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Abstract In this study, the temperature and composition
dependence of the dielectric, ferroelectric properties, and
polarization current characteristics of the (0.935 — x)
B105N305T103—0065B3T103—XSI'T103 (BNBSTX) with
x ranging from 0.02 to 0.22 were systematically investi-
gated. At elevated temperature the BNBSTx solid solution
with x < 0.18 underwent a transition from ferroelectric to
short-range displacement order and then to non-polar
phases. The corresponding transition temperature
decreased with Sr content x increasing and the critical
composition x was determined to be around 0.18-0.22. In
addition, the maximum-permittivity temperature 7;,,, which
exhibited broad peaks with nearly frequency-independent
behavior, almost disappeared for x > 0.18, which may be
related with the formation of certain sublattices in the
complex solid solution.

Introduction

For half a century, the dominant piezoelectric material is
the lead-oxide based, represented by the Pb(Zr, Ti)Os;
(PZT) systems which have been widely applied to various
sensors, actuators, and ultrasonic transducers [1, 2]. How-
ever, due to the concerns about their toxicity, environ-
mental legislation in the European Union [3], parts of Asia,
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and the US has been passed, and lead has been banned from
many commercial applications such as solder and glass.
This also gave a boost to the search for high performance
lead-free counterparts [4]. Sodium bismuth titanate
BigsNag sTiO3 (BNT), as one of the most promising lead-
free system, has attracted continuous attention in recent
years due to its high ferroelectric polarization and good
piezoelectric performance [5-7]. In order to further
improve its piezoelectric response and decrease its elec-
trical conductivity, various solid solutions based on BNT
has been developed such as binary system Bij sNag sTiO3—
BaTlO:; [8], B105N305TIO3—K05N305NbO3 (BNT—KNN)
[9], and Bi0'5N30V5TiO3—Bi0_5K0'5Ti03 [10], ternary ones
such as Bi0A5Na()_5Ti03—BaTiO3—Bi0A5K0A5TiO3 [11], and
BiOASNaO.STiO3—BaTiO3—K0A5Na0A5NbO3 (BNT—BT—KNN)
[12] etc.

It is known that BNT has a complicated phase structure
and with the temperature increasing, the pure BNT trans-
forms from rhombohedral to tetragonal (7gr_t) phase at
around 260 °C then to cubic phase (Tr_c) at around 540 °C
[6, 7]. Moreover, there exist two other characteristic tem-
peratures called the depolarization temperature (74) and the
maximum-permittivity temperature (7,,). The temperature
T4, at which the piezoelectric response disappears, is quite
important factor for practical applications. It is generally
considered Ty corresponds to a ferroelectric to antiferro-
electric phase transition due to the well-observed double
hysteresis loops [13]. Recently, Kounga et al. and Zhang
et al. [9, 12] reported large electric-field-induced strain
value in BNT-KNN and BNT-BT-KNN solid solutions
with the normalized piezoelectric constant as high as ~300
and ~ 560 pC/N, respectively. Zhang et al. [12] proposed
the high strain response originated from the field-induced
antiferroelectric (through shifting 7y to around room tem-
perature by introducing KNN) to ferroelectric phase
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transition and the domain contributions. Through simulta-
neously monitoring the longitudinal and transverse strain
values, Jo et al. [14] excluded this assumption and attrib-
uted the high strain response to the composition-induced
non-polar phase around room temperature. However, quite
recently, Eerd et al. [15] reported a phase diagram of BNT—
BT system in the range of 10-470 K through Raman
spectroscopy. Results indicated that with temperature
increasing to above Ty, the (1 — x)BNT-xBT with x lower
than the morphotropic phase boundary (MPB) composition
of 0.055 exhibited a short-range coherence (ferroelectric,
instead of non-polar or antiferroelectric) with identical
phase structure to that of BNT-BT with x > 0.055. In a
word, up to present the intrinsic nature responsible for Ty is
still quite controversial [16—19] and further studies on the
structure evolution around 7y along with the electrical
behavior are quite necessary.

In this study, a solid solution of (0.935 — x)BipsNag s
TiO3-0.065BaTiO;—xSrTiO; (BNBST or BNBSTx) was
designed and fabricated using a conventional solid state
reaction method. The influences of Sr substitution on the
temperature dependence of the dielectric properties and
the phase transition characteristics were summarized. Also,
the temperature- and composition-dependent polarization
current density J and polarization P was measured to study
the electrical behavior around Ty and the intrinsic mechanism
responsible for the property evolution was also discussed.

Experimental

BNBSTx ceramics with x from 0.02 to 0.22 were prepared
by a conventional solid state reaction method. For each
composition, the starting materials were weighed according
to the stoichiometric formula and ball milled for 6 h in
ethanol. The dried slurries were calcined at 850 °C for 2 h
and then ball milled again. The powders were subsequently
pressed into green disks and sintered at 1200 °C for 2 h.

To minimize the evaporation of the volatile elements Bi
and Na, the disks were embedded in a powder of the same
composition. Silver paste was coated on both sides of the
sintered samples and fired at 650 °C for 0.5 h to form
electrodes. The specimens for measurement of piezoelec-
tric properties were poled in silicone oil bath with a dc field
of 34 kV/mm for 15 min. All the electrical measurements
were performed after aging for at least 24 h.

The crystal structures of the sintered ceramics were
characterized by X-ray diffractometry (D8 Focus,
Germany). Dielectric constant (83T3 /¢€o) and loss (tand) of
the ceramics were measured using an automatic acquisition
system with an impedance analyzer (Agilent HP4294A) in
the temperature 7 range of 25-400 °C under different
frequencies. The J-E curves and P-E loops, where J, P,
and E denote the polarization current density, polarization,
and the electric field, respectively, were measured in sili-
con oil with the aid of a Sawyer—Tower circuit to apply an
electric field with sine waveform.

Results and discussion

Figure 1 shows the measured X-ray (XRD) patterns for the
BNBSTx ceramics with x from 0.02 to 0.22 in the 20 range
of 10-80°. From Fig. la, all the ceramics exhibited pure
perovskite structure and no second phases could be
observed. In addition, the XRD patterns in the 20 range of
the 38.5-41.5° and 45—-48° were measured under a slower
scanning step of 0.0025° as shown in Fig. 1b, c¢. No
obvious peak splitting can be observed for the (111) and
(200) peaks, indicating the pseudocubic structure for all the
compositions with small crystal lattice distortion from the
cubic phase. Based on the XRD data, the lattice constant
a corresponding to the pseudocubic structure was calcu-
lated shown in the inset of Fig. 1a, which increased slightly
with x increasing due to larger ionic radius of Sr** than the
Bi*™ or Na™. For all the compositions a located around
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Fig. 1 The X-ray (XRD) patterns for the BNBSTx ceramics with x from 0.02 to 0.22 in the 26 range of a 10-80°, b 38.5-41.5°, and ¢ 45-48°.

The inset shows the lattice constant as a function of the composition x
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3.89-3.90 A along with the 90°-« less than 0.05°. Besides,
it should be mentioned that a discontinuity can be observed
for the critical composition x of 0.18, which may be related
with two phase coexistence at room temperature and will
be discussed later.

Figure 2 shows the frequency and temperature depen-
dence of the dielectric constant ¢l; /¢ and loss tand of the
BNBSTx ceramics with x of 0.02, 0.10, 0.18, and 0.22 from
25 to 400 °C under the frequency of 100 Hz to 100 kHz
before and after poled. From all the curves, two charac-
teristic peaks corresponding to the depolarization temper-
ature Ty (generally determined from the loss peak in the
poled ceramics indicated by the arrows) and maximum-
permittivity temperature 7,, can be determined and sum-
marized in Fig. 3. With the Sr substitution increasing, both

the Ty and Ty, was shifted to lower temperature. In
BNBSTO0.22, the loss peak was shifted to below room
temperature and can not be observed in the experimental
temperature range. For the T,,, it decreased simultaneously
with x increasing, however, with the x increasing to over
0.18, an unexpected weakness was observed for the
dielectric constant peaks. Such behavior has been previ-
ously observed in Srg;Big,TiO3-BigsNagsTiO3 systems
[20]. This may also be correlated with the formation of
certain sublattices owning ferroelectric relaxor character-
istics such as Sry;Bip,TiO5 [20].

It is well known that a typical relaxor such as Pb(Mg 3
Nb,/3)O3; (PMN) is always characterized by broad dielec-
tric constant peaks and frequency-dependent complex
susceptibility, where the &l /¢y at T,, decreases and shifts

Fig. 2 The frequency and
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Fig. 3 Composition dependence of the depolarization temperature Ty
and maximum-permittivity temperature 7y,

to higher temperatures with the frequency increasing,
accompanied by the frequency-dependent dielectric loss
peaks with the peak temperature slightly lower than T,
[21]. In previous studies, BNT-based solid solutions were
often regarded as a relaxor ferroelectric due to the broad
dielectric constant peak which indicated diffused phase
transition behavior [22]. From Fig. 2, broad peaks can be
well observed for the BNBSTx system with x < 0.18.
However, in BNT and the present BNBST systems, around
T, no loss peaks can be observed at all and also the
dielectric constant peaks were nearly frequency-indepen-
dent. The BNT-based system only exhibited diffused phase
transition characteristics instead of being considered as a
relaxor ferroelectric. The diffused phase transition behavior
should be correlated with the multiple complexes in the
A-site (such as Bi*™, Na'", Ba?*, Sr** etc.) of perovskite
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compounds, which could lead to the compositional inho-
mogeneity in nanoscale [5]. Even though the dielectric
constant peak was not that case (actually the process is
complicated and still controversial up to present), we
notice here the dielectric shoulder between T4 and Ty,
exhibits relaxor characteristics with strong frequency dis-
persion as shown in Fig. 2. The intrinsic nature for this also
attracted much attention recently. Through Raman spec-
troscopy Eerd et al. [15] proposed that the phase above Ty
for BNT-BT was identical to that of BNT-BT with
x > 0.055 around room temperature, only with short-range
correlation length (ferroelectric, instead of non-polar or
antiferroelectric).

Here, in order to give an insight into the electrical
behavior around Ty, temperature and composition depen-
dence of polarization current density J and polarization
P was investigated as shown in Figs. 4, 5, and 6 for

@ Springer

E (kV/mm)

BNBSTx with x of 0.02, 0.18, and 0.22, respectively. From
Fig. 4, at 30 °C the BNBSTO0.02 exhibits normal rectan-
gular P—E loop with the maximum polarization P,,, rem-
nant polarization P,, and coercive field E. of 32.3 uC/cmz,
28.3 uC/ecm?, and 2.49 kV/mm, respectively. Sharp current
density peak [denoted as Peak (I)] can be observed when
the applied electric field reached the E.. At elevated tem-
perature (60 °C), weak pinched P—E loop can be observed
with E. down to 1.31 kV/mm and Peak (I) was also
simultaneously shifted to lower field direction due to easier
domain motions. Besides, an unexpected small current
peak [denoted as Peak (II)] appeared under the field of
2.2 kV/mm. With the temperature increased to the T4 of
80 °C, obvious pinched P-E loop can be observed and the
E. decreased close to zero. The Peak (I) was further shifted
to lower field direction and the distance between Peaks
(I) and (I) became larger. With the temperature T further
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increased to above T4 (80 °C < T < 150 °C), Peak (1)
remained unchanged while the Peak (I) appeared during the
decreasing process of the field instead of ascending as
shown in Fig. 4d. Simultaneously, the electric field corre-
sponding to Peak (I) shifted to high field direction with
temperature increasing in the range of 80-150 °C. Above
150 °C, both the Peaks (I) and (I) became weaker and
finally disappeared at 180 °C. The P-E loop became very
slim and exhibited pure weak double hysteresis loops with
low polarization current.

The temperature-dependent variation of the P—E loops
and J-E curves can be explained as follows. Near room
temperature, the BNBST0.02 exhibited typical ferroelectric
order with a normal hysteresis loop. The Peak (I) was
originated from the ferroelectric domain switching when
the field reached E.. At elevated temperature of 60 °C, the
Peak (I) was shifted downward due to easier domain
motions and lower E.. The unexpected Peak (II) appeared
under high field could be considered as another kind of
nature. Based on the Eerd et al.’s results [15], we suggested
the unexpected Peak (II) was originated from the temper-
ature-induced short-range ionic displacement order instead
of non-polar phases suggested by Jo et al. [14], which
could simultaneously explain the pinched polarization
loops, large reversible strain behavior in BNT-BT-KNN
system [12], the weak macroscopic piezoelectric response
above Ty (the nature of non-polar phase could not explain
this), and the relaxor characteristics in the dielectric spec-
trum between T4 and T}, shown in Fig. 2.

Furthermore, here we suggested that this short-range
ionic displacement order actually appeared below Ty as
evidenced by the pinched hysteresis loop at 60 °C and also

the polarization current curves (Fig. 4b). With the tem-
perature increased to 74 of 80 °C, the E, corresponding to
Peak (I) was very close to zero, however, the field corre-
sponding to Peak (II) kept unchanged, also verifying a
different nature from Peak (I). With the temperature further
increased above 100 °C, in the ascending process (0—4 kV/
mm), only Peak (II) remained. Peak (I) appeared during the
decreasing electric field, which should be ascribed to the
discharge of long-range order structures (formed during the
field ascending process) upon field removal. With the
temperature further increased to above 150 °C, weak Peaks
(I) and (II) indicated that short-range order region
decreased greatly and the external field was also difficult to
set up long-range order in the ceramic. Only non-polar
regions could exist at higher temperature with no frequency
dispersion behavior (above 180 °C in Fig. 2a, b for
BNBSTO0.02).

Figure 5 shows the temperature dependence of the
J-E and P-FE curves for BNBSTO.18 which corresponds to
the critical composition that pinched hysteresis hoops
appeared near temperature (20 °C). Similar to those of
BNBSTO0.02 at 60 °C, the pinched P-E loop exhibited
much lower E; of 1.05 kV/mm and current density Peaks
(I) and (II), which indicated the coexistence of the typical
ferroelectric order and the short-range coherence structure
around room temperature. This indicated that the Sr sub-
stitution was favorable for the stabilization and formations
of short-range ionic displacement order structure at room
temperature through shifting downward the T4 (Fig. 3).
With the temperature increasing, similar variation process
to BNBSTO0.02 can be detected. Difference is that the
corresponding transition temperature was shifted to lower

Fig. 6 Temperature
dependence of polarization
current density J-E curves and
polarization P—E loops for
BNBSTO0.22
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temperature direction. For BNBSTO0.22 with the T4 below
room temperature, little P, and E. indicated long-range
ferroelectric phase could not be sustained at room tem-
perature from the J—E and P-E curves shown in Fig. 6a.
This was similar to that of BNBSTO0.02 at 100 °C and
BNBSTO0.18 at 50 °C with low polarization current density
and suggested the short-range coherence became the
dominant structure at room temperature for high Sr sub-
stitution. In fact this was a typical composition-modulated
structure evolution process. The structure discontinuity in
x of 0.18 may also be related with the structure variation
which corresponds to the critical composition where two
phases coexisted at room temperature. The Peak
(I) appeared during the field decreasing process at 20 °C
meant that long-range order can still be established for
BNBSTO0.22 ceramics under the field of 4 kV/mm.

Conclusions

In summary, the temperature and composition dependence
of the dielectric and ferroelectric properties of BNBST
ceramics was systematically investigated with the empha-
sis on the electrical behavior around T4. With the temper-
ature increasing, at low Sr substitution the BNBST
underwent a transition from ferroelectric to short-range
coherence and then to non-polar phases. The transition
temperature decreased with x increasing and the critical
composition x was determined to be around 0.18-0.22.
This could provide important information for understand-
ing the depolarization behavior in BNT system.
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