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Abstract. This study highlights the effect of BaZrO3 doping on (Na0.52 K0.48 )(Nb0.95 Ta0.05 )O3 lead-free composition.
The doping, interestingly, reveals the formation of a new polymorphic phase boundary between rhombohedral and tetragonal
phases, while eliminating the orthorhombic phase. Rietveld refinement of temperature dependent X-ray diffraction data, in
conjunction with dielectric studies, was utilized to corroborate the findings. The study also addresses in detail the process
optimization methodology, involving calcination, sintering and poling process, which is highly relevant to the research
community. Two mol% BaZrO3 -doped samples exhibited better piezoelectric, ferroelectric and dielectric properties. The
doping also substantially improved the stability of properties during ageing, under thermal and cyclic electrical loadings.
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1. Introduction
As lead (Pb), which is a major constituent of Pb(Zrx Ti1−x )O3
(PZT)-based piezoceramics, is highly toxic and its disposal pose a problem to our environment, the researchers
are looking for alternative piezoceramics that contain no
lead. Among various available options [1], (Nax K1−x )NbO3
(abbreviated as NKN)-based lead-free compositions are considered a potential candidate to replace PZT in near future.
Because of their excellent properties, PZT-based piezoceramics have been used for multiple applications like actuators,
hydrophones, SONAR, etc. [2]. The better piezoelectric properties of PZT-based compositions have been attributed to
the existence of morphotropic phase boundary (MPB), with
co-existence of rhombohedral and tetragonal phases [3]. Similarly, in NKN-based compositions, presence of polymorphic
phase boundary (PPB) plays an important role. Generally,
in NKN-based compositions, three phase transitions viz.,
rhombohedral (R) to orthorhombic (O), to tetragonal (T), to
cubic (C), are observed [3–6]. However, no reports on the
existence of MPB in NKN are available. To improve the properties of NKN, different dopants have been tried at A- and
B-sites. Among various B-site dopants, Sb and Ta are the
most prominent ones, which have been studied elaborately
[7–22]. Recently, it has been seen in few studies that zirconates modifies the behaviour of the composition drastically
and different zirconates like SrZrO3 , BaZrO3 , BiAgZrO3 ,
(BiNaK)ZrO3 , CaZrO3 , etc. have been doped in various NKN
0123456789().: V,-vol

compositions to improve the properties [23–35]. In one of the
study [27], BaZrO3 has been reported to induce rhombohedral
and orthorhombic phase boundaries, however, the conclusion
was not supported with structural refinement of X-ray diffraction (XRD) data.
Furthermore, the final properties of a piezoceramic depend
on the processing conditions like, calcination, sintering and
poling processes. The studies available on sintering optimization are abundant, but calcination and poling studies are not
so well reported. Poling is an important process where the
dipoles are aligned by the application of DC field to induce
the piezoelectric characteristics. Therefore, identifying an
optimum poling temperature is pertinent for improving the
properties. However, there are lot of variations in the calcination, sintering and poling parameters reported by researchers,
which create confusion while selecting them. To give an idea,
some of the reported conditions are shown in table 1.
During application, a piezoceramic experiences various
kinds of electrical, thermal and mechanical stresses, which
may cause the detrimental effect on the properties and, thus,
reduce its performance. Therefore, from the application point
of view, stability to electrical fatigue, thermal resistance
and ageing are important aspects to address, which many
of the researchers overlook and are less frequently reported
[20,25,38,39]. Ageing is defined as the natural deterioration
in the properties of piezoceramic with time, without any
influence of the external factors. Reducing the rate of ageing prolong the usability of piezoceramics. Fatigue behaviour
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Calcination, sintering and poling conditions, as reported in various studies on NKN-based ceramics.

Calcination

Sintering

Poling

d33 (pC N−1 )

Reference

920◦ C/2 h
880◦ C/6 h
850◦ C
900◦ C/4 h
750◦ C/2 h
850◦ C/10 h
850◦ C/4 h
750◦ C/5 h
850◦ C/5 h
850◦ C/5 h
850◦ C
700◦ C/2 h
800◦ C/5 h

1080−1200◦ C/2 h
1090−1190◦ C/4 h
1080−1250◦ C
1100◦ C
1060−1120◦ C
1110◦ C
1145◦ C/1 h
1000◦ C
1100◦ C/4 h
1050◦ C/4 h
1110−1155◦ C
1125◦ C/2 h
1150◦ C/1 h

2−5 kV/30 min/120◦ C
4−5 kV mm−1 /30 min/180◦ C
4 kV mm−1 /30 min/120◦ C
2 kV mm−1 /30 min/130◦ C
4 kV mm−1 /10 min/140◦ C
3 kV mm−1 /30 min/150◦ C
3 kV/30 min/70◦ C
3 kV/30 min/120◦ C
5 kV mm−1 /30 min/100◦ C
3 kV/30 min/150◦ C
150◦ C
4 kV mm−1
3 kV/15 min/100◦ C

∼125
∼163−204
∼120−284
∼70−110
∼122
∼100−200
145−215
∼135−276
200
∼120−230
120−193
∼200
145−300

[5]
[10]
[12]
[13]
[16]
[18]
[19]
[20]
[21]
[22]
[27]
[36]
[37]

and ageing are highly dependent on the domain wall
pinning mechanisms, which in turn depends on the space
charge concentration. Generation of space charges, as in PbO
system [40], depicted by equations (1 and 2), is inevitable in
NKN-based ceramics as the A-site cations are volatile beyond
800◦ C.
1
O2 (g) + VO•• + 2e ,
2
A + e = A↑ +VA .

OO =

(1)
(2)

This paper investigates the effect of BZ doping on the piezoelectric, dielectric and ferroelectric properties of (Na0.52 K0.48 )
(Nb0.95 Ta0.05 )O3 , hereafter abbreviated as NKNT, starting
from the optimization studies for identifying the suitable calcination, sintering and poling conditions. The optimization
methodology has been discussed elaborately in this paper.
NKNT has been selected for this study as it is a basic NKNbased composition, which has been well reported [12–17]
and, thus, is a good system to see the effect of doping. High
temperature XRD studies, along with Rietveld refinement,
revealed some interesting results pertaining to phase transformation behaviour. Furthermore, the fatigue studies have
been carried out to ascertain the stability of these properties
under thermal and cyclic electrical loadings, which have been
found to improve on BZ doping.

2. Experimental
(1 − x)NKNT–xBZ (0 ≤ x ≤ 0.08) ceramics of composition NKNT, 0.98NKNT–0.02BZ, 0.96NKNT–0.04BZ,
0.94NKNT–0.06BZ and 0.92NKNT–0.08BZ were prepared
by conventional solid-state method using the raw materials:
sodium carbonate (Na2 CO3 ), potassium carbonate (K2 CO3 ),
niobium pentoxide (Nb2 O5 ), tantalum pentoxide (Ta2 O5 ),

zirconium oxide (ZrO2 ) and barium carbonate (BaCO3 )
(all Sigma-Aldrich, purity ≥99%). These compositions are
henceforth referred as NKNT, 2BZ, 4BZ, 6BZ and 8BZ,
respectively. NKNT and BZ were synthesized separately by
milling stoichiometric amount of chemicals for 24 h in ethanol
medium, followed by calcination at desired temperature. Subsequently, the required amount of NKNT and BZ were milled
together for 24 h and calcined at 800◦ C for 2 h. Calcined powders were compacted into discs and sintered in the temperature
range of 1120–1180◦ C for 3 h using inverted crucible method.
The lapped discs were electroded with silver paste and cured.
Optimization of calcination, sintering and poling parameters
were done on the base composition i.e., NKNT and the same
parameters were applied on other compositions. The phase
structure of calcined and sintered ceramic samples was determined using XRD (Bruker AXS D8 Advance). The XRD data
was collected at a scan speed of 4 s per step with the step size
of 0.04◦ . For high temperature XRD measurement of the
samples, XRD instrument’s high temperature set-up was utilized. Heating rate of 5◦ C s−1 was used to heat the sample up
to the desired temperature and subsequently, the XRD data
was collected after a hold time of 5 min. Fractured surface
of ceramics was studied by field emission scanning electron
microscopy (FESEM, Merlin, Carl Zeiss).
Dielectric spectrometer (Novocontrol GmbH) was
employed to measure dielectric properties as a function of
temperature at 1 kHz. The quasi-static d33 meter (Piezo test
PM300) was used to measure the piezoelectric constant (d33 ).
TOPAS 4.2 software was employed for Rietveld analysis of
the XRD data. The thermal stability studies were carried
out by heating the poled samples at specified temperature
for 10 min. Poled samples were subjected to cyclic loading
for electrical fatigue test using AixACCT Tf Analyzer 2000.
The same equipment was used to measure the ferroelectric
properties of ceramics. The ageing rate was calculated using
equation (3) by measuring the piezo charge coefficient (d33 )
at desired time after poling.
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where TO , TT , PO and PT are the starting time, ageing time,
properties at TO and properties after ageing for time T , respectively. The room temperature polarized Raman spectra was
collected using Ar-laser (300 mW, 514 nm) (inVia Reflex,
Renishaw UK) excitation source.

temperatures were avoided as some constituents of NKNT are
volatile, which may deteriorate the properties.
X-ray profile of samples sintered at different temperatures
between 1120 and 1180◦ C is exhibited in figure 2. All the
samples displayed pure perovskite phase formation without
any presence of secondary phases. For pure orthorhombic (O)
symmetry, the intensity ratio α is given as:
αortho = (I011 /I100 + I022 /I200 )/2 ∼ 1.85,

3. Results and discussion
3.1 Optimization of processing parameters on NKNT
Figure 1 shows the XRD profile of NKNT powder calcined at
different temperatures. Since powder calcined at 900◦ C has
intense and sharper peaks indicating higher crystallinity, so
it was selected as optimum calcination temperature. Higher

Figure 1. XRD of NKNT powder calcined at different temperatures.

Figure 2. XRD of NKNT samples sintered at different temperatures.
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(4)

with (011) and (022) at lower Bragg angle.
Similarly, for pure tetragonal (T) symmetry, the intensity
ratio α is given as:
αtetra = (I001 /I010 + I002 /I020 )/2 ∼ 0.53,

(5)

with (001) and (002) at lower Bragg angle [41]. The samples
have both O and T phases with predominant orthorhombic
phase as the calculated intensity ratio α is ≤1.72 for samples sintered at 1120–1160◦ C and 1.82 for samples sintered at
1180◦ C. To ascertain the best sintering condition, the samples
were poled at 2 kV mm−1 field at 90◦ C poling temperature for

Figure 3. Density and piezo-charge constant (d33 ) of NKNT
ceramics sintered at different temperatures.

Figure 4. XRD of (1−x)NKNT–xBZ samples sintered at 1160◦ C.
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2BZ
4BZ
6BZ
8BZ
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Rietveld refinement results of (1 − x)NKNT–xBZ ceramics at 20◦ C.
Rwp

NKNT

Bull. Mater. Sci.

GOF

Phase

7.52 2.60 Ortho (Bmm2)
Tetra (P4mm)
8.38 2.86 Rhom (R3m)
Tetra (P4mm)
10.75 3.65 Rhom (R3m)
Tetra (P4mm)
10.28 3.31 Rhom (R3m)
Tetra (P4mm)
8.24 2.84 Rhom (R3m)
Tetra (P4mm)

Phase (%)
65.9
34.1
53.9
46.1
73.71
26.29
78.31
21.69
86.12
13.88

a (Å)

b (Å)

5.6619 (0.0002) 3.9429 (0.0001)
3.9574 (0.0003)
—
3.9935 (0.0005)
—
3.9528 (0.0004)
—
4.0009 (0.0004)
—
3.9544 (0.0008)
—
3.9993 (0.0003)
—
3.9558 (0.0005)
—
4.0071 (0.0003)
—
3.9513 (0.0008)
—

c (Å)

α (◦ )

Cell vol. (Å)3

5.6331 (0.0002)
4.0060 (0.0004)
—
4.0020 (0.0004)
—
4.0061 (0.0007)
–
4.0075 (0.0003)
—
4.0154 (0.0005)

—
—
89.909 (0.028)
—
89.949 (0.032)
—
90.044 (0.018)
—
90.244 (0.019)
—

125.75
63.51
63.69
63.31
64.04
62.64
63.96
62.71
64.34
62.69

Note: Values inside the brackets show the corresponding error.

45 min. It was observed that the sample annealed at 1160◦ C
displayed highest piezo constant (d33 ) value, which can be
attributed to the higher density, as shown in figure 3. Therefore, 1160◦ C for 3 h was selected as sintering condition for
further batches. Similarly, to identify the optimum poling condition (poling field, temperature and time), the NKNT samples
were subjected to variable conditions by altering one parameter and keeping other two as constants. The best d33 value
of 120 pC N−1 in 2BZ sample was achieved at 3 kV mm−1
field at 120◦ C for 60 min poling condition, after which the
properties were saturated.

3.2 BZ-doped NKNT
The BZ-doped NKNT batches were processed at the optimized sintering and poling conditions. Figure 4 shows the
XRD profile of (1−x)NKNT–xBZ batches sintered at 1160◦ C
for 3 h. It did not reveal any trace of unwanted phases, which
indicates that the BZ is completely soluble in NKNT lattice
in the range studied. The Rietveld refinement of the XRD
data collected at 20◦ C was carried out, which is shown in
table 2. For tetragonal structure (P4mm space group), cif file
with ICSD no. 186324 [6] was used as initial model; and
for refining orthorhombic (Bmm2 space group) data from
the same reference [6] was used. As anticipated, the refinement of NKNT revealed presence of dominant orthorhombic
phase (66%) along with tetragonal phase (Rwp 7.52, Goodness of Fit (GOF) 2.60). However, in the case of 2BZ sample,
refinement converged only for R and T phase (Rwp 8.38, GOF
2.86). To corroborate the result, refinement was carried out
with O + T phase and O + R phase also, but none gave
satisfactory results. On further increase of BZ content, the
rhombohedral phase content increased progressively from
54% in 2BZ to 86% in 8BZ. The profile of peak at 2θ ∼ 66◦
displayed prominent alteration, where the shoulder present on
left side of peak moved to right side. Based on the refinement
results, it can be proposed that the BZ doping modified the
phase boundary and new PPB formed between rhombohedral

Figure 5. Temperature-dependent dielectric constant of (1 −
x)NKNT–xBZ samples sintered at 1160◦ C. Inset shows the expanded
view in the range of −100 to 250◦ C.

and tetragonal phases with the elimination of orthorhombic
phase.
The temperature dependence of dielectric constant for
(1 − x)NKNT–xBZ samples is shown in figure 5 and inset
of the figure shows expanded view in the range of −100 to
250◦ C. As the temperature increased, NKNT samples exhibited three dielectric anomalies. Based on the literature, these
anomalies can be attributed to R–O, O–T and T–C transitions, respectively [3]. However, in BZ-doped NKNT, only
one dielectric anomaly at higher temperature is prominent. In
2BZ, 4BZ and 6BZ samples, very broad hump can be noticed
between 100 and 200◦ C. However, it would be too early to
comment if this is due to some diffuse phase transition or it is
the normal temperature-dependent increase in dielectric constant. Compositions with MPB, for e.g. PZT displays single
dielectric anomaly, as observed here [3]. But, since no reports
on existence of MPB are present for NKN-based compositions, attributing it to MPB would be premature.
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Rietveld refinement results of (1 − x)NKNT–xBZ ceramics at 200◦ C.
Rwp GOF

Phase

NKNT 10.67 3.77 Ortho (Bmm2)
Tetra (P4mm)
2BZ
8.32 2.89 Rhom (R3m)
Tetra (P4mm)
4BZ
9.03 3.14 Rhom (R3m)
Tetra (P4mm)
6BZ
10.95 3.61 Rhom (R3m)
Tetra (P4mm)
8BZ
8.06 2.74 Rhom (R3m)
Tetra (P4mm)

Phase (%)
48.5
51.5
46.97
53.03
58.89
41.11
57.72
42.28
49.13
50.87

a (Å)

b (Å)

5.6089 (0.0007) 3.9673 (0.0003)
3.96791 (0.0003)
—
3.9901 (0.0006)
—
3.9678 (0.0007)
—
4.0053 (0.0006)
—
3.9725 (0.0004)
—
4.0012 (0.0004)
—
3.9847 (0.0024)
—
4.0223 (0.0005)
—
3.9836 (0.0004)
—

c (Å)
5.6396 (0.0005)
4.0081 (0.0007)
—
4.0096 (0.0009)
—
4.0205 (0.0006)
—
4.0042 (0.0005)
—
3.9943 (0.0013)

α (◦ )

Cell vol. (Å3 )

—
125.49 (0.0207)
—
63.74 (0.0141)
89.862 (0.031) 63.52 (0.030)
—
63.79 (0.027)
90.017 (0.0264) 64.25 (0.0279)
—
63.44 (0.0174)
90.017 (0.0166) 64.06 (0.0208)
—
63.58(0.0778)
90.092 (0.0198) 65.07 (0.0245)
—
63.56 (0.0249)

Note: Values inside the brackets show the corresponding error.

Figure 6. Temperature-dependent XRD of NKNT sample depicting phase transition.

Figure 7. Temperature-dependent XRD of 4BZ sample depicting
phase transition.

To explore more on this behaviour, temperature-dependent
XRD studies were carried out and data collected at 200◦ C was
refined to ascertain the phase transformation behaviour. The
Rietveld refinement data of XRD profile collected at 200◦ C
is shown in table 3. In NKNT (figure 6), as the temperature
is increased, the dominant orthorhombic phase (O) transforms gradually to tetragonal phase (T) and their proportion
becomes almost equal at 200◦ C. As the temperature is further
increased, transformation of tetragonal phase to cubic occurs
at Curie temperature (Tc ). One important conclusion can be
drawn here i.e. the O–T phase transformation is not abrupt,
but gradual, spread over a range of temperature.
The behaviour of 4BZ-doped NKNT is shown in figure 7.
All BZ-doped compositions displayed similar behaviour. In
BZ compositions with R and T phases, the T phase content
increases with temperature with a simultaneous decrease of R
phase, as can be seen in table 3. Therefore, BZ doping induces
a new PPB having R and T phases in NKNT system.
Figure 8a–c depicts the FESEM of the fractured surface
of the NKNT samples sintered at different temperatures. The

sample sintered at 1140◦ C does not undergo proper
densification. In general, the NKN ceramics exhibit peculiar
microstructure with cuboidal grains, which can be observed
in 1160◦ C sintered sample. As the temperature increases,
the grain size reduces drastically, which may be attributed
to volatilization of A-site cations. Therefore, the piezoproperties deteriorated in 1180◦ C sample. Considering this,
1160◦ C was selected as optimum temperature. Figure 8d–g
exhibits microstructure of BZ-doped NKNT samples sintered
at 1160◦ C. 2BZ sample retains the cuboidal grain morphology, albeit with smaller grain size. As more BZ content gets
incorporated into the NKNT, lattice grains shape changes
drastically with increase of pores. This behaviour can be
attributed to heavier Ba atoms hindering the densification.
As seen in figure 9, Pr value increased gradually, attaining values of 23.6 and 23.2 µC cm−2 for 2BZ and 4BZ
samples, respectively, and then decreased for higher BZ content. E c also displayed similar behaviour, reaching maxima
of 1.58 kV mm−1 in 4BZ, and then decreased. Increased Pr
value with coexisting higher E c value demonstrates the hybrid
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Figure 8. FESEM of the fractured surface of: (a–c) NKNT sintered at different temperatures; and (d–g) 2BZ, 4BZ,
6BZ and 8BZ samples sintered at 1160◦ C.

Figure 9. Pr and E c values of (1 − x)NKNT–xBZ composition.

Figure 10. Raman spectrum of (1 − x)NKNT–xBZ ceramics.
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behaviour attributed to simultaneous acceptor and donor
co-doping [25]. Reduced Pr value at higher BZ concentration
suggests the loss of ferroelectric characteristic. This can be
attributed to the distortion in lattice structure caused due to
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substitution of Ba2+ (RBa2+ = 161 pm) and Zr4+ (RZr4+ =
72 pm) in place of Na+ /K+ (RNa+ = 139 pm, RK+ =
5+
= 64 pm),
164 pm) and Nb5+ (RNb5+ = 64 pm)/Ta5+ (RTa
respectively, which, perhaps, resulted in reduced overlap
between p-orbital of oxygen and d-orbital of B-site cation
[42,43]. Here, it will be pertinent to refer to the tolerance
factor, t, which is an important parameter for theoretically
determining the distortion in the perovskite structure [44],
which is given as:
√
t = (RO + RA )/ 2 (RO + RB ),

Figure 11. Electrical fatigue behaviour of (1 − x)NKNT–xBZ
ceramics.

Figure 12. Polarization vs. electric field plot of (1−x)NKNT–xBZ
ceramics: (a) before fatigue and (b) after fatigue.
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(6)

where RA , RB and RO are the ionic radii of A, B and O atoms,
respectively, in ABO3 perovskite formula. If t is not equal to
1, distortion in the lattice may occur to minimize the lattice
energy. The value of t is nearly 1.008819 for undoped NKNT,
which decreased to 1.008014 for 8BZ sample, which suggests
that symmetrical structure is favoured on higher BZ doping,
which accounts for reduced ferroelectric properties.
Figure 10 exhibits the Raman spectrum of (1 − x)NKNT–
xBZ samples. It can be divided into two regions: below
wavenumber 200 cm−1 involving translation modes of ionic
A-cations and rotation of BO6 octahedra, and above 200 cm−1 ,
ascribed to stretching and bending modes of BO6 octahedra [45,46]. The vibrations of the BO6 octahedra consist of
υ1(1A1g ) + υ2(1E g ) + υ3(F1u ) (stretching) and υ4(F1u ) +
υ5(F2g ) + υ6(F2u ) (bending) modes. It can be seen that the
incorporation of BZ augmented the intensity of bands, which
can be correlated to the increased polarizability of the bonds.
The broadness of bands in 8BZ may be ascribed to the disordered structure, random orientation of grains and overlapping
of Raman bands [47]. Noticeable shift of bands toward lower
frequencies can be observed when BZ gets incorporated in
the NKNT lattice, which can be attributed to the increased
softness of binding strength.
The (1 − x)NKNT–xBZ samples were subjected to cyclic
electrical fatigue and the behaviour of samples is exhibited in
figure 11. At lower BZ content, the fatigue behaviour nearly
remained unaltered. However, at higher BZ doping, the samples demonstrated better electrical fatigue endurance, which
can be attributed to the decreased number of ferroelectric
domains [25,48].
Ferroelectric loops of the (1 − x)NKNT–xBZ samples
exhibited in figure 12a, displayed slight lossy capacitor
behaviour, which is attributed to space charges generated
in the sample due to A-site cation volatilization. On exposure to cyclic electrical loading, the lossy capacitor behaviour
increased and loops became rounder, as shown in figure 12b,
which is attributed to the generation and redistribution of oxygen vacancies and charge carriers [49]. However, it is difficult
to say if the Pr values measured here by Sawyer tower equipment truly reflect the real polarization values after fatigue,
because the existence of space charge enhances the polarization by inflating the value of charge, Q [3,50,51]. In the case
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Figure 14. Thermal stability of (1 − x)NKNT–xBZ ceramics.

[52] due to the formation of vacancies as depicted below:

Ba2+
= Ba•Na1+ /K1+ + VNa
1+ /K1+ ,
Na1+ /K1+

(9)

1
+ OO = 2ZrTa5+ /Nb5+ + VO•• + O2 ↑.
2Zr4+
Ta5+ /Nb5+
2
(10)

Figure 13. (a) Ageing behaviour of (1 − x)NKNT–xBZ ceramics
and (b) schematic depicting defect dipole (PD ).

of ideal ferroelectric, Q is given as:
Q = 2Pr A,

(7)

where Pr is the remnant polarization and A the area of the
sample. However, based on the contribution of conductivity
due to space charges, the Q modifies as:
Q = 2Pr A + σ EAt,

(8)

where E is the electric field, σ the conductivity and t the
measuring time. Therefore, the circular loop and higher measured values of the remnant polarization in samples can only
be attributed to the existence of space charges.
Figure 13a exhibits the behaviour of samples on ageing.
Similar to electrical fatigue, during ageing too, redistribution
of space charges and oxygen vacancies occurs, which may
alter the ageing behaviour. The results show negative ageing
in composition with higher BZ content, which is correlated to
the effect of co-doping of donor (Ba2+ at A-site) and acceptor
(Zr4+ at B-site) atoms, producing low energy defect dipoles
(PD ), as shown in figure 13b, between positively charged
(Ba•Na1+ /K1+ ) and negatively charged (ZrTa5+ /Nb5+ ) centres

These defect dipoles oppose the bulk polarization. However,
being unstable, these break off with time, thus, increasing the
number of dipoles aligned in the polarization direction.
The samples were subjected to thermal annealing and
results are depicted in figure 14. Initially, the d33 increases
slightly on thermal exposure and then degrades. The observed
increase in d33 with temperature can be attributed to enhanced
mobility of the domain wall due to unpinning and low energy
defect dipoles (as discussed above). Overall, the thermal stability improved on BZ doping as compared to pure NKNT,
which can be attributed to the steady polarization state of the
samples.
4. Conclusion
To find the optimum processing conditions, different calcination, sintering and poling conditions were evaluated and it
was observed that the optimization of processing parameters
plays very significant role in the improvement of properties.
For NKNT, the optimum properties were achieved at 900◦ C,
1160◦ C and 3 kV/120◦ C/60 min of calcination, sintering
and poling conditions, respectively. The BZ doping eliminated orthorhombic phase and induced a new polymorphic
phase boundary between rhombohedral (R) and tetragonal (T)
phases, which were otherwise non-existent together. Furthermore, the addition of BZ improved the ageing and thermal
stability behaviour of NKNT ceramic without deteriorating
the dielectric, fatigue resistance and piezoelectric properties.
Therefore, BaZrO3 can be considered as a promising dopant
for improving the properties from the application point of
view.
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