-Bi52, and 20BT-Bi54 have coercive field (E.) of
43 kV/cm, 29 kV/cm, and 39 kV/cm, respectively
(Fig. 4b). The maximum electrostrain (Sy,x) obtained
for 20BT-Na44, 20BT-Na46, 20BTNa48, and 20BT-
Nab50, are 0.12%, 0.14%, 0.12%, and 0.11%, respec-
tively. The maximum electrostrain obtained for
20BT-Bi50, 20BT-Bi52, and 20BT-Bi54, are 0.11%,
0.16%, and 0.14%, respectively (Fig. 4c). The maxi-
mum electrostrain (S;,.,) was also measured as a
function of the electric field. The maximum electros-
train (Spmax) of the stoichiometric composition 20BT-
Na50 and the off-stoichiometric compositions 20BT-
Na46 and 20BT-Bi52 is plotted as a function of elec-
tric field in Fig. 4d. The stoichiometric composition
20BT-Na50 shows an electrostrain of 0.07%, 0.09%,
0.10%, and 0.11% at a field 40 kV/cm, 50 kV/cm,
60 kV/cm, and 70 kV/cm, respectively. The compo-
sition 20BT-Na46 shows an electrostrain of 0.09%,
0.11%, 0.13%, and 0.14% at a field of 40 kV/cm,
50 kV/ecm, 60 kV/cm and 70 kV/cm, respectively.
The composition 20BT-Bi52 shows an electrostrain of
0.10%, 0.12%, 0.15%, and 0.16% at a field of 40 kV/
cm, 50 kV/em, 60 kV/ecm and 70 kV/cm, respec-
tively. The maximum electrostrain (Spax) shows a
linear increase with field amplitude for all the com-
positions. From the above reported ferroelectric (P,
and E.) and piezoelectric (Spmax) parameters, it is
evident that an optimized Na deficiency and Bi
excess in the NBT-20BT matrix helps in reducing the
coercive field (E.) and enhancing the remnant polar-
ization (P,) and electrostrain (S,,,,). The enhancement
in remnant polarization, electrostrain, and decrease
in the coercive field indicates the greater ease of
domain switching in Na-deficient/Bi-excess compo-
sitions [47, 48].

The longitudinal piezoelectric response (ds3) of the
Na-varying and Bi-varying NBT-20BT compositions
are shown in Fig. 5. The Na-varying compositions
20BT-Na44, 20BT-Na46, 20BT-Na48, 20BT-Na50,
20BT-Na52, and NaBT-Na54, have ds; of 83 pC/N,
115 pC/N, 99 pC/N, 91 pC/N, 62 pC/N, and 56 pC/
N, respectively. The Bi-varying composition 20BT-
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The remnant polarization (P,) 0.80(Na sBij 5., Ti03)-0.20(BaTiO3)
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data points i ' .
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Bi46, 20BT-Bi48, 20BT-Bi50, 20BT-Bi52, and 20BT-
Bi54, have d3; of 37 pC/N, 49 pC/N, 91 pC/N, 114
pC/N, and 102 pC/N, respectively. While the maxi-
mum piezoelectric response obtained in the Na-

varying series is in the Na-deficient regime (20BT-
Na46 ~ 115 pC/N), in case of the Bi-varying series,
the maximum piezoresponse is obtained in the Bi-
excess regime (20BT-Bi52 ~ 114 pC/N). However,
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when the Na deficiency is increased beyond a certain
limit from 20BT-Na46 to 20BT-Na44, the piezore-
sponse decreases from 115 to 83 pC/N. Similarly,
when the Bi excess is increased from 20BT-Bi52 to
20BT-Bi54, the piezoresponse decreases from 114 to
102 pC/N. The enhancement in piezoresponse in the
Na-deficient and Bi-excess regime is related to the
increased ease of domain switching [47, 48].

3.4 Global structure study by X-ray powder
diffraction (XRPD)

{110},¢, {111}, {200}, and {211}, Bragg profiles of
unpoled and poled Na-varying specimens are shown
in Fig. 6. The poled compositions of the Na-varying
specimens of the NBT-20BT compositions have a
clear tetragonal distortion, which is indicated by the
doublet nature of {110},.{200},., and {211},. Bragg
profiles and singlet nature of the {111},. Bragg pro-
file. The unpoled composition in the Na-deficient
regime 20BT-Na44, 20BT-Na46, and 20BT-Na48
show a strong intermediate peak corresponding to
the cubic phase (marked for unpoled and poled
20BT-Na44) in the {110}, {200}, and {211}, Bragg
profiles. The application of electric field (poling)
suppresses the cubic phase and strengthens the long-
range ferroelectric tetragonal phase.

{110}, {111}, {200}, and {211}, Bragg profiles of
unpoled and poled Bi-varying specimens are shown

120
Z 100+
&) ]
&
- 301
gl 4
=
60 -
40+ —o—Na off stoichiometry
1 —— Bi off stoichiometry
20 T M T M T M T M T M T
-0.06 -0.04 -0.02 0.00 0.02 0.04
x of 0.80(Na, <, Bij [Ti0,)-0.20BaTiO,
or 0.80(Nao. SBIO. 5 +XT103)-0.20BaT103 (mol fraction)

Fig. 5 Variation of longitudinal piezoelectric coefficient (d33)
with off-stoichiometry for both Na- and Bi-varying compositions
of the NBT—20BT series. The error bars are shown along with the
data points

in Fig. 7. Like the Na-varying compositions, the
poled Bi-varying compositions show a long-range
tetragonal order. The unpoled composition in the Bi-
excess regime 20BT-Bi52 and 20BT-Bi54 shows a
strong intermediate peak corresponding to the cubic
phase in the {110},., {200},., and {211}, Bragg pro-
files (marked for unpoled and poled 20BT-Bi54). Like
the Na-varying compositions, the cubic phase is
suppressed after application of the electric field, and
a long-range tetragonal distortion is stabilized

Some recent studies have correlated piezoresponse
with the cubic phase fraction present in the ferro-
electric matrix. They have shown that the piezore-
sponse maximizes at an optimized cubic phase
fraction [45, 46]. To establish the correlation in NBT-
20BT, the poled compositions of 20BT-Na44, 20BT-
Na46, 20BT-Na48, and 20BT-Na50 were fitted with
the Pm 3m + PAmm (cubic + tetragonal) dual-phase
coexistence model (Fig. 8). The refined structural
parameters are given in Tables 1, 2, 3, and 4. While
the tetragonal phase corresponds to the long-range
ferroelectric distortion, the cubic phase quantifies the
polar-structural heterogeneity/disorder prevalent in
the ferroelectric matrix [58-62]. The cubic phase
fraction obtained for poled 20BT-Na44, 20BT-Na46,
20BT-Na48, and 20BT-Na50 are 32%, 25%, 20%, and
15% respectively. It is observed that the composition
20BT-Na46 showing the highest piezoresponse (115
pC/N) has an optimized cubic phase fraction of 25%
(Fig. 9a). When the cubic phase fraction increases to
32% for 20BT-Na44, the piezoresponse decreases to
83 pC/N. The tetragonality /lattice distortion in per-
centage was calculated by using the formula (¢ —
1)*100) where ¢ and a are the lattice parameters of the
P4mm phase. The tetragonality for poled 20BT-Na44,
20BT-Na46, 20BT-Na48, and 20BT-Na50 was found
to be 1.8%, 1.9%, 2.0%, and 2.1%. The maximum
piezoresponse of 115 pC/N was obtained for 20BT-
Na46, which had a tetragonality of 1.9% (Fig. 9b).
When the tetragonality decreases to 1.8% for 20BT-
Na44, the piezoresponse reduced to 83 pC/N. This
indicates that the piezoresponse maximizes at an
optimized cubic phase fraction (disorder) and long-
range tetragonal lattice distortion in the poled ferro-
electric matrix.

3.5 Dielectric dispersion behavior

The dielectric dispersion (permittivity vs In fre-
quency) plots for the unpoled and poled specimens

@ Springer



] Mater Sci: Mater Electron

{110}pc {111}pc {200}pc {211}pc
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A
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31.5 32.5 395 40.2 455

20 (degree)

Fig. 6 Selected XRPD pseudo-cubic Bragg profiles of unpoled
(black) and poled (red) Na-varying compositions of NBT-20BT
series. The peaks corresponding to tetragonal and cubic phases are

of the stoichiometric and Na-deficient compositions

of the NBT-20BT series are shown in Fig. 10. The
slope of the dielectric dispersion plots can be
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considered to be a quantitative measure of the polar-
structural heterogeneity/disorder in the ferroelectric
matrix as a function of some tuning parameter
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Fig. 7 Selected XRPD pseudo-cubic Bragg profiles of unpoled
(black) and poled (red) Bi-varying compositions of NBT-20BT
series. The peaks corresponding to tetragonal and cubic phases are

[34, 45, 46, 63-65]. Here the tuning parameter is the
variation of Na concentration in the NBT-20BT
matrix. Unpoled 20BT-Na44, 20BT-Na46, 20BT-Na48
(not shown), and 20BT-Na50 have slopes of — 52.1, —
25.8, — 22.3, and — 17.9 respectively. On application
of electric field (poling) the slope reduces to — 43.7, —
81, — 7.1, and — 4.2 for 20BT-Na44, 20BT-Na46,
20BT-Na48 (not shown), and 20BT-Nab0,

46.5

57.0 58.0

highlighted for the composition 20BT-Bi54 for better

comprehension (Color figure online)

respectively. Application of electric field establishes
long-range ferroelectric order by “wiping out” local
positional disorder [66-68]. “Degree of ordering” (As)
has been defined as a measure of the effectiveness of
the electric field in establishing long-range order in
the ferroelectric matrix [45, 46, 65]. It is calculated for
a given composition by subtracting the unpoled slope
from the poled slope. The degree of ordering (As) for
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Fig. 8 Rietveld fitted XRPD
patterns of poled (a) 20BT—
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(110}

(i}

{200}

Na44, (b) 20BT-Na46, (c)
20BT-Na48, and (d) 20BT-
Na50 compositions of the

NBT-20BT series with
cubic + tetragonal (Pm
3m + P4mm) phase
coexistence model

Intensity (arb.unit)

20BT-Na44, 20BT-N46, 20BT-Na48, and 20BT-Na50
are 8.4,17.7,15.2, and 13.7, respectively. It is observed
that the composition 20BT-Na46 showing the maxi-
mum degree of ordering (17.7) has the highest
piezoresponse of 115 pC/N. This indicates that irre-
spective of the initial polar-structural heterogeneity/
disorder present in the ferroelectric matrix, the
applied electric field’s effectiveness in overcoming
the local structural/positional inhomogeneity, and
establishing a long-range ferroelectric order will
determine the piezoresponse [45, 46].
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4 Discussion

The inherent polar-structural heterogeneity and their
influence on the electromechanical properties make
NBT-based system very scientifically intriguing
[14, 28]. Various techniques ranging from cationic off-
stoichiometry to “grain size” engineering have been
utilized successfully to enhance these systems’ elec-
tromechanical properties by indirectly controlling the
polar-structural heterogeneity present in the ferro-
electric matrix [45, 47, 48, 69, 70]. A-site cationic off-
stoichiometry has been used to improve the
piezoresponse for NBT, the premorphotropic phase
boundary composition NBT-3BT and the mor-
photropic phase boundary composition NBT-6BT
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Table 1 Refined structural parameters of X-Ray powder
diffraction (XRPD) data of poled 20BT-Na44 with cubic (Pm
3m) + tetragonal (P4mm) dual-phase structural model

Table 2 Refined structural parameters of X-Ray powder
diffraction (XRPD) data of poled 20BT-Na46 with cubic (Pm
3im) + tetragonal (P4mmi) dual-phase structural model

Atomic coordinates x Y z Isotropic thermal

parameters (A%)

Atomic coordinates x =y z Isotropic thermal

parameters (A%)

Cubic (Pm 3m) structural parameters of poled 20BT-Na44

Cubic (Pm 3m) structural parameters of poled 20BT-Na46

Na/Bi/Ba 0 0 0 2.15(7) Na/Bi/Ba 0 0 0 2.0709)

Ti 05 05 05 1.98(2) Ti 05 05 05 1.83(1)

o 05 05 0 1.0 o 05 05 0 1.0
Tetragonal (P4mm) structural parameters of poled 20BT-Na44 Tetragonal (P4mm) structural parameters of poled 20BT-Na46

Na/Bi/Ba 0 0 0 Na/Bi/Ba 0 0 0

Ti 0.5 0.5 0.535(2) Ti 0.5 0.5 0.535(6)

() 05 05 —0.092(5 1.0 0] 05 05 —0.0923) 1.0

02 05 0 0.408(7) 1.0 02 05 0 0.408(2) 1.0
Anisotropic u'" u* u* u? u u*®  Anisotropic u" u* u* uz ut u*
thermal thermal
parameters for parameters for

tetragonal tetragonal

phase phase
Na/Bi/Ba 0.034(2) 0.034(2) 0.054(1) 0 0 0 Na/Bi/Ba 0.042(9) 0.042(8) 0.047(5) 0 0 0
Ti 0.001(7) 0.001(7) 0.052(9) 0 0 0 Ti 0.001(4) 0.001(1) 0.059(8) 0 0 0

Cubic lattice parameters a =b = c = 3.9325(1) A; Cubic Phase
fraction = 32%

Tetragonal lattice parameters a = 3.9085(1) A; ¢ = 3.9800(8) A;
Tetragonal Phase fraction = 68%

R, =2.36; Ryp = 3.51; Reyp = 1.68; 72 = 2.18

[45-48]. However, the exact mechanism by which off-
stoichiometry enhances the piezoresponse remains a
topic of contemporary debate. Spreitzer et al. had
reported enhancement in the piezoresponse of NBT
with Na deficiency [71]. The authors had attributed
the enhancement of piezoresponse to the presence of
A-site vacancies, which makes domain mobility
easier. If A-site vacancies were indeed playing a role
in enhancing the piezoresponse, then Bi-deficient
NBT, NBT-3BT, and NBT-20BT should show higher
piezoresponse than the stoichiometric composition.
However, it is observed that Bi-excess compositions
show a higher piezoresponse in contrast to the stoi-
chiometric composition [45-47]. This negates the
hypothesis proposed by Spreitzer et al. [71]. Sung
et al. had attributed the enhancement in piezore-
sponse in Na-deficient and Bi-excess NBT to the
decrease in lattice distortion of the long-ranged fer-
roelectric phase, which results in the lowering of
lattice strain and makes domain switching easier

Cubic lattice parameters a =b = c = 3.9336(4) A; Cubic Phase
fraction = 25%

Tetragonal lattice parameters a = 3.9077(4) A; ¢ = 3.9825(1) A;
Tetragonal Phase fraction = 75%

R, =2.77; Ry, = 3.62; Rexp = 1.79; 1 = 2.06

[47, 48]. Mishra et al. attributed the enhancement in
piezoresponse with off-stoichiometry for NBT, NBT-
3BT, and the morphotropic phase boundary compo-
sition NBT-6BT to the optimization of polar-struc-
tural heterogeneity /disorder (quantified by the cubic
phase) and grain size [45, 46]. In case of NBT-20BT,
the composition 20BT-Na46 shows a piezoresponse
of 115 pC/N which is more than 25% higher than the
piezoresponse of 91 pC/N shown by the stoichio-
metric composition. Similarly, the composition 20BT-
Bi52 shows a piezoresponse of 114 pC/N, which is
also a significant enhancement of 25% compared to
the stoichiometric composition. The polar-structural
heterogeneity (cubic phase) present in the poled
specimen of 20BT-Na46 is 25%, while the polar-
structural heterogeneity present in the poled stoi-
chiometric composition 20BT-Na50 is 15%. The
tetragonal lattice distortion for poled 20BT-Na46 is
1.9%, while 20BT-Na50 has a higher tetragonal lattice
distortion of 2.1%. The higher polar-structural
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Table 3 Refined structural parameters of X-ray powder
diffraction (XRPD) data of poled 20BT-Na48 with cubic (Pm
3m) + tetragonal (P4mm) dual-phase structural model

Atomic coordinates x Y z Isotropic thermal

parameters (A%)

: J] Mater Sci: Mater Electron

Table 4 Refined structural parameters of X-Ray powder
diffraction (XRPD) data of poled 20BT-Na50 with cubic (Pm
3m) + tetragonal (P4mm) dual-phase structural model

Atomic coordinates x Y z Isotropic thermal

parameters (A%)

Cubic (Pm 3m) structural parameters of poled 20BT—Na48

Na/Bi/Ba 0 0 0 2.02(1)

Ti 05 05 05 1.78(5)

0] 05 05 0 1.0
Tetragonal (P4mm) structural parameters of poled 20BT-Na48

Na/Bi/Ba 0 0 0

Ti 0.5 0.5 0.51709)

() 05 05 —0.0924) 1.0

02 05 0 0.408(1) 1.0
Anisotropic u'" u* u* uz ut u*
thermal
parameters for

tetragonal

phase
Na/Bi/Ba 0.036(5) 0.036(5) 0.054(8) 0 0 0
Ti 0.003(2) 0.003(2) 0.068(5) 0 0 0

Cubic lattice parameters a =b = c = 3.9361(7) A; Cubic Phase
fraction = 20%

Tetragonal lattice parameters a = 3.9074(5) A; ¢ = 3.9879(2) A,
Tetragonal Phase fraction = 80%

R, =232; Ryp = 3.21; Reyp = 1.67; 72 = 1.86

heterogeneity/disorder and lower ferroelectric lattice
distortion of 20BT-Na46 in comparison to 20BT-Na50
result in the enhancement of piezoresponse. How-
ever, when the polar-structural heterogeneity
increases to 32% and the tetragonal lattice distortion
decreases to 1.8% for poled 20BT-Na44, the piezore-
sponse decreases to 83 pC/N. The structural disorder
(cubic phase) can be visualized as a “lubricant,”
which ensures the easy alignment of long-range fer-
roelectric domains (tetragonal phase) on application
of electrical field by decreasing the “interdomain
friction.” A low tetragonal lattice distortion results in
reduced “intradomain friction,” enhancing the
switchability of the domains on application of the
electric field. However, when the volume fraction of
ferroelectric domains (tetragonal phase) decreases
beyond a certain limit the piezoresponse diminishes
even though the “lubricant” (cubic phase) volume
increases. The “grain size” effect could be another
plausible reason for enhancing piezoresponse in off-
stoichiometric specimens. Recent reports on NBT-
based systems have linked the enhancement in

@ Springer

Cubic (Pm 3m) structural parameters of poled 20BT—Na50

Na/Bi/Ba 0 0 0 1.95(7)
Ti 05 05 05 1.58(2)
(0} 05 05 0 1.0
Tetragonal (P4mm) structural parameters of poled 20BT-Na50
Na/Bi/Ba 0 0 0
Ti 0.5 0.5 0.518(8)
(0] 0.5 0.5 —0.092(1) 1.0
02 05 0 0.408(5) 1.0
Anisotropic  U"! u? u? uz uv u*
thermal
parameters
for
tetragonal
phase
Na/Bi/Ba 0.032(8) 0.032(8) 0.050(2) O 0 0

Ti 0.007(2) 0.007(2) 0.0723) 0 0 0

Cubic lattice parameters a =b = c = 3.9324(8) A; Cubic Phase
fraction = 15%

Tetragonal lattice parameters a = 3.9058(7) A; c = 3.9889(2) A;
Tetragonal Phase fraction = 85%

_ . — . — C2
R, = 2.59; Ryp = 3.36; Rexp = 1.85; 72 = 1.64

piezoresponse to grain size [69, 70, 72-77]. 20BT-
Na46 and 20BT-Bi52, which have a grain size of
1.9 pm, show a 25% enhanced piezoresponse
(dz3 ~ 115 pC/N) in comparison to the stoichiomet-
ric composition 20BT-Na50 (dz3 ~ 91 pC/N) having
a grain size of 2.3 ym. When the grain size further
decreases to 1.7 um and 1.4 um for 20BT-Na44 and
20BT-Bi54, the piezoresponse decreases to 102 pC/N
and 83 pC/N. This indicates that the piezoresponse
maximizes at an optimized grain size. Therefore, off-
stoichiometry could be influencing the piezoresponse
by modulating the lattice distortion and polar-struc-
tural heterogeneity/disorder via the grain size
[45—48]. This study establishes the universal potency
of A-site off-stoichiometry in enhancing the piezore-
sponse and electrostrain in NBT-based systems. We
have summarized the effect of A-site off-stoichiome-
try on the electrical resistivity (p), piezoresponse
(d33), and maximum electrostrain (S,.,) of NBT-20BT
compositions in Table 5 and have also highlighted the
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practical utility for these compositions. The most
suitable compositions for pressure sensor and actu-
ator applications are 20BT-Na46 and 20BT-Bi52. It
would be of immense fundamental and technological
interest in studying the effectiveness of A-site catio-
nic off-stoichiometry technique in enhancing the
electromechanical properties of high-performance
lead-based materials like Sm-doped Pb(Mg;,3Nb,,
3)03-PbTiO; (PMN-PT) and La-doped BiFeOs-
PbTiO; (BF-PT) [78, 79]. The effect of A-site catio-
nic off stoichiometry in influencing the energy stor-
age behaviour of high performance lead free material
like MnO, doped NBT-BT-BF and NBT-BT-
KNN would also be very intriguing [65, 80].

5 Conclusion

The effect of A-site cationic (Na/Bi) off-stoichiometry
on the microstructure, structure, and electromechan-
ical properties of 0.80Nag;5BipsTiO5-0.20BaTiO5
(NBT-20BT) ceramics were studied. Polycrystalline
specimens with chemical formulae 0.80Nags54..Bigs-
TiO;3-0.20BaTiO; and 0.80Nag 5Big 54+ TiO3—
0.20BaTiO; (x = 0, 0.02 and 0.04) were prepared by
the conventional solid-state ceramic synthesis route.
It is observed that the grain size increases with Na
concentration for the Na-varying compositions, with
20BT-Na44 having the minimum grain size of 1.7 pm
and 20BT-Na54 having the maximum grain size of
59 pm. For Bi-varying compositions, grain size
decreases on either side of the stoichiometric com-
position. The stoichiometric composition 20BT-Bi50
has the maximum grain size of 2.3 pm for the Bi-
varying series. Room-temperature resistivity decrea-
ses with Na concentration for the Na-varying com-
positions with 20BT-Na46 having the maximum
resistivity of 0.87 x 10° Qcm and 20BT-Na54 show-
ing the minimum resistivity of 0.05 x 10° Qcm. In the
case of Bi-varying compositions, room temperature
resistivity increases with Bi concentration. The com-
position with the minimum Bi concentration 20BT-
Bi46 has a resistivity of 0.59 x 10° Qcm, and the
composition with the maximum Bi concentration
20BT-Bi54 has a resistivity of 0.88 x 10’ Qcm. Na
deficiency and Bi excess lead to a decrease in the
coercive field (E.) and an increase in the remnant
polarization (P,) and electrostrain (Spmax). Piezore-
sponse increases upto a certain Na deficiency for the
Na-varying compositions with 20BT-Na46 showing

the maximum piezoresponse of 115 pC/N. For the Bi-
varying compositions, piezoresponse increases in the
Bi-excess regime with 20BT-Bi52 showing a piezore-
sponse of 114 pC/N. These values are 25% higher
than the stoichiometric composition’s piezoresponse
(20BT-Na50/20BT-Bi50 ~ 91 pC/N). However,
when Na deficiency and Bi excess increase beyond
the optimized limit, the piezoresponse decreases with
20BT-Na44 having a piezoresponse of 83 pC/N and
20BT-Bi54 having a piezoresponse of 102 pC/N. Na
deficiency and Bi excess in the NBT-20BT matrix
result in enhancement of the polar-structural hetero-
geneity/positional disorder (quantified by the cubic
phase fraction) along with a decrease in the
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Fig. 9 (a) Variation of the longitudinal piezoelectric coefficient
(d33) and cubic phase % retained after poling with off-
stoichiometry in the Na-deficient region of NBT-20BT series.
(b) Variation of the longitudinal piezoelectric coefficient (d33) and
tetragonal lattice distortion (%) retained after poling with oft-
stoichiometry in the Na-deficient region of NBT-20BT series. The
error bars are shown along with the data points. It is observed that
the piezoresponse (d33) maximizes at an optimized cubic phase
fraction and tetragonal lattice distortion
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Fig. 10 Dielectric dispersion (permittivity vs In frequency) plots deficient compositions of the NBT-20BT series. The

measured on unpoled and poled (a) 20BT-Na44, (b) 20BT-Na46,
and (c) 20BT-Na50 specimens. (d) Longitudinal piezoelectric
response (d33) as a function of “degree of ordering” (As) for Na-

measurements were carried out in the frequency range of 10°—
10° Hz at room temperature. In (d) the error bars are not visible as
they are smaller than the data points

Table 5 A-site off-stoichiometric compositions of NBT-20BT along with their electrical resistivity (p), piezoresponse (d33), maximum

electrostrain (Sp,.x), and probable practical utility

Composition Electrical resistivity (o)  Piezoresponse (d33) maximum electrostrain (S,,.x)  Practical application

20BT-Na44 0.86 x 10° Qcm 83 pC/N 0.12% Actuator, pressure sensor
20BT-Na46 0.87 x 10° Qcm 115 pC/N 0.14% Actuator, pressure sensor
20BT-Na48 0.86 x 10° Qcm 99 pC/N 0.12% Actuator, pressure sensor
20BT-Na50/20BT-Bi50  0.69 x 10° Qcm 91 pC/N 0.11% Actuator, pressure sensor
20BT-Bi52 0.87 x 10° Qcm 114 pC/N 0.16% Actuator, pressure sensor
20BT-Bi54 0.88 x 10° Qcm 102 pC/N 0.14% Actuator, pressure sensor

tetragonal lattice distortion. Poled specimens of
20BT-Na44, 20BT-Na46, 20BT-Na48, and 20BT-Na50
have a cubic phase fraction of 32%, 25%, 20%, and
15% respectively. The tetragonal lattice distortions of
20BT-Na44, 20BT-Na46, 20BT-Na48, and 20BT-Na50
are 1.8%, 1.9%, 2.0% and 2.1% respectively. The
maximum piezoresponse of 115 pC/N is obtained for
20BT-Na46 having an optimized polar-structural

@ Springer

heterogeneity of 25% and a tetragonal lattice distor-
tion of 1.9%. Dielectric dispersion studies show that
irrespective of the initial polar-structural hetero-
geneity present in the unpoled matrix, the composi-
tion for which the electric field is the most effective in
inducing long-range ferroelectric order (degree of
ordering), shows the highest piezoresponse. A-site
cationic off-stoichiometry could be influencing the
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piezoresponse by tuning the polar-structural hetero-
geneity and ferroelectric lattice distortion via the
grain size.
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