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ABSTRACT

Lead-free NBT ceramics with average grain sizes ranging from sub-micron
(0.38 um), micron (1.23 um) and large-micron (3.65 pm) were prepared and the
influence of grain size on structural, dielectric and ferroelectric properties are
discussed in the present work. The effect of grain size on the intrinsic properties
such as octahedral tilting, bond length, bond angle, octahedral distortion,
crystallite size, lattice strain and lattice parameters were measured. Herein, the
structural and the morphological properties at different sintering times were in
direct congruence with the temperature-dependent dielectric and ferroelectric
response of pure NBT ceramics and an intermediate antiferroelectric (AFE)
phase suppressed in sub-micron NBT. This unusual feature of sub-micron NBT
was thoroughly studied and distinguished from large-grain NBT ceramics.
Based on the temperature-dependent P-E loops the maximum adiabatic change
in temperature 4T, = — 0.81 K was obtained at the field strength of 55 kV/cm
in micron NBT. Further, the large energy storage density of about W,,. = 0.55 ]/
cm® was achieved by AFE phase transition in micron NBT through P-E loop
data. Because of the coexistence of electro-caloric effect (ECE) and energy
storage properties, the micron NBT was found to be the optimum grain size
corresponding to the best dielectric and ferroelectric properties and therefore
this porous-free NBT was suitable for application in functional devices.
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structural, dielectric, ferroelectric and piezoelectric
were reported for their application in the field of

1 Introduction

The ongoing miniaturization of electronic devices
imposes a stringent requirement on lead-free ferro-
electric materials and the properties of which are
strongly influenced by the grain size dependence on
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energy storage devices, refrigeration and microelec-
tronics [1, 2]. The dependence of grain size on elec-
trical behavior, oxide-ion conduction, mixed ion
electronic conduction, insulating and dielectric
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properties has been explained based on various
defect mechanics in ferroelectric materials [2]. It is
generally found that the grain size plays a consistent
role in determining the dielectric permittivity despite
the different powder processing and sintering meth-
ods such as spark plasma sintering [3], hot-pressing
[3], conventional solid-state reaction [6], and two
step-sintering [4] are employed. Major controversy
related to the behavior of structural and dielectric
properties in sub-micron to the coarse grain size
samples is still desired to be revealed. Average grain
size play an important role in the stabilization of
crystal systems such as reported for BaTiO; (BT),
Na4Ko1BipsTiO3 (NKBT), NaNbO; (NN), Pb(Zr,
Ti)O3 (PZT) and Na sBiosTiO3 (NBT) [2, 5-7, 19]. In
the case of BT, the cubic (Pm-3 m) to tetragonal
(P4mm) phase transition is suppressed due to
decreasing grain size [2]. Kamel and With have
reported an optimized poling field for improving
dielectric and piezoelectric properties of PZT with
different grain sizes [7]. The NaNbOj;-based nano and
sub-micron samples clearly reported the suppression
of antiferroelectric phase transition [5]. The maxi-
mum value of the dielectric and the piezoelectric
constants are typically associated with the grain size
in the range from 1 to 2 um [3, 8].

Recently, researchers have focussed attention on
NBT-based lead-free piezoelectric materials [1, 9]
including its solid solutions with A-site [10], B-site
[11] and A, B-sites [12] substitutions. NBT-based
ferroelectrics have been more extensively studied due
to rhombohedral symmetry [1], large P, (38 uC/cm?)
[9] and high T, (320 °C) [12]. Because of the hetero-
valent ions at A-site (Na*/Bi’"), NBT has a disor-
dered structure originating from the degree of prob-
ability associated with the occupation of the A-site by
the Bi** and Na® [9]. At room temperature NBT
possess a rhombohedral distortion due to the
hybridization of Bi (65°) and O (2p) electrons, this
distortion develops spontaneous polarization and
therefore offers high ferroelectric and piezoelectric
properties in NBT ceramics [9, 10]. The X-ray
diffraction and dielectric studies of micron and
coarse (large-micron) grain sizes revealed that pure
NBT undergoes two structural phase transitions: first
from rhombohedral (R3c) ferroelectric phase to
tetragonal antiferroelectric (P4bm) phase around
200 °C and a second to high-temperature paraelectric
cubic (Pm-3m) phase at around ~ 350 °C [12]. The
high-resolution TEM results of Docret et al
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suggested that the transition from FE- R3c to AFE-
orthorhombic (Pnma) phase in the range of 200 to
300 °C then the orthorhombic sheets immediately
transform into tetragonal phase at 300 °C for NBT
ceramics [13, 14]. The cobalt substitution on the B-site
of NBT undergoes a phase transition from FE-R3c to
modified Pnma phase within low temperature
(200 °C) but not up to Tpax, and the intermediate AFE
phase was suppressed. Such a case was attributed to
the compositional fluctuations [15]. On the other
hand, neutron diffraction investigations indicated
that the intermediate AFE-tetragonal phase has an
anti-parallel displacement of A and B-site cations
[16]. According to Wang et al. (0.95 — x)NBT-xKBT-
0.05BT ceramics exhibited a phase transition from FE-
R3c to AFE-P4bm at depolarization temperature (Ty)
[17]. Vakhrushev et al. reported that the presence of
ferroelectric rhombohedral clusters within a non-po-
lar tetragonal matrix was associated with the relaxor
character of NBT [18]. The aforementioned reports
clearly indicate the temperature-dependent phase
transition in NBT and NBT-based relaxors is complex
and still contradictory.

Grain size plays a significant role in temperature-
dependent dielectric performances of NBT-based
ceramics [19, 20]. According to Khauta et al. the
temperature-dependent XRD revealed the suppres-
sion of the R3c phase with reduced tetragonality at
200 °C for 0.2 um NBT, though temperature-depen-
dent dielectric analysis is still required. [19]. Zhao
et al. have reported that the dielectric anomaly at
200 °C of pure NBT ceramics vanishes and a small
bend appears instead of a dielectric peak at T., which
reveals the critical dielectric behavior of 100 nm
grains. But, the actual mechanism is remained
unclear [20]. Therefore, the sub-micron to large grain-
sized phase pure NBT ceramics under various sinter
conditions and their systematic research is still
required.

Hence, in this work, we have presented the influ-
ence of grain size on FE to AFE phase transition via
temperature-dependent dielectric measurements on
NBT system with different grain sizes such as sub-
micron, micron and large-micron. Also, report the
optimum grain size required for the best ferroelectric
and dielectric properties based on the structural as
well as ferroelectric analysis of pure NBT. Finally,
different grain sizes were analyzed as a function of
temperature to evaluate the ferroelectric phase
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transition as a function of the electro-caloric effect
and energy storage density.

2 Experimental

Solid-state synthesis route (SSR) was used to prepare
the different grain size NagsBipsTiO; ceramics. Ini-
tially, the stoichiometric amount of dried Sigma
Aldrich oxides; Na,CO3 (99.5%), Bi,O3 (99.9%), and
Ti02(99.8%) were mixed well by mortar and pestle
for half an hour (30 min). The mixed powders were
calcined at 850 °C for 3 h. Then, binder PVA (poly-
vinyl alcohol) was added with the calcined powders
and mixed in a mortar by hand granulation. After-
ward, this mixture was compacted to pellets of
13 mm diameter and 1 mm thickness under 9 MPa
pressure by hydraulic press. The pellets were sin-
tered at 1180 °C for 10, 20 and 240 min where the
PVA was removed at around 300 °C. Then, the
diameter of sintered pellets was measured using
screw gauge as 11.74 mm, 11.27 mm and 11.05 mm
for 10 min, 20 min and 240 min. The surface of the
sintered pellets was polished down to a thickness
of ~ 0.6 mm for further characterization. The den-
sity of the pellets was found by Archimede’s method
and the density of the pellets is above 97% of the
theoretical density. The structure of NBT ceramics
was characterized using powder X-ray diffraction
(PANalytical X'pert PRO). The detailed -crystal
structure refinement was carried out using the Riet-
veld analysis program Jana2006 package [26]. Each
pellet was under X-ray diffraction for over 30 min.
Hence, the X-rays should be deeply penetrated
through the samples and gives better results for
refinement. Field emission scanning electron micro-
scope (FE-SEM, Quanta 250FEC) was used to exam-
ine the fractured surfaces of the NBT ceramics. The
Micro Raman spectrometer (Jobin Yvon) was used to
record the room temperature Raman spectrum with
argon-ion lasers of 532 nm wavelength. The silver
paste was applied on both the sides of the polished
pellets for temperature (RT to 450 °C) and frequency
(1 kHz-100 kHz) dependent dielectric measurements
using a Hioki 3532-50 LCR meter. With a Precision
ferroelectric tester system (Radiant Technologies), we
measured the polarization—electric field hysteresis
loops (P-E loops).
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3 Results and discussion

Figure 1a, b and c show the FE-SEM images of the
fractured surface of pure NBT samples sintered at
1180 °C for 10 min, 20 min, 240 min and named them
micron and large-micron NBT
ceramics, respectively. Based on the linear intercept
method, the average grain size was determined and
the average grain sizes are 0.38 pm, 1.23 pm, and
3.65 pm, respectively. For the 10 min sintered pellet,
the grain growth was low. On increasing the sintering
time to 20 min, explicit spherical and rectangular-
shaped grains were seen. For further increase of
sintering time to 240 min, distinct cuboidal-shaped
grains with well-defined grain boundaries were
detected. The average pore size and porosity (%) of
NBT with different grain size ceramics are shown in
Fig. 2a, b. It is noted that the two types of pores
observed in sub-micron to larger micron such as
(i) Residual pores (constant size =0.3 to 1.2 um
range) and (ii) Macroscopic pores (represented by the
pore size equal to grain size and larger) [21]. These
pore sizes were calculated using the Image] software
package. In sub-micron NBT a large number of small
residual pores occurred than macroscopic pores due
to the curtailed grain growth by low sintering time,
leading to a high value of total pores and porosity
(8.2%) as shown in 2(b). The residual and macro-
scopic pores were formed at 20 min sintering time
and have low porosity (4.8%). Figure 2a illustrates
that the average size and porosity (6.8%) of macro-
scopic pores increase as sintering time rises to
240 min due to the volatilization of Na and Bi ions.
Hence, from the micrographs, it is clear that the grain
size and porosity depend upon sintering time and as
the sintering time increases grain size also increases
[22, 23]. The important factor is the highly dense
microstructures are required to improve dielectric
and ferroelectric properties while average grain size
directly affects the structural, dielectric permittivity
and remnant polarization as discussed below.

The room temperature X-ray diffraction pattern is
shown in Fig. 3a for three different samples of dif-
ferent grain sizes. Diffraction patterns were indexed
to pseudo-cubic indices which is typical for ABO;
perovskite structures. No secondary phases were
observed related to the impurity phase and hence all
the synthesized samples were phase pure. Enlarged
view of the pseudo-cubic peaks {111}pC and {211}pC in
log scale are shown in Fig.3b, ¢ for better

as sub-micron,
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Fig. 1 FE-SEM micrographs of Nag sBig sTiO; ceramics sintered at a 10 min b 20 min and ¢ 240 min
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Fig. 2 a Average pore size b porosity (%) of sub-micron, micron and large-micron NBT ceramics

observation. Both the {111},. and {211}, split into ~ micron NBT along with the appearance of super-
two peaks (111) & (11-1) and (211) & (21-1) respec- structure reflection of 2(311). But the sub-micron
tively that were identified in micron and large-  NBT showed very weak superlattice reflection »2(311)
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Fig. 3 a XRD patterns of sub-micron (0.38 um), micron (1.23 um) and large-micron (3.65 pm) samples (b and c¢) Evaluation of

diffraction peaks enlarged view of (111), (200),, and reflections

and peak broadening taking place instead of splitting
of {111}, and {211},. peaks. The broadening of
FWHM of X-ray diffraction peaks in sub-micron NBT
can be related to the crystallite size and lattice strain
effects [1]. For all the NBT samples, the induced lat-
tice strain (¢) was found from the slope of the Wil-
liamson-Hall (W-H) plot and the crystallite size (D)
was determined using both Scherrer’s formula,

na
= 1
Pcost (1)
and W-H method by the equation,
na .
B= Deoso + 4sine (2)

where SB-FWHM of XRD peak, n- dimensionless
constant = 0.9, A- wavelength of Cu Ko radia-
tion = 1.5406 A [24, 25] and the calculated values are
listed in Table 1. According to Table 1, the crystallite
size calculated from Scherrer’s formula is larger for
all the NBT samples compared to that of using the
W-H plot but the trend is the same. This is because
the diffraction peak broadening (f) in the W-H plot is
the combined effect of crystallite size (D) and lattice
strain (¢), whereas in Scherrer’s equation the size
effect alone contributes to peak broadening. More-
over, the induced lattice strain is decreased substan-
tially as a function of increasing grain size, which
reduces the broadening in FWHM of large-micron
NBT. The observations of weak superlattice reflection
and large peak broadening along with huge lattice
strain and small crystallite size revealed that the sub-
micron NBT exhibits a defect structure.

@ Springer

Structural refinement was carried out using the
Rietveld analysis program Jana2006 package [26].
Rietveld refinement parameters for given space
group, the lattice parameters, atomic position, atomic
occupancies, 20 zero shift, scale factor, 36 polynomial
background parameters applying Legendre polyno-
mials model, pseudo-Voigt and asymmetry parame-
ter. The atomic occupancies of A site = Nag5Bip s and
B site = Ti sites of the perovskite structure (ABO3)
were chosen according to the nominal composition.
Initially, the XRD pattern was refined using a mon-
oclinic Cc structure (figure not shown). The poor fit
for representative pseudo-cubic peaks {110},, {111}
and {211}, indicated that the synthesized ceramics
were not crystallized in monoclinic (Cc) structural
symmetry. Rather, the rhombohedral (R3c) crystal
structure nicely accounted for all the Bragg profiles
and which is similar to that of pure NBT as recently
reported by Anupam Mishra et al. [27, 28]. Figure 4a—
¢ show the Rietveld refined diffraction pattern of the
sub-micron, micron and large-micron NBT samples,
respectively. Insets of Fig. 4a—c reflect the superlattice
peak near 38° which fitted very well along with the
main rhombohedral reflections, after the fine cycle of
refinement for all parameters with R3c space groups.
The unit cell parameters generated in refinement are
tabulated in Table 2. It was observed that the unit cell
volume increases as a function of increasing grain
size. But, the crystal system remains unchanged and
confirmed that the rhombohedral (R3c) structure was
stabilized for all the grain size samples at room
temperature. Also, the best fit was obtained for
micron (1.23 pm) grain size ceramics. In comparison,
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Table 1 Grain size, crystallite

size and lattice strain of sub- Sample Grain size (1m) Crystallite size (nm) Lattice strain (&)

micron, micron and large- W-H plot Scherrer’s equation

micron NBT ceramics
Sub-micron 0.38 59.51 68.24 5.1083 x 107>
Micron 1.23 65.71 71.98 — 32819 x 107°
Large-micron 3.65 89.45 92.34 —3.0542 x 107°

Intensity (a.u)
%
(e]

sub-micron grain

Micron grain

Large micron grain

20 (deg.)

Fig. 4 a—c Rietveld refinement of XRD patterns of sub-micron, micron and large-micron samples insert shows selected region pc (pseudo-

cubic) peaks of (111),. and (200), reflections

the sub-micron NBT exhibits a weak superlattice
reflection around 38° illustrated in Fig. 4c due to the
small anti-phase TiOs octahedral tilting, thus reduc-
tion in the R3¢ unit cell volume [29].

The TiO4 octahedral tilting angle was determined
for each grain-size NBT using the formula:

180 — 0
= ()
where 0- < Ti-O-Ti bond angle measured from the
refinement data and visualized using VESTA soft-
ware [35, 36] and the results were sorted in Table 3.
Fig. 5a, b clearly illustrates that the octahedral tilting
angle deviated significantly from 6.54° to 9.51° with
an increase in grain size (0.38 pm-3.65 pm). These
deviations generate three short and three long metal-

Htilt =

oxygen (Ti—O) bonds in the TiOg4 octahedra of all the
NBT samples [30] and the average bond length is
shown in Table 3. Based on the structural analysis,
the sub-micron NBT reveals a defective R3c structure
confirmed by the weak superlattice reflection which
is the result of small octahedral tilting and peak
broadening effects.

The Raman spectra in the range of 50-1200 cm™
were recorded at room temperature and deconvo-
luted as shown in Fig. 6a. Usually, the Raman spec-
trum of pure NBT is divided into four major bands
and labeled as A, B, C, and D, respectively. The first
band (A region: 50-200 cm ™) was related to the two
cations distortion in the A-site (Na/Bi—-O) of the NBT
system. In the A region, the low frequency of around

1
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Table 2 Rietveld refinement structural parameters of sub-micron,
micron and large-micron NBT ceramics

Grain size 0.38 pum 1.23 pm 3.65 pm
Space group R3c R3c R3¢
a(A) 5.4639 5.4781 5.4787
b(A) 5.4639 5.4781 5.4787
c(A) 13.4634 13.5301 13.5533
V(A%) 348.1 351.6 3523
Density (p) 97.5% 97% 95%
ditt/d-111-1 1.0070 1.0042 1.0030
Na/Bi x 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000
z 0.2512 0.2626 0.2845
Ti x 0.0000 0.0000 0.0000
y 0.0000 0.0000 0.0000
z 0.0006 0.0054 0.0092
O x 0.0124 0.1277 0.1547
y 0.1254 0.3449 0.4994
z 0.01375 0.0723 0.1292
Rp 3.05 2.45 2.61

%2 2.05 1.75 1.84
WRp 4.00 3.30 342

50-80 cm ™! is associated with Bi-O vibrations and
100-200 cm ™" is related to Na-O vibrations. Due to
the heavier mass of Bi (208.98 u) than Na (22.98 ),
the Bi-O vibrations were obtained in the low-fre-
quency region [31]. The second band (B region: 200-
350 cm™') is associated with the B site Ti-O vibra-
tions. The third band (C region: 400-650 cm™) is
dominated by TiOs octahedral tilting vibrations and
the last band (D region: 743-842 cm™") can be related
to the oxygen displacements [31, 32]. A two-unit
irreducible representation from group theory has a 30
optical phonon mode as 5A; + 5B; + 10E, where
both 4A; + 9E modes are Raman and Infrared active,
5B modes are quiet, and one A; + E mode is acoustic.
The optical modes are split into longitudinal and

: J Mater Sci: Mater Electron (2022) 33:25006-25024

transverse modes. Figure 6a shows all the Raman
modes relevant to Na-O, Bi-O, Ti-O, TiOs and oxy-
gen vibrations were noticed as well as rhombohedral
structure in agreement with previous reports [31, 33].
Therefore all the synthesized ceramics retained
rhombohedral R3c structure for different grain sizes
which is consistent with XRD results. Zhang et al.
reported that increasing doping content in NBT could
be divided the C band into C’ and C” modes [34].
Surprisingly note that the increasing grain size also
offers the same effect in NBT ceramics as illustrated
in the fitting curve 6 (a) and magnified view of
Fig. 6c. This splitting of Raman modes indicates the
increase of structural distortion with increasing grain
size. This is due to increasing TiOe octahedral dis-
tortion (Aoct) from sub-micron to large-micron NBT,
which can be estimated using the Ti-O bond length
relation:

6 2

on — <dav >

Aoct =1/6 [7} (4)
21: <oav >

where 6n and dav are the individual and average
interatomic Ti-O bond lengths [35]. According to the
findings (Table 3), the large-micron NBT exhibits a
very large octahedral distortion (81.35 x 107*) com-
pared to that of sub-micron NBT (2.1 x 107*). Among
all the samples the large-micron NBT exhibits a low-
intensity peak in all the Raman modes as shown in
Fig. 6a. This can be proposed that the increasing anti-
phase octahedral tilting (a”a"a™) improves the
rhombohedral in large-micron NBT. The sub-micron
NBT shows an increase in FWHM of Na-O, Ti-O and
TiOg vibration bands due to the phonon scattering by
defects and large lattice strain effects [37]. The
enlarged Na-O vibration shown in Fig. 6b indicated
that the frequency softening takes place in sub-mi-
cron NBT which is ~ 10 cm ™" lower than the micron
and large-micron NBT ceramics. This was arising due
to the weakening of the A-O phonon mode. The

Table 3 Bond length, bond angle, octahedral tilt and distorted TiO¢ octahedra of different grain size NBT ceramics

Sample Average Bond length (A) Ti-O Bond angle (deg.) Tilt angle (deg.) TiOg octahedral distortion (x 107%)
Ti-O-Ti O-Ti-O

Sub-micron 1.9585 166.91 177.95 6.54 2.10

Micron 1.9553 165.76 175.48 7.12 66.93

Large-micron 1.9729 160.98 163.91 9.51 81.35

@ Springer



] Mater Sci: Mater Electron (2022) 33:25006—25024

(a) @)

Sub-micron

25013

Large-micron
c

Fig. 5 a, b Magnified view of two adjacent interconnected TiOg octahedral tilt angle of sub-micron and large-micron NBT samples

magnified view of TiOg Raman mode is displayed in
Fig. 6c clearly indicated the FWHM decreased with
increasing grain size. It is evident for pronounced
rhombohedral distortion takes place at high sintering
time. The FWHM can be related to the phonon
relaxation time using the relation [37]:

1
- 5
! cnl” (5)

where 7-phonon relaxation time, c-velocity of light
and r- FWHM of phonon mode. The relaxation time
(tr) was calculated for Ti-O and Na-O modes and
fitted for different grain size NBT samples as shown
in Fig. 6d, e, respectively. Both results illustrated that
the sub-micron NBT has less relaxation time due to
the broad and weak phonon modes with a large lat-
tice strain effect. This can be correlated with the weak
superlattice reflection as discussed in x-ray diffrac-
tion results.

Temperature-dependent dielectric permittivity (e,)
and dielectric loss (tand) of pure NBT ceramics with
various grain sizes were measured at 1 kHz to
100 kHz and are shown in Fig. 7a—c. The dielectric
permittivity (e,), as well as loss (tand), decreases with
an increase in frequency and loss maximum shift
towards higher temperatures as the frequency
increases which was consistent with relaxor ferro-
electrics [12, 16, 19]. The obtained dielectric parame-
ters are tabulated in Table 4. Among the different
grain-size ceramics, 1.23 pm sample showed maxi-
mum dielectric permittivity and the highest Curie

temperature (T. ~ 340 °C). The different sintering
times in preparation of sub-micron to large-micron
samples can induce a difference in microstructure,
lattice distortion, and density which cause the chan-
ges in ¢, and &, [38]. Cai et al. have recently reported
[39] that the ceramics with a composition of (Bigs.
Nag5)0.94Bag 06105 sintered at different times exhibit
higher ¢, value at micron grain size. As reported in
earlier studies, the maximum permittivity (e,) is
decreased when grain size exceeds 2 pm [3]. The
observed decrease in the porosity of micron NBT
(Fig. 2b) could also be considered as an extrinsic
factor contributing to increase in the dielectric per-
mittivity. [40]. Figure 7b, ¢ clearly illustrate that
micron and large-micron samples exhibited two
broad dielectric anomalies, one in the temperature
range below 250 °C which refers to ferroelectric (FE)-
rhombohedral (R3c) to antiferroelectric (AFE)-tetrag-
onal (P4bm) transition. Another below 350 °C denotes
the Curie temperature (T.), and at T, the structural
phase transition occurred from AFE (P4bm) to para-
electric (PE)-cubic (Pm-3 m) which is similar to the
characteristic nature of NBT relaxor ferroelectrics
[9, 12]. The dielectric dispersion is located below
200 °C in all the NBT samples and it does not involve
any structural phase transition from R3c to P4bm [31].
Note that the dielectric dispersion temperature
decreased with increasing grain size. However, in
sub-micron NBT, there is only one well-defined
phase transition which revealed the retaining of the
ferroelectric phase up to Curie temperatures, as
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Fig. 6 a Deconvoluted Raman spectra for sub-micron to large-
micron grain size (0.38, 1.23, and 3.65 pum) samples in the range
50-1200 cm™' b Enlarged view of Na—O and ¢ TiO4 octahedral

shown in Fig. 7a. Generally, the NBT domain struc-
ture contains fine polar nanoregions (PNR) within the
R3c structure at room temperature [31]. Figure 8a, b
present the schematic diagram of FE and AFE orders
at different thermal regions of sub-micron NBT as
compared with micron NBT ceramics. The thermal
energy affects the size and dynamics of PNRs. The
size of PNRs increases as the temperature reaches
freezing temperature (T¢), which prevents their
dynamics as shown in Fig. 8. This static-PNR region
of NBT is known as the non-ergodic region [41, 42].
As the temperature rises over T¢ the non-ergodic
system transforms into an ergodic-relaxor, with
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extremely dynamic PNRs [41, 43]. The freezing tem-
perature decreases as grain sizes increase from sub-
micron to large-micron as shown in Table 4, and non-
ergodicity is inhibited in large-micron NBT near
100 °C Fig. 7c. This clearly shows that enhancing the
sintering time disturbs the non-ergodic character of
NBT and induces ergodic-relaxor behavior at low
temperatures. Similarly, the low-temperature relaxor-
like behavior was achieved by increasing BT content
on NBT was reported by Guo et al. [44]. The low-
temperature dielectric anomaly originates from the
thermal evolution of PNR from R3c to P4bm, where
the anti-phase a"a a~ (Glazer notation [45])
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Table 4 Dielectric parameters
(&, €m»> Tc, Ty and v) of sub-

micron, micron and large-
micron NBT ceramics

Parameter Sub-micron Micron Large-micron
Dielectric constant (g,) 339 283 572
Dielectric constant (g,,) 2476 3016 2780
Freezing Temperature (Ty) °C 198 152 95

Curie Temperature (T,.) °C 325 340 335
Diffusivity (y) 1.59 1.54 1.42

octahedral rotations changed into in-phase a’a’c*(-
Glazer notation [45]). In which the ferroelectric long-
range order is diminished and the material subse-
quently transforms to AFE short-range order, as seen
in micron and large-micron NBT Fig. 7b, c. The
phenomenological residual stress model proposed
that during PE to FE phase transition the cell volume
of the ferroelectric material is increased at the Curie
temperature (T.) which results in maximum dielectric
dispersion occurring around T, [2, 3, 46]. Hence, the
maximum dielectric dispersion was observed around
T. in the three different grain sizes shown in the

encircled region of Fig. 7a—c. After this phase transi-
tion, the internal stress of the material is increased
due to each interconnected grain being constrained
by its neighbors. Generally, this internal stress was
relieved by the formation of tetragonal-90° domains
[46].

Conversely, no dielectric shoulder was observed
around 250 °C in sub-micron NBT corresponding to
the FE- R3¢ to AFE- P4bm phase transition indicating
the suppression of the intermediate AFE- tetragonal
phase. The abnormal behavior of sub-micron NBT
arises from the following aspects. Mainly the grain
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size effect plays an important role in the reduction of
the AFE phase [20]. The domain size (d) correlated
with grain size (g) by a simple relationship:

docg? (6)

and this equation indicates even a small variation in
grain size largely affects the domain size [3]. Tuttle
et al. observed that the grain size ranging from 0.2 to
1 um contains single 90° domain walls, and multiple
domain walls were observed only for grain size > 1
um [47]. Also, the possibility to form domain twin-
ning within fine grain ceramics is very low resulting
in increasing internal stress throughout the grains as
reported earlier [48]. Further, Zhao et al. proposed
that the grain size reduced below critical size
(~ 500 nm), the 90° domain does not form, and
where the internal stress was not to be relieved. This
unrelieved internal stress suppressed the tetragonal
phase and triggers the phase close to cubic in BT
ceramics [2]. Reducing grain size below 500 nm
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(0.5 pm) and decreasing the lattice parameter along
with the suppression of the tetragonal phase in sub-
micron NBT should have a similar impact as in BT.
Owing to this effect, the FE (R3c) to AFE (P4bm)
phase transition is suppressed in sub-micron NBT,
resulting in the absence of low-temperature dielectric
anomaly. The previously reported effective medium
approximation (EMA) model proposed that the
stressed mono-domain dilutes the bulk permittivity
for fine grain ceramics [49]. So the sub-micron NBT
possesses low dielectric permittivity with the absence
AFE phase. While increasing grain size > 1 pm, the
permittivity also increases as the function of lowering
dilution effect, but still only up to a limit at which any
additional increase in grain size would result in
stress relaxation through domain formation, resulting
in a gradual reduction in dielectric permittivity (e,)
[40, 50]. Therefore, the intermediate grain size
achieved the maximum dielectric permittivity than
large-micron NBT. Further, Fig. 9a—c show the de/dT
vs. T(°C) plot clearly illustrates the suppression in
dielectric anomaly for sub-micron NBT sample as
compared with micron and large-micron NBT
around the FE-AFE transition (rectangular box
shown in Fig. 9a). It additionally supports the pos-
sibility of suppressing the intermediate AFE phase
for sub-micron NBT. Moreover, the suppression of
the AFE phase was evident by structural and ferro-
electric characterizations. From X-ray diffraction
analysis, the weak superlattice peak and increased
FWHM indicate the reduced size of domains [3]. The
very small octahedral distortions with low sintering
time result in weak dipole moments and are attrib-
uted to the low dielectric permittivity in sub-micron
NBT. The small octahedral distortion and weak
superlattice reflection with a low octahedral tilt angle
in sub-micron NBT imply that it has less asymmetry
distortions than larger grain NBT. This behavior of
sub-micron NBT is related to the presence of the R3c-
nearly cubic phase transition in the dielectric anom-
aly. Besides, the Raman analysis for NBT exhibits
variations in the A-O mode that could be sensitive to
the antiferroelectric (AFE) phase [31, 40]. In sub-mi-
cron NBT, the decrease in octahedral tilting and
slight softening of Na-O vibration around 128 cm™"
(which is ~ 10 cm ™" less than the micron and large-
micron NBT) and less relaxation time of A-O phonon
with large FWHM was strongly affecting the FE to
AFE phase transition. However, the exact mechanism
of intermediate AFE phase suppression in sub-
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micron NBT can be more precisely revealed by high-
resolution TEM investigations.

The dielectric behavior of a relaxor ferroelectric can
be explained using the Curie-Weiss law [51] which
can be written as

y
11 _(T-T, )

& Emax C

where T is the absolute temperature, C is the material
constant. The diffusiveness y of a normal ferro-
electrics is 1 whereas the diffusiveness y of an ideal
relaxor ferroelectric is 2. Figure 10 shows the curve of
logl/e, — 1/ey, vs log(T — T,,) for the pure NBT
ceramics with various grain sizes. The diffusive fac-
tor y was 1.59, 1.54 and 1.42 for sub-micron, micron
and large-micron NBT ceramics, respectively. The
result indicated that the diffusiveness was high for
the submicron grain-size sample and gradually
decreases as increasing grain size. As a result of large
stress in sub-micron NBT, the ferroelectric long-range
order is weakening and domain wall motion is pre-
vented. This can increase the value of diffusiveness.

Figure 11 shows the polarization—electric field (P-
E) hysteresis loop of various grain-size ceramics at
room temperature. Observation of the well-saturated
P-E hysteresis loop confirmed the ferroelectric nature
of the synthesized ceramics. Well-defined squared
loops are seen for micron and large-micron NBT
samples, while for sub-micron grain samples the loop
slightly deviates from the square loop. Figure 11
(insert) presents the squareness (Ry;) of P-E hystere-
sis loop which can be determined using the empirical
relationship of:

P, Piig

Ra=p,*7p,

(3)

3.6

40 - O y=1.59
N A y=1.54

44 b & y=142

Linear fit

Log (T-Tm)

Fig. 10 Plots of logl/e— 1/¢,, vs log(T — T,,) at 100 kHz for the
sub-micron to large-micron NBT ceramics

where P,, P; and P; g are remanent polarization,
saturation polarization and polarization at an electric
field equal to 1.1 coercive field respectively [52]. Ry, =
2 for an ideal ferroelectric square loop [52, 53]. In our
case, the micron (R, = 1.94) and large-micron (R,
=1.97) samples possess the perfect square loop
(Ryg ~ 2) comparatively the sub-micron samples
(1.85). Thus the shape of the loop indicates the
improvement of ferroelectric performance with
increasing sintering time. Remnant polarization of
sub-micron, micron and large-micron NBT were
19.36, 43.12 and 27.57 pC/cm?® respectively. The
remnant polarization and coercive fields were
strongly influenced by sintering time from these
results. However, the maximum value of remnant
polarization P, ~ 43.12 pC/cm? with coercive field
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E. ~ 63 kV/cm was obtained for 1.23 pm grain size
ceramics. The low value of polarization in the sub-
micron grain size was due to grain boundary effects
which lower the dielectric constant. According to
Khatua et al. when the grain size attained the sub-
micron range the piezoelectric response and the
domain switching is reduced in bulk-NBT ceramics
[19]. The decrease in grain size reduces electric
polarization due to increased grain boundary as
reported by Alguero et al. [54] also this happened to
the motion of domain wall hindering due to defects
[7]. Room temperature XRD and Raman analysis
have confirmed that defects arise in sub-micron NBT,
which might be the reason for reducing P,. An
enhanced ferroelectric property for 1.23 pm grain size
with high remnant polarization indicated improved
non-180° domain reorientation and rapid domain
switching. Polarization reversal within a ferroelectric
domain was easier and increases the mobility of
domain walls in micron grain than in sub-micron.
Large micron grain size sample showed low ferro-
electric properties due to the relatively low density
[8], which adversely affects P, (remnant polarization)
and E. (coercive field). Dragan clearly denoted that
the effect of grain boundaries and porosity strongly
affect domain wall switching in PZT ceramics [55].
Thus increasing the size and number of macropores
in large-micron NBT could have reduced the ferro-
electric performances. Moreover, it can be concluded
that optimum grain size with reducing porosity
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elevates the remnant polarization and coercive field,
where increased mobility, domain reorientation, and
polarization switching supports to enhanced piezo-
electric [21, 56], dielectric and ferroelectric properties
of micron-NBT ceramics.

For each NBT sample, the temperature-dependent
P-E loop was carried out for three specific regions
namely ferroelectric (FE), relaxor ferroelectric (RFE)
and anti-ferroelectric (AFE) to confirm the abnormal
behavior of sub-micron NBT as shown in Fig. 12a—c.
In Fig. 12b, c the square-type PE loop became slim at
120 °C, indicating the transition from FE to RFE, and
its shape changed to pinching of hysteresis at 180 °C,
indicating the RFE to AFE phase transition. The
change in the shape of the loop reduces the ferro-
electric properties due to the formation of micro-
domains from macro domains in the relaxor state and
the evolution of microdomains into PNRs in the AFE
region [57, 58]. Although the relaxor loop is stable up
to the maximum temperature range in sub-micron
NBT Fig. 12a, it does not exhibit a pinching of hys-
teresis loop, reconfirming the unusual nature of the
sample. The absence of pinching hysteresis demon-
strated suppression of the AFE phase and evidence
for dielectric results.

Figure 12a—c declare that the coercive field
decreases sharply as a function of increasing tem-
perature with a little variation in P, and P,,, values
for all NBT samples. From the temperature-depen-
dent PE loops the recoverable energy storage density
(W) during the process of charging and total energy
storage density (W,,,) were investigated using the
following relation [59]:

max

P,
Wyee = | EdP (9)
P

max

p
Wtoml: f EdP (10)
0

where P and P,,,, represent the remanent and satu-
ration polarization respectively and E represents the
applied electric field as 55 kV/cm. Figure 13 (a) dif-
ferentiates the recoverable energy storage density
W, (yellow color area) for FE vs AFE regions as the
function of the electric field 55 kV/cm. The energy
storage efficiency (1) is measured using the relation
[59]:
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(11)

The estimated W,,. and n values of each specified
region for sub-micron, micron and large-micron
samples are shown in Fig. 13b, c. The PE loop of
large-micron NBT gives high efficiency near room
temperature compared to other samples in the FE
region. This is due to the increasing sintering time
hindering the macroscopic domains at low tempera-
tures and encouraging the RFE near 70 °C. The result
coincides with the temperature-dependent dielectric
data. The size of macro domain > micro domain >
PNRs, therefore the PNRs are easily aligned with the
use of an external field. Hence the AFE region of
micron and large-micron grains has achieved the
maximum recoverable energy storage density than
other regions. A large W,,. and efficiency of 0.55]/
cm® and 26.12%, respectively, were achieved in the
AFE region by micron NBT in the temperature range
of 180 °C, which is considered to be the best per-
forming material for energy storage applications. The

result was comparable with previous literature
[60, 61].

To evaluate the electro-caloric effect (ECE) for NBT
samples, the temperature-dependent P-E loops were
taken for different applied electric fields of 35, 45 and
55 kV/cm. The ECE parameters of the reversible
adiabatic change in temperature (4T) and isothermal
change in entropy (AS) can be estimated using Max-
well’s relation as follows [59]:

1 7 oP
E1l
1 7 oP
El

where p is the density of the pellets as noted in
Table 1, C, refers the specific capacity of the NBT
sample as taken from the literature [62], E1 and E2
implies the starting and final applied electric fields
respectively, (&) defines the change in the upper part
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of polarization in the P-E hysteresis loop to temper-
ature. Figure 14a—c depict the change in polarization
as a function of temperature and electric fields. With
increasing the applied field strength, initially, the
polarization also increases with temperature. The
highest polarization variation was recorded for all
samples at around 100 °C for the low field (35 kV/
cm) due to the FE to the relaxor phase transition.
After this transition point, polarization gradually
rises to 170 °C for micron and large-micron samples
then the polarization drops up to 180 °C for both the
samples. This clearly depicts the onset of the FE to
AFE phase transition. However, in sub-micron NBT,
the polarization constantly rises for the fields of 35
and 45 kV/cm, while it gradually lowers very little
from 100 °C for the field of 55 kV/cm. This demon-
strates that the submicron sample contains solely a
FE to the relaxor phase transition.

The ECE parameters were estimated using the
procedures described in previous work [59][59] and
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are shown in Fig. 15a-b. The significant variation in
polarization leads to a greater change in entropy (S)
of the materials as shown in Fig. 15a, which tends to
enhance the adiabatic temperature change. All of the
NBT samples have negative ECE as illustrated in
Fig. 15b, which is consistent with previous results
[64, 65]. The maximum AT of — 0.81 K was observed
in micron-NBT samples at ~ 60 °C for 55 kV/cm.
The substantial ECE was achieved at lower temper-
atures with increasing field strength for all NBT
samples. From Fig. 15b, all the samples showed a
positive ECE at higher temperatures. The mixed
positive and negative ECE findings are similar to the
prior research [64][64]. As a result, the FE to relaxor
phase transition is the most effective way to enhance
the electro-caloric effect. And the optimum AT,
near room temperature ~ 30 to 60 °C is the best way
for ferroelectric refrigeration applications.
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4 Conclusion

In summary, single-phase NagsBig5TiO; (NBT)
ceramics with three distinct grains ranging from sub-
micron to large-micron were prepared by isothermal
sintering with different durations. Rietveld Refine-
ment and Raman analysis confirmed that bulk-NBT
was phase pure and structurally stable R3c phase for
all the samples. The intrinsic properties like octahe-
dral tilting, octahedral distortions, bond length,
bond-angle and lattice parameters have increased
with increasing grain growth. The weak superlattice
reflection, absence of peak splitting and large lattice
strain in XRD along with peak broadening and fre-
quency softening of A-O vibrations in Raman modes
all are indicated that the low sintering time results a
deflectable sub-micron NBT. It is worth noting that
the FE- rhombohedral to AFE-tetragonal phase tran-
sition was suppressed in sub-micron NBT due to the
impact of uncompensated internal stress which pre-
cluded the formation of the tetragonal-90° domain.
The absence of pinched hysteresis from temperature-
dependent P-E loop findings shows the suppression
of the AFE phase and support for dielectric results.
On the other hand, the amount of macroscopic pores
increases at a higher sintering time can be related to
the decrement in dielectric and ferroelectric proper-
ties of large-micron NBT. Finally, a well-saturated
perfect ferroelectric loop with enhanced remnant
polarization of P, ~ 43.12 uC/cm? and maximum
dielectric permittivity of 3016 at high Curie temper-
ature 340 °C along with significant electro caloric
effect of AT, = — 0.81 K and large energy storage
efficiency of 26.12% (W, = 0.55]/cm®) were
obtained in micron NBT (1.23 pm) is the optimum
size for functional devices.
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