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In this work, single phase lead-free (0.8-x)(Na0.5Bi0.5)TiO3 0.2SrTiO3-xBaTiO3 (NBT-ST-BT) ceramics
were prepared by conventional solid state reaction method. The effect of BT on the structure and on the
dielectric and ferroelectric properties of NBT-ST-BT were investigated. A structural transformation from
pseudo-cubic to tetragonal along with possible phase coexistence was witnessed as the BT content was
increased. A diffuse phase transition with considerable frequency dispersion in the dielectric response
and slim P-E loops evidenced strong relaxor behavior for the ternary system at higher compositions of BT.
An analysis of the frequency dependent Tm according to V-F and Power law indicated substantial interaction between the polar nano-regions and relatively broad distribution of freezing temperatures. The
study of the dielectric constant at much higher and lower temperatures than Tm in the range of Burn's
temperature (TB) to freezing temperature (Tf) to provide useful information about the growth rate of
polar nano-regions and their interactions for a better understanding of the relaxor behavior exhibited by
the present ternary system.
& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Last 2–3 decades have seen intensive research in the ﬁeld of
relaxor ferroelectrics (RFEs) due to their fascinating structural and
dielectric properties [1,2]. Among the generic features of these
materials, the broad maximum in the temperature dependence of
the dielectric permittivity has attracted a considerable amount of
attention and has found a wide range of technological applications
in actuators, multilayer capacitors, sensors, non-volatile memories,
radio frequency ﬁlters and other areas. To explain the relaxor behavior, several models have been proposed [3–7]. It was found that
the properties of relaxors are greatly related to the dynamics of
these polar nano regions (PNRs). PNRs are represented by super
dipoles (super spins) appearing due to spatial ﬂuctuations below
the so called Burn's temperature (TB). These are actually ordered
regions within a disordered matrix, exhibiting local symmetry
quite different from global symmetry. Numerous Pb-based perovskite materials exhibiting relaxor properties have been investigated in this regard. However, a great deal of work has recently been attempted to replace these Pb-based materials in view
n
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of environmental concerns. Sodium bismuth titanate (NBT) is a
rare A-site complex perovskite among all lead-free materials
which exhibits relaxor behavior along with adequate dielectric,
electromechanical and peculiar phase transition properties. The
relaxor effect in NBT may be due to the cations occupying two
different types of positions (as deﬁned by local structure of R3c
blocks and Pnma sheets) with nearly same energy [8,9]. Importantly, this system easily forms solid solutions with other
perovskites such as barium titanate (BT) [10–13], strontium titanate (ST) [14,15], potassium barium titanate (KBT) [16,17], potassium niobate (KN) [18] and potassium sodium niobate (KNN)
[19,20].
Some NBT-based solid solutions display excellent piezoelectric
properties at the morphotropic phase boundary (MPB) and very
few solid solutions, particularly the NBT-ST system, show relaxor
behavior. Usually, strontium titanate with cubic symmetry is
known to strengthen the dielectric and relaxor properties and also
reduce anomalous ferroelectric-antiferroelectric phase transitions
in NBT systems [21]. Recently, lead-free ternary systems show
encouraging improvements in electromechanical properties and
have attracted signiﬁcant amount of attention [22–24]. However,
such ternary systems displaying relaxor behavior are rare in the
literature; hence the development of more ternary systems is
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diffraction, dielectric and ferroelectric measurements are carried
out on these single phase ceramic samples. The analysis of the
results is focused on relaxor properties in the present work. In this
context, the experimental data are ﬁtted to empirical models such
as modiﬁed Curie-Weiss law, the Vogel–Fulcher law [27,28] and
the Power law [29,30]. To gain deeper insight into the interactions
between PNRs at different temperatures below the Burns temperature (TB) up to freezing temperature, the temperature dependent dielectric data are analyzed using Cheng's model [31] at
high and low temperatures.

2. Experimental

Fig. 1. XRD pattern of (0.8  x) NBT-0.2ST-xBT in the 2θ range of 20–70°.

desirable. Co-doping of Sr2 þ and Ba2 þ into NBT ceramics may lead
to diffuse phase transitions (relaxor behavior) due to cation disordering on the A-site of the perovskite lattice. Both Sr2 þ and
Ba2 þ favour the off-centering of the A-site Na þ and especially
Bi3 þ resulting in local distortions which are more complex [25,26]
than B-site substituted Pb-based solid solutions.
This paper describes the synthesis of a new ternary system
(0.8-x)NBT-0.2ST-xBT, 0.02 r xr 0.10 by conventional solid state
reaction method. NBT-0.2ST composition is chosen because this
system exhibited an MPB around this composition [14]. X-ray

Polycrystalline
(0.8-x)(Na0.5Bi0.5)TiO3  0.2SrTiO3-xBaTiO3
(NBT-ST-BT) (0.00 rx r0.10) ceramic samples were prepared from
Na2CO3 (99.8%, Acros Organics, New Jersey, USA), Bi2O3 (99.9%,
Kojundo Chemical Lab Co., Saitama, Japan), SrCO3 (99.9%, Aldrich),
BaCO3 (99.98%, Sigma-Aldrich, St. Louis, USA) and TiO2 (99.9%,
Sigma-Aldrich, St. Louis, USA) by high temperature solid state reaction method. Stoichiometric mixtures of these powders were
ball-milled in a polypropylene bottle using zirconia balls in an
ethanol medium for 24 h. The dried slurries were crushed, sieved
and then calcined at 800 °C for 4 h in air. The powders were lightly
pressed into disks using a stain-less steel mold and then cold
isostatically compressed at 200 MPa. The green disk samples were
sintered at 1200 °C for 4 h in air. The grounded powder obtained
from the sintered samples was characterized using a SWXD X-ray
diffractometer (Rigaku, Japan) in a 2θ range of 20–70°, a scan
speed of 1°/min and with a step size of 0.01°. The lattice constants
were calculated using the ‘Celref’ software. The temperature dependent dielectric constant was measured by an impedance

Fig. 2. Temperature dependence of dielectric constant and Loss tangent at different frequencies for samples (a) 0.02BT (b) 0.04BT (c) 0.08BT (d) 0.10BT. The inset in the
ﬁgures highlight the depolarization temperature (Td).
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Fig. 3. Plot of log ( 1 ϵ −

1

ϵmax )
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versus log (T − Tm ) for four different samples.

analyzer (HP4192A). Electric ﬁeld induced polarization P-E measurements were carried out using a modiﬁed Sawyer-Tower circuit
and a linear variable differential transducer.

3. Results and discussion
3.1. XRD Analysis
The XRD patterns of the NBT-0.2ST-xBT, 0.00 rx r 0.1 ceramic
samples in the 2θ range of 20–70° are shown in Fig. 1. The patterns
show 100% crystallization into pure perovskite phase with no
traces of secondary impurity phases and were indexed using the
‘Celref’ software. The ternary system shows pseudo cubic symmetry at a low BT content, x r0.02. As x increases, the structure
gradually changes and the splitting of (002) peaks into (002)/(020)
lines conﬁrm the formation of tetragonal structure at x Z0.08. This
clearly indicates that the cubic cell is distorted and stretched along
the c-axis, giving rise to lower symmetry with an increase in x.
Possible phase co-existence between the pseudo cubic and tetragonal phases around 0.04r xr0.06 can also be inferred from the
results. Though the phase coexistence phenomena is very much
familiar in binary systems, ﬁnding an exact position of MPB in
ternary systems is complicated and rare. Trelcat et al. [32]
observed the MPB for NBT-xBT system around x¼ 0.06 and for
NBT-xBKT system around x¼ 0.16, however, they demonstrate a
rhombohedral and tetragonal phase coexistence for the NBT-BTBKT ternary system at two different set of compositions such as
0.892NBT-0.054BT-0.054BKT and 0.89NBT-0.03BT-0.08BKT. Wang

et al. [33] observed no evidence of MPB from X-Ray diffraction
results but still proposed a phase coexistence between tetragonal
and pseudo-cubic for NBT-0.065BT-xST in analogy to the anomalies seen in Raman spectra and the optimum electrical properties
observed at x ¼0.22. Moreover, the structural change observed in
the present study may be attributed to the larger ionic radii of
Ba2 þ (0.160 nm) than the average ionic radius of the A-site
(0.137 nm) in parent BNT-ST lattice [10]. As a result, the lattice
volume of the system gradually increases from 15.25 to 15.44 A°3
as x increases from 0.00 to 0.10. This is further supported by the
tolerance factor values which lie between 0.902 and 0.949, thus
favouring a structure with lower symmetry (tetragonal) [34].
3.2. Dielectric behavior
Fig. 2 shows the temperature dependence of the dielectric constant
and loss tangent at different frequencies for four different compositions.
The ﬁgure indicates that among all of the ternary compositions, the
ceramic with x¼0.04 attains an optimum value of the dielectric constant; in fact, the dielectric constant values obtained for this system are
at par with those of NBT-ST-KNN ternary system [24]. Whereas, no
substantial change in the dielectric loss values is observed up to 300 °C,
at higher temperatures, the values increases slightly for xZ0.04. The
depolarization temperature (Td) at which the dielectric loss exhibits a
peak (as shown in the inset in Fig. 2) shifted to a lower temperature at
higher compositions. This indicates that with an increase in the Ba2þ
content, the difference between Td and Tm increases likely due to the
combined effect of Sr2þ and Ba2þ [35]. This can also be related to the
structural changes ascertained in this system. Nevertheless, the focus of
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Fig. 4. V-F law ﬁt for frequency dependence of Tm for four different samples.

Table 1
Values of fo, Ea, Tf and P as determined from the V-F ﬁt and the Power law ﬁt.
BT content

VF ﬁt

Power law

fo (Hz)
0.02
0.04
0.08
0.10

Ea (eV)
7

9.04  10
8.2  108
3.08  109
2.22  109

0.057
0.049
0.067
0.049

Tf (K)
361.98
367.41
349.95
349.43

fo (Hz)
6

1.5  10
4.74  106
1.09  107
4.80  106

Ea (eV)

P

0.043
0.040
0.041
0.039

12.5
16.66
12.5
14.68

this work is more on the existence of relaxor nature and analysis of the
dielectric data is centred on Tm, the temperature at which the dielectric
constant reaches its maximum value. It is clearly observable in the Fig. 2
that with an increase in the BT content the phase transition at Tm
becomes more diffused and the degree of diffuseness is quantiﬁed by
employing the empirical formula: 1 ϵ = 1 ϵmax + (T −Tm ) C , where γ is the
diffuseness exponent and varies between 1 and 2 depending upon the
nature of the phase transition [27]. The dielectric data is ﬁtted to this
formula and shown in Fig. 3 (plot of log ( 1 ϵ − 1 ϵmax ) versus log (T −Tm ) at
1 MHz at different concentrations of BT). γ value increases from 1.59 to
2 for 0.02rxr 0.10 indicating a clear enhancement in the diffuseness
behavior, which is one of the characteristic properties of relaxor materials. Recently, Wu et. al. have also observed a similar kind of
variation in the diffuseness coefﬁcient (1.56r γ r1.997) for
0.85BaTiO3–0.15Na0.5Bi0.5TiO3–xLiBa2Nb5O15 (0 rxr0.006) [36]. Earlier also Zeb et. al. reported similar type of variation in γ for BCT-BZT
and BCT-BMT systems [37,38]. This explains the increase in the degree
of lattice disorder due to the incorporation of Ba2þ at the A-site.

3.2.1. Frequency dependence of Tm
It is well known that strong frequency dispersion of the dielectric constant is another characteristic of an ideal relaxor ferroelectric material. In this work, the compositions with a higher BT
content exhibit strong dielectric dispersion around Tm i.e. Tm shifts
ﬁrmly to a higher temperature with an increase in the frequency.
The frequency dependence of the loss tangent peak also shows a
similar variation with x. As seen in most relaxors, the temperature
corresponding to the loss peak (Td) is usually less than the corresponding Tm. In this case also, it can be noticed that Td is signiﬁcantly less than Tm for a particular frequency indicating dielectric relaxation in all samples. The parameter ΔTm (Tm,1 MHz –
Tm,0.1 kHz), a measure of the dielectric dispersion in relaxors, was
found to be approximately 30 °C for all compositions. In comparison to the earlier reported values of ΔTm for two strong relaxor
systems such as Gd doped PMN (ΔTm E 22 °C)and Ba doped PYT
(ΔTm E16 °C), the ΔTm values obtained for the present system are
much higher [39,40]. A large ΔTm suggests the presence of larger
volume fraction of polar nano islands and the interactions between them. In order to gain more insight into the interaction
between the polar regions, the frequency dependent Tm data is
ﬁtted to the V–F model [27,28]: ω = ωo exp

(

To

Tm −T f

), where ω de-

notes the applied or probing frequency, ωo is the attempt frequency of the polar nano regions, To is the equivalent temperature
of the activation energy for the relaxation process and Tf represents the freezing temperature, i.e., the temperature at which
the dynamics of these nano regions become sluggish and become
thermally inactivate in relaxor ferroelectrics.
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Fig. 5. Power law ﬁt for frequency dependence of Tm for four different samples.

Table 2
Values of αH and βH at 10 kHz, 100 kHz and 1 MHz.
BT content

0.02
0.03
0.04
0.05

Fig. 6. Variation of ln ( εH ) with temperature at 100 kHz for four different samples.

Fig. 4 shows the ﬁtting curves for four different compositions
and the ﬁtting parameters (ωo, To, and Tf) are listed in Table 1. The
values of Tf indicate that the polar clusters do not freeze at the
same temperature rather distributed over a range of temperatures
in the studied composition range. Similarly, in NBT-ST-PT ternary
system, the polar clusters freeze over a range of temperature 143–
217 K (0 rx r0.15 PT) [21]. A broad distribution of freezing temperatures was also reported for Ba doped PYT (246–269 K) and Dy
doped barium zirconium titanate (134–207 K) [40,41]. Moreover,

10 kHz

100 kHz

1 MHz

αH

βH

αH

βH

αH

βH

8.52
8.51
8.324
8.207

0.00425
0.00325
0.0028
0.00272

8.675
8.647
8.496
8.360

0.00456
0.00382
0.00359
0.00337

8.74
8.798
8.645
8.477

0.00487
0.0042
0.00399
0.0037

the values of Tf obtained by ﬁtting the experimental data to the
V-F law approximately approach Td below which an ergodic phase
exists. ωo is quite in the expected range, i. e., less than the typical
lattice vibration frequency (1013–1015 Hz). Lower values of ωo
justify a larger size of the polar islands and greater interactions
between them. To strengthen the annotations, the experimental
data are further analyzed using another feasible model the power
P⎤
⎡
law [27,28]: ω = ωo exp ⎣⎢ − To Tm ⎦⎥, where P ( 41) is associated
with the degree of relaxation of the material. Smaller is the value
of P, stronger is the degree of relaxation of the material. P ( ¼ 1)
reduces to the Debye's formula while for P( ¼ 1), the material is
no more a relaxor but behaves as a normal ferroelectric. The ﬁtting
curves are shown in Fig. 5 and the ﬁtting parameters are shown in
Table 1.
In this work, the P values obtained are much less than those of
many reported ceramic systems [39,40]. P attains an optimum
value of  14.68 for x ¼0.10 implying a large degree of relaxation.
Power law appears to create a better ﬁt than the V-F law and the

(

)
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Fig. 7. Frequency dependence of εL at various temperatures for different compositions.

Table 3
Values of ωo, ε1, αL, βL and δ.
BT content
0.02
0.03
0.04
0.05

ωo (Hz)
14

8.9  10
1.9  1016
4.09  1015
5.1  1016

ε1

αL

βL (K)

δ

158.487
336.815
390.396
582.094

1.88
3.55
2.60
2.93

237.23
467.024
280.663
356.723

0.866
0.9033
0.9865
0.948

values of the activation energy Ea (¼kT0, around 0.04 eV) and ωo
thus obtained indicate that the PNRs in the ternary system under
investigation here are larger in size and less dynamic than those
reported earlier [41,42]. Ea essentially represents activation energy
for polar nanoregions with temperature, arising due to the development of short range order among them and kTf is a measure
of their interaction energy. Here Ea decreases with an increase in
the BT content, increasing the ease of the relaxation process. As a
result, the co-operative interactions among them strengthen
which may cause the PNRs to freeze their re-orientational motions
below the broadly distributed Tf (  349–367 K) forming a new
non-ergodic phase. These observations suggest that below the
Burn temperature TB and above Tf, the relaxor behavior is ruled by
the growth rate of polar nanoregions and the interaction between
them. Hence, it is essential to study the dielectric behavior of the
sample much higher and lower than Tm.
3.2.2. High temperature dielectric analysis
The dynamism of the RFEs above Tm is mainly ruled by the
thermally activated reorientations (ﬂip ﬂops) of the polar nano
regions which can be investigated by the exponential relation

proposed by Cheng et. al [31] as: εH ≈exp (αH −βH T ), where αH ( 40)
and βH ( 40) are constants. αH is associated with the highest
possible concentration of polar regions in the material while βH is
associated with the production rate of polar clusters with a decrease in the temperature. Hence βH refers to the dielectric relaxation of the system. εH is the static dielectric constant at a high
temperature and is associated with the dipole moment of the nano
polar clusters in the system. When the samples are cooled below
Burn's temperature (TB), the system enters into an ergodic (ER)
state. Plot of ln(εH) vs temperature is presented in Fig. 6 and the
ﬁtting parameters are listed in Table 2. As the BT concentration
increases, βH decreases. In a recent study, it was reported that βH
decreased from 1.036 to 0.007 as Gd concentration increases from
0 to 0.1% in PMN system [39]. Similarly, earlier Rout et. al. and
Badapanda et. al. also reported slightly higher value of βH [40,41].
Hence a better relaxation of the polar nano regions is inferred for
the present system.
3.2.3. Low temperature dielectric analysis
An analysis of the dielectric data by the V-F model shows a
broad distribution of Tf of the PNRs at temperatures much lower
than Tm. This has also been observed in some canonical relaxors
[39,40]. Moreover, attempts to ascertain the dielectric behavior of
these systems at low temperatures is important because as the
temperature is reduced from Tm, the strength of the interactions
among the PNRs increases and becomes signiﬁcant around Tf
which freezes the re-orientational motion to thus form a new
phase. These interactions may be frustrated where a glassy nonergodic (NR) phase appears below the freezing temperature.
Hence, a qualitative study of the present solid solution was conducted using the relationship [31] between the frequency and the
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Fig. 8. Variation of A(T) with B(T) for four different compositions.

dielectric
constant
at
temperatures
below
Tm
as:
εL (ω)=ε∞+A (ln ωo−ln ω), where ε1 is the dielectric constant at an
inﬁnite frequency and A is an intrinsic parameter that depends on
the temperature and is independent of the frequency.
Hence, the dielectric response of the RFEs at low temperatures
is mainly dependent on A which in turn determines the freezing
process of the polar clusters. The above equation can be re-written
as: εL (ω)=B (T)−A (T) ln ω , and B (T)=ε∞+A (T) ln ωo , ε1 contributed by
electronic and ionic polarization is almost independent of temperature as RFE does not undergo a phase transition. The values of
A(T) and B(T) are obtained by ﬁtting the frequency dependence of
εL at different temperatures (Fig. 7) and these ﬁtting parameters
are listed in Table 3. A(T) reﬂects the degree of dispersion of the
dielectric constant and is hence related to the freezing process of
the PNRs at low temperatures. The temperature dependence of A
at low temperatures is expressed by the super-exponential law:
1+δ
A (T )=exp ⎡⎣αL +(T /βL ) ⎤⎦ where αL, βL and δ (0 r δ r1) are positive
constants. Fitting curves of A(T) versus B(T) and A(T) versus temperature are displayed in Figs. 8 and 9 respectively and the ﬁtting
parameters are given in Table 3. As the temperature falls below the
Burns temperature TB, the dielectric response of the RFEs is essentially governed by the dynamism of the polar nanoregions
(ergodic phase), as reﬂected by the parameters αH and βH. The
values of βH decrease for samples with higher BT concentrations
indicating the probability of a higher production rate of PNRs with
a decrease in the temperature. The climbing δ values with an increase in the Ba2 þ in the low temperature regime, suggest better
relaxor behavior. This is also conﬁrmed by αL and βL.

3.2.4. P-E loop
Composition dependent ferroelectric behavior of the NBT-ST-BT
samples is shown by the P-E loops in Fig. 10. Pure NBT-ST shows a
saturated ferroelectric loop with Ec ¼28.235 kV/cm and Pr
¼15.2823 μC/cm2. It is clear that the increased substitution of
Ba2 þ exerts a signiﬁcant effect on the loop size and shape [43,44].
The Ec and Pr values decrease subsequently as the concentration of
Ba2 þ increases reaching corresponding minimum values of
2.307 kV/mm and 0.36 μC/cm2 respectively at 0.1 mol% of BT.
Furthermore, the loops become slimmer with an increase in the
concentration of BT but are not pinched, unlike SZ modiﬁed BNBT
[45], conﬁrming the enhancement of the relaxor behavior of these
ceramics. Diffuse phase transition behavior in relaxor NBT based
systems may be induced either by compositional ﬂuctuations or
point defects arising from oxygen vacancies [46,47]. In fact in
ferroelectric ceramics, oxygen vacancies may lead to a high coercive ﬁeld. However in the sample under investigation here, the
coercive ﬁeld shows a decreasing trend as the BT content increases
compared to parent NBT-ST ceramics. Therefore the relaxor behavior in the NBT-ST-BT samples is attributed to compositional
ﬂuctuations and structural disorder in equivalent crystallographic
positions rather than to oxygen vacancies [48].

4. Conclusion
A new lead-free ternary solid solution system NBT-ST-BT was
prepared by solid state reaction method with a 100% perovskite
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Fig. 9. Variation of A(T) with temperature for four different compositions.

system at higher compositions of BT. An analysis of frequency
dependent Tm by V-F and Power law indicates substantial interaction between the polar nano-regions and a relatively broad
distribution of freezing temperatures. This study of dielectric
constant at much higher and lower temperatures from Tm in the
range of Tf to TB provide useful information about the growth rate
of polar nano-regions and their interactions and thus enhances the
understanding of relaxor behavior exhibited by this type of ternary
system.

References

Fig. 10. P-E hysteresis loop for different compositions.

phase. X-ray diffraction patterns conﬁrm a structural modiﬁcation
from a pseudo-cubic (x r0.02) to a tetragonal (x Z0.02) structure
along with possible phase coexistence (0.04 rx r0.06) as the BT
concentration increases. The ﬁrm diffuse phase transition with a
large frequency dispersion of Tm in the dielectric response and the
slim P-E loop suggest strong relaxor behavior for the ternary

[1] L.E. Cross, Relaxor ferroelectrics, Ferroelectrics 76 (1987) 241–267.
[2] V.V. Shvartsman, D.C. Lupasu, Lead-free relaxor ferroelectrics, J. Am. Ceram. Soc. 95
(2012) 1–26.
[3] V. Westphal, W. Kleemann, M.D. Glinchuk, Diffuse phase transitions and randomﬁeld-induced domain states of the relaxor ferroelectric PbMg1/3Nb2/3O3, Phys. Rev.
Lett. 68 (1992) 847–850.
[4] R. Fisch, Random-ﬁeld models for relaxor ferroelectric behaviour, Phys. Rev. B 67
(2003) 094110.
[5] G. Burns, F.H. Dacol, Glassy polarization behavior in ferroelectric compounds
Pb(Mg1/3Nb2/3)O3 and Pb(Zn1/3Nb2/3)O3, Solid State Commun. 48 (1983) 853–856.
[6] B.E. Vugmeister, Polarization dynamics and formation of polar nanoregions in relaxor ferroelectrics, Phys. Rev. B 73 (2006) 174117.
[7] M. Pasciak, T.R. Welberry, J. Kulda, M. Kempa, J. Hlinka, Polar nanoregions and
diffuse scattering in the relaxor ferroelectric PbMg1/3Nb2/3O3, Phys. Rev. B 85 (2012)
224109.
[8] V. Dorcet, G. Trolliard, P. Boullay, Reinvestigation of phase transitions in
Na0.5Bi0.5TiO3 by TEM. Part I: ﬁrst order rhombohedral to orthorhombic phase
transition, Chem. Mater. 20 (2008) 5061–5073.
[9] G. Trolliard, V. Dorcet, Reinvestigation of phase transitions in Na0.5Bi0.5TiO3 by TEM.
Part II: second order orthorhombic to tetragonal phase transition, Chem. Mater. 20
(2008) 5074–5082.
[10] S.S. Sundaria, B. Kumar, R. Dhanasekaran, Synthesis, dielectric and relaxation behavior of lead free NBT–BT ceramics, Ceram. Int. 391 (2013) 555–561.

S. Praharaj et al. / Ceramics International 42 (2016) 12663–12671

[11] H. Lidjici, B. Lagoun, M. Berrahal, M. Rguitti, M.A. Hentatti, H. Khemakhem, XRD,
Raman and electrical studies on the (1-x)(Na0.5Bi0.5)TiO3-xBaTiO3 lead free ceramics,
J. Alloy. Compd. 618 (2015) 643–648.
[12] T. Takenaka, K. Maruyama, K. Sakata, (Bi1/2Na1/2)TiO3–BaTiO3 system for lead-free
piezoelectric ceramics, Jpn. J. Appl. Phys. 30 (1991) 2236–2239.
[13] W.S. Kanga, S.K. Lee, J.H. Koh, AC conductivity and dielectric properties of
(Bi,Na)TiO3–BaTiO3 lead free ceramics, Ceram. Int. 41 (2015) 6925–6932.
[14] D. Rout, K.S. Moon, S.J.L. Kang, I.W. Kim, Dielectric and Raman scattering studies of
phase transitions in the (100 x)Na0.5Bi0.5TiO3–xSrTiO3 system, J. Appl. Phys. 108
(2010) 084202.
[15] W. Krauss, D. Schutz, F. Am Mautner, A. Feteira, K. Reichmann, Piezoelectric properties and phase transition temperatures of the solid solution of (1-x)
(Bi0.5Na0.5)TiO3–xSrTiO3, J. Eur. Ceram. Soc. 30 (2010) 1827–1832.
[16] G.A. Babu, R.S. Raja, I. Bhaumik, S. Ganesamoorthy, P. Ramasamy, P.K. Gupta, Growth
and characterization of undoped and Mn doped lead-free piezoelectric NBT–KBT
single crystals, Mater. Res. Bull. 53 (2014) 136–140.
[17] G.A. Babu, R.S. Raja, I. Bhaumik, S. Ganesamoorthy, P. Ramasamy, P.K. Gupta, Growth
and investigation of 0.80Na0.5Bi0.5TiO3–0.20K0.5Bi0.5TiO3 lead-free single crystal,
Mater. Sci. Eng. B 185 (2014) 134–137.
[18] X. Jiang, B. Wang, L. Luo, W. Li, J. Zhou, H. Chen, Electrical properties of
(1-x)(Bi0.5Na0.5)TiO3–xKNbO3 pb-free ceramics, J. Solid State Chem. 213 (2014)
72–78.
[19] P. Laoratanakul, R. Yimnirun, S. Wongsaenmai, Phase formation and dielectric
properties of bismuth sodium titanate–potassium sodium niobate ceramics, Curr.
Appl. Phys. 11 (2011) 161–166.
[20] S. Li, L.P. Chen, X.J. Ning, M. Guo, M. Zhang, (1-x)Bi0.5Na0.5TiO3-xK0.5Na0.5NbO3
ceramics with low coercive ﬁeld: preparation from hydrothermally synthesized
precursor powders, Ceram. Int. 41 (2015) 195–204.
[21] S. Svirskas, M. Ivanov, S. Bagdzevicius, J. Macutkevic, A. Brilingas, J. Banys, J. Dec,
S. Miga, M. Dunce, E. Birks, M. Antonova, A. Sternberg, Dielectric properties of
0.4Na0.5Bi0.5TiO3–(0.6-x)SrTiO3–xPbTiO3 solid solutions, Acta Mater. 64 (2014)
123–132.
[22] G. Viola, H. Ning, X. Wei, M. Deluca, A. Adomkevicius, J. Khaliq, M.J. Reece, H. Yan,
Dielectric relaxation, lattice dynamics and polarization mechanisms in
Bi0.5Na0.5TiO3-based lead free ceramics, J. Appl. Phys. 114 (2013) 014107.
[23] H.E. Mgbemere, R.P. Fernandes, G.A. Schneider, Structure and electrical preoperties
of 0.85(Bi0.5Na0.5)TiO3  0.12BaTiO3  0.03SrTiO3 ferroelectric ceramics, J. Eur. Ceram. Soc. 33 (2013) 3015–3022.
[24] L. Liu, D. Shi, M. Knapp, H. Ehrenberg, L. Fang, Jun Chen, Large strain response based
on relaxor - antiferroelectric coherence in Bi0.5Na0.5TiO3–SrTiO3–(K0.5Na0.5)NbO3
solid solutions, J. Appl. Phys. 116 (2014) 184104.
[25] J.R. Gomah-Pettry, A.N. Salak, P. Marchet, V.M. Ferreira, J.P. Mercurio, Ferroelectric
relaxor behaviour of Na0.5Bi0.5TiO3–SrTiO3 ceramics, Phys. Status Solidi B 241 (2004)
1949–1956.
[26] D. Maurya, A. Pramanick, K. An, S. Priya, Enhanced piezoelectricity and nature of
electric-ﬁeld induced structural phase transformation in textured lead free piezoelectric Na0.5Bi0.5TiO3-BaTiO3 ceramics, Appl. Phys. Lett. 100 (2012) 172906.
[27] D. Vieland, S.J. Jang, L.E. Cross, M. Wutting, Freezing of the polarization ﬂuctuations
in lead magnesium niobate relaxors, J. Appl. Phys. 68 (1990) 2916–2921.
[28] D. Vieland, S.J. Jang, L.E. Cross, M. Wutting, Dipolar-glass model for lead magnesium
niobate, Phys. Rev. B 43 (1991) 8316–8320.
[29] Z.Y. Cheng, L.Y. Zhang, X. Yao, Investigation of glassy behaviour of lead magnesium
niobate relaxors, J. Appl. Phys. 79 (1996) 8615.
[30] Z.Y. Cheng, R.S. Katiyar, X. Yao, A. Guo, Dielectric behaviour of lead magnesium

12671

niobate relaxors, Phys. Rev. B 55 (1997) 8165–8174.
[31] Z.Y. Cheng, R.S. Katiyar, X. Yao, X.L. Wang, Dielectric properties and glassy behaviour
in the solid solution ceramics Pb(Zn1/3Nb2/3)O3-PbTiO3-BaTiO3, Philos. Mag. B 78
(1998) 279–293.
[32] J.F. Trelcat, C. Courtois, M. Rguiti, A. Leriche, P.H. Duvigneaud, T. Segato, Morphotropic phase boundary in the BNT-BT-BKT system, Ceram. Int. 38 (2012) 2823–2827.
[33] F. Wang, M. Xu, Y. Tang, T. Wang, W. Shi, C.M. Leung, Large Strain response in the
ternary Bi0.5Na0.5TiO3–BaTiO3–SrTiO3 solid solutions, J. Am. Ceram. Soc. 95 (2012)
1955–1959.
[34] M.R. Suchomel, P.K. Davies, Predicting the position of the morphotropic phase
boundary in high temperature PbTiO3–Bi(B’B”)O3 based dielectric ceramics, J. Appl.
Phys. 96 (2004) 4405–4410.
[35] J. Lee, K. Hong, C. Kim, S. Park, Phase transitions and dielectric properties in A-site
ion substituted (Na1/2Bi1/2)TiO3 ceramics (A ¼Pb and Sr), J. Appl. Phys. 91 (2002)
4538–4542.
[36] Y. Wu, Y. Pu, P. Zhang, J. Zhao, Y. Luo, The relaxor behaviour and dielectric temperature stability of 0.85BaTiO3–0.15Na0.5Bi0.5TiO3–xLiBa2Nb5O15 ceramics, Mater.
Lett. 155 (2015) 134–137.
[37] A. Zeb, S.J. Milne, Low variation in relative permittivity over the temperature range
25–450 °C for ceramics in the system (1-x)[Ba0.8Ca0.2TiO3]-x[Bi(Zn0.5Ti0.5)O3], J. Eur.
Ceram. Soc. 34 (2014) 1727–1732.
[38] A. Zeb, S.J. Milne, Stability of high temperature dielectric properties for
(1-x)Ba0.8Ca0.5TiO3–xBi(Mg0.5Ti0.5)O3 ceramics, J. Am. Ceram. Soc. 96 (2013)
2887–2892.
[39] A.H. Pandey, A.K. Srivastava, A.K. Sinha, S.M. Gupta, Investigation of structural, dielectric and ferroelectric properties of Gd-doped lead magnesium niobate ceramics,
Mater. Res. Express 2 (2015) 096303.
[40] D. Rout, V. Subramanian, K. Hariharan, V. Sivasubramanian, Investigation of glassy
behaviour in lead barium ytterbium tantalate relaxors, J. Phys. Chem. Solids 67
(2006) 1629–1635.
[41] T. Badapanda, Glassy behaviour study of dysporium doped barium zirconium titanate relaxor ferroelectric, J. Adv. Ceram. 3 (2014) 339–348.
[42] W. Jo, J. Daniels, D. Damjanovic, W. Kleemann, J. Rodel, Two stage processes of
electrically induced ferroelectric to relaxor transition in
0.94(Bi1/2Na1/2)TiO3–0.06BaTiO3, Appl. Phys. Lett. 102 (2013) 192903.
[43] F. Wang, M. Xu, Y. Tang, T. Wang, W. Shi, C.M. Leung, Large strain response in the
ternary Bi0.5Na0.5TiO3–BaTiO3–SrTiO3 solid solutions, J. Am. Ceram. Soc. 95 (2012)
1955–1959.
[44] J.S. Park, S.C. Lee, M.H. Lee, D.J. Kim, Y.S. Sung, M.H. Kim, T.K. Song, J.H. Cho, B.
C. Choi, S.S. Kim, Effects of Zr doping on the depolarization temperature and the
piezoelectric properties in (Bi0.5Na0.5)TiO3–BaTiO3 lead-free ceramics, J. Korean
Phys. Soc. 57 (2010) 1905–1908.
[45] A. Maqbool, A. Hussain, J.U. Rahman, T.K. Song, W.J. Kim, J. Lee, M.H. Kim, Enhanced
electric ﬁeld-induced strain and ferroelectric behavior of
(Bi0.5Na0.5)TiO3–BaTiO3–SrZrO3 lead-free ceramics, Ceram. Int. 40 (2014)
11905–11914.
[46] J.H. Cho, N.R. Yeom, S.J. Kwon, Y.H. Jeong, Y.J. Lee, M.P. Chun, J.H. Nam, J.H. Paik, B.
I. Kim, Non-stoichiometric effect in (K,Na)NbO3- based perovskite ceramics, Jpn. J.
Appl. Phys. 51 (2012) 09MD09.
[47] S.E. Park, S.J. Chung, I.T. Kim, Ferroic phase transitions in Na0.5Bi0.5TiO3 crystals, J.
Am. Ceram. Soc. 79 (1996) 1290–1296.
[48] J.H. Cho, Y.-H. Jeong, J.-H. Nam, J.-S. Yun, Y.-J. Park, Phase transition and piezoelectric
properties of lead-free (Bi1/2Na1/2)TiO3–BaTiO3 ceramics, Ceram. Int. 40 (2014)
8419–8425.

