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Abstract
This study investigated the microstructure, crystal structure, and electrical properties of (1 − x)Bi1/2Na1/2TiO3–xSrTiO3

(BNST100x; x = 0.20, 0.22, 0.24, 0.26, 0.28, and 0.30) lead−free piezoceramics. The average grain size of BNST100x ceramics
decreased with increasing SrTiO3 content. A phase transition from nonergodic relaxor (NER) to ergodic relaxor (ER) was
observed at x = 0.26, and the highest unipolar strain under 4 kV/mm electric field, of 0.25% (d33

* ≈ 620 pm/V), was obtained
at x = 0.28. We found that the BNST26 and BNST28 compositions yielded the competitive advantage of larger strain values
under lower operating fields compared with other BNT–based lead–free piezoelectric ceramics. Therefore, we regard these
ceramics as promising candidates for actuator applications.
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1 Introduction

Lead–based piezoceramics such as lead zirconate titanate
Pb(Zr,Ti)O3 (PZT) are the most widely used in commercial
applications [1] because of their excellent performance in sen-
sors and actuators. However, PZT ceramics contain more than
60% lead, which is toxic to humans and harmful to the environ-
ment. Accordingly, in the last twenty years there has been a
great deal of study on lead–free piezoelectric ceramics as alter-
natives to PZT [2, 3]. In general, three lead–free piezoceramics
systems have shown the most promise: those based upon
BaTiO3 (BT), Bi1/2Na1/2TiO3 (BNT), and K1/2Na1/2NbO3

(KNN) [4–10]. Among these, BNT–based ceramics are consid-
ered to be a promising candidate for actuator applications owing
to their excellent electromechanical strain properties; they dem-
onstrate large electric field–induced strain (EFIS) as incipient
piezoceramics; this term refers to the phenomenon whereby
materials become macroscopically piezoelectric under an ap-
plied electric field [11]. However, such large strain only occurs
under strong driving field. Therefore, improving the strain under

lower electric field is an urgent issue. One promising material
system to address this problem is BNT–SrTiO3 (BNST) ce-
ramics. SrTiO3 (ST) doping was beneficial for improving the
piezoelectric properties of BNT ceramics [12–14], and can re-
duce their remanent polarization, yielding relaxor behavior in all
compositions [15]. To investigate the morphotropic phase
boundary (MPB) in this system, Krauss et al. [15] completed
the phase diagram over the entire composition range of (1 −
x)Bi1/2Na1/2TiO3–xSrTiO3 (BNST100x, from x = 0 to x = 1)
and found that the large strain observed for the ST doping con-
tent of x = 0.25, which gave themaximum strain of 0.29% under
the electric field of 6 kV/mm, supported the hypothesis that the
reason for large strain was a field–induced antiferroelectric–fer-
roelectric phase transition. Besides, a phase boundary between
rhombohedral ferroelectric and pseudocubic paraelectric phases
was found in the vicinity of BNST28, accompanied by a large
strain (~0.19%) under low electric field [16]. On the other hand,
it has been reported that a large normalized strain (d33

*) of about
600 pm/V under low electric field for BNST25 ceramics was
ascribed to the core–shell structure in recent reports [17, 18].

In the present work, we investigated the microstructure,
crystal structure, and electrical properties of (1 −
x)Bi1/2Na1/2TiO3–xSrTiO3 (BNST100x) in the range of ST
doping x between 0.20 and 0.30. We found that the phase
transition from nonergodic relaxor (NER) to ergodic relaxor
(ER) occurred at x = 0.26, and observed the highest strain
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under 4 kV/mm, of 0.25% (d33
* ≈ 620 pm/V), at the compo-

sition x = 0.28.

2 Experimental procedure

Specimens of (1–x)Bi1/2Na1/2TiO3–xSrTiO3 (BNST100x)
lead–free piezoceramics with ST doping in the range of
0.20–0.30 were prepared by means of a conventional solid–
state reaction method. The component oxide and carbonate
powders, Bi2O3 (99.9%), TiO2 (99.0%), Na2CO3 (99.8%),
and SrCO3 (99.0%), were used as raw materials (High
Purity Chemicals, Japan). For each composition, the raw ma-
terials were mixed in stoichiometric proportions by means of
conventional ball–milling in ethanol using zirconia balls, then
dried and calcined at 850 °C for 2 h to form uniform solid
solutions. The resultant powders were mixed with polyvinyl
alcohol (PVA) binder and then pressed into green body discs
of diameter 12 mm under the uniaxial pressure of 98 MPa.
Finally, the discs were placed in a sealed alumina crucible and
sintered at 1175 °C for 2 h.

The densities of sintered samples were determined using
the Archimedes method. Polished and thermally etched sam-
ple surfaces were imaged via field–emission scanning electron
microscopy (FE–SEM, JEOL JSM–65OFF, Japan) and crystal
structures were characterized by means of X–ray diffractom-
etry (XRD, RAD III, Rigaku, Japan). To allow electrical mea-
surements, silver paste was screen printed onto both sides of
each specimen, and then burnt in at 700 °C for 30 min. The
piezoelectric charge coefficient d33 was measured using a
piezo d33/d31 meter (ZJ–6B; Institute of Acoustics, Chinese
Academy of Sciences, Beijing, China). The temperature–de-
pendent dielectric constant and dielectric loss were recorded
by using a high temperature electric prober system
(KEYSIGHT–E4980AL Precision LCR Meter). Electric
field–induced strain and ferroelectric hysteresis loops were
measured in a silicon oil bath using a linear variable

differential transducer (LVDT) and a modified Sawyer–
Tower circuit, respectively.

3 Results and discussion

Surface images of polished and thermally etched BNST100x
ceramics are displayed in Fig. 1. All images revealed dense
microstructures, and the relative densities reached values of
over 96%. The average grain size decreased with increasing
ST content. Altering the ST content strongly affected the mi-
crostructures of the BNT ceramics, with changes similar to
results in the microstructure of ST–modified BNT ceramics
reported by Krauss et al. [15]. In fact, these microstructural
changes are closely related to the thermodynamic behaviors of
the synthesized materials. The formations of BNT and ST
phases are known to begin at temperatures over 530 and
560 °C, respectively [19, 20]. Besides, more recently,
Koruza et al. [21] reported that temperatures of 587 and
795 °C are required to form BNT and ST phases, based upon
Fourier transform infrared (FT–IR) spectrometry, thermogra-
vimetric analysis (TGA), and differential thermal analysis
(DTA). This may affect the decreasing grain size with increas-
ing the ST doping level. The largest average grain size was
4.5 μm for BNST20, and the smallest grain size was 2.6 μm
for BNST30. In addition, two different surface such as a rough
(marked with circle) and smooth (marked with arrow) were
detected at all samples. It can be suggested that the rough
surface is originated from the domain structure. In fact, the
domain structure can be visible by thermal or chemical etch-
ing with SEM analysis. 90o, 180o, and Herringbone domain
patterns in BaTiO3 [22] and (K0.5Na0.5)NbO3–based ceramics
[23] as normal ferroelectrics were successfully demonstrated
by chemical etching with SEM analysis. In the case of relaxor
materials, there is a good example that is associated with the
comparative study on domain structure between nonergodic
relaxor and ferroelectrics of PLZTceramics [24], despite those

Fig. 1 Polished and thermally
etched surface images of
BNST100x ceramics with x of a
0.20, b 0.22, c 0.24, d 0.26, e
0.28, and f 0.30
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kinds of studies are relatively less than ferroelectric materials.
Besides, our research group has successfully demonstrated the
domain structure of Bi1/2(Na,K)1/2TiO3 (BNKT)–based
relaxor materials by using piezoresponse force microscopy
[25]. However, it seems to be difficult to entirey address this
appoach in this study because the observed domain structures
between ferroelectrics (90o, 180o, and Herringbone domain
patterns) and relaxor (nano-sized domain) in literatures were
clearly different. Therefore, it is suggested that the advanced
analyses such as piezoresponse force microscopy and
tansmission electron mcroscopy are required for further clar-
ifying the domain structure.

Figure 2 presents XRD patterns of BNST100x ceramics,
collected at room temperature. Each sample exhibited a single
perovskite phase, indicating the formation of a uniform solid
solution without any secondary phase. The peaks around

40.0o and 46.5o were assigned to the (111) and (200) reflec-
tions of the cubic crystal structure. Secondary peaks were
identified as Kα2 peaks (Fig. 2b and c). In fact, these Kα2 as
secondary peaks are easily evaluated by Bragg equation and
are usually detected at slightly higher 2θ position for main
peaks because the used Kα2 (λ = 1.5444 Å) wavelength is
longer than Kα1 (λ = 1.5406 Å) as X–ray source (Copper).
Besides, (111) and (200) peaks were monotonically shifted to
low angle with increasing the ST content, meaning that the
lattice parameters were increased. The reason for this change
is that an ionic radius of the added Sr2+ (1.44 Å) is bigger than
averagedA–site ionic radii of BNT (Bi3+ = 1.36 Å andNa1+ =
1.39 Å) [12]. This result indicates that altering the ST content
has little effect on the phase transition in the BNT system,
which is similar to the behavior observed in other BNT–based
lead–free relaxor materials [25–36].

Fig. 2 X–ray diffraction patterns
of BNST100x ceramics at 2θ of a
20–65o, b around 40.0o, and c
around 46.5o

Fig. 3 Temperature dependent dielectric constant (εr) and dielectric loss (tanδ) at various frequencies of BNST100x ceramics with x of a 0.20, b 0.22, c
0.24, d 0.26, e 0.28, and f 0.30
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Curves of dielectric constant (εr) and dielectric loss (tanδ)
versus temperature for BNST100x ceramics at the different
frequencies of 1, 10 and 100 kHz are depicted in Fig. 3. All
samples showed strong frequency dispersions at ~100 °C and
~200 °C (the so called dielectric maximum temperature; Tm).
In the case of normal ferroelectrics (NFE), the static εr exhibits
a narrow and a sharp peak at Curie temperature (Tc). Besides,
the temperature dependent εr of NFE obeys a Curie–Wiess
law above Tc and the phase transition of NFE can be thermo-
dynamically first or second order with involving a microscop-
ic symmetry change at Tc [7, 37]. By contrast, the relaxor
exhibits a very broad temperature dependence of εr peak and
strong frequency dispersion near Tm and there is no structural
phase transition across Tm [7, 37]. From these points of view,
BNST100x ceramics can be classified as relaxor. With in-
creasing ST content, Tm and the ferroelectric–to–relaxor tran-
sition temperature (TF–R) shifted toward lower temperatures
[15, 16, 38, 39]. The TF–R identified for BNST20 and
BNST22 were around 78 and 55 °C, respectively, both above
room temperature. On the other hand, no transition could be
discerned for specimens having x ≥ 0.26, meaning that the
transition of these samples occurred below room temperature.
These results imply that a transition from the ferroelectric (or
nonergodic relaxor; NER) to relaxor (ergodic relaxor; ER)
phases was induced by the change in ST. This is in agreement
with various previous studies on BNT–based relaxor materials
that have included findings that ferroelectric–to–relaxor tran-
sitions can be induced bymeans of composition modifications
[25–35].

Polarization and bipolar strain curves were prepared for the
BNST100x ceramics in Fig. 4; the BNST20 and BNST22
specimens showed square–shaped polarization curves and

the butterfly–shaped strain curves, which are typical ferroelec-
tric features. As discussed above in reference to Fig. 3, the

Fig. 4 Polarization (top) and bipolar strain (bottom) curves for BNST100x ceramics

Fig. 5 Characteristic parameters as a Ec, Pr and b Smax, Sneg versus ST
content of BNST100x ceramics under 4 kV/mm electric field
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ferroelectric–to–relaxor transition occurring above room tem-
perature means that both BNST20 and BNST22 ceramics are
NER phase at room temperature in the absence of an applied
electric field. After electric field is applied to the NER mate-
rials, they undergo an irreversible transition to the ferroelectric
state. It is well known that the polar region of nanometer size
(PNRs) in the relaxor become frozen into a nonergodic state
(freezing of the dipole dynamics) [40]. Therefore, the typical
ferroelectric features were observed in a polarization as square
shape and in a strain as butterfly shape curves for BNST20
and BNST22. Weak constricted polarization curves appeared
in BNST24, which is corresponding to a NER–to–ergodic
relaxor (ER) transition step as the intermediate procedure.
Two facts gave evidence for this phenomenon. One is that
the butterfly–shaped strain curve was observed, with large
and deep negative strain (Sneg). The other is the observation
of TF–R at around room temperature (Fig. 3c). On the other
hand, double hysteresis curves with large strain were observed
for BNST26 ceramics. This large strain can be realized as the
consequence of a reduction in negative strain (Sneg), coercive
field (Ec), and remanent polarization (Pr) as incipient
piezoeletrics with ER state [11]. It means that the ER is asso-
ciated with a reversible electric–field–induced phase transfor-
mation into a ferroelectric (FE) because ER is defined as the
state of PNRs with randomly distributed direction of dipole
moments [40]. Therefore, BNST26 ceramics can be phenom-
enologically categorized into incipient piezoceramics [11]
with ER state. In fact, such large strains have also been ob-
served in other BNT–based relaxor materials, originating from
reversible transitions [25–34]. However, further increases in
ST concentration led to electrostriction, with zero Sneg.

For better understanding of the effects of varying the ST
content of BNSTceramics, the characteristic parameters of Ec,
Pr, Smax, and Sneg were extracted from Fig. 4 as the bipolar
strain curves; these are plotted in Fig. 5. The values of Smax

increased with increasing x from 0.20 to 0.28, and then de-
creased with further increases in x. BNST28 showed the
highest Smax under the applied electric field of 4 kV/mm,
namely 0.23%. A drastic increase in Smax under a modification

of ST content means that the nonergodicity or the long–range
ordered ferroelectricity has decreased. In fact, this behavior
was strongly supported by observed decreases in Sneg, Ec,
and Pr in Fig. 5a and b, which generally have a trade–off
relation in BNT–based relaxor materials.

Unipolar strain curves and its normalized strain (d33
*) were

displayed in Figs. 6 and 7. A similar trend in unipolar strain
with increasing ST content was observed as shown in bipolar
strain. The highest normalized strain value of 625 pm/V was
observed for BNST28 ceramics. However, the piezoelectric
constant d33 revealed a different trend with increasing STcon-
tent. As discussed above in reference to Figs. 3 and 4, it is
thought that the presence of the electric–field–induced long
range ordered ferroelectric (NER) state is responsible for the
different trend of d33 for BNST100x ceramics. d33 of 125 pC/
N as the highest value was measured at BNST22 ceramics,
then drastically decreased with increasing ST content. This
implies destabilization of ferroelectricity at zero electric field
as ERwhile the unipolar strain was extremely increased by the
applied electric field. Such phenomena have been observed in
other BNT–based relaxor materials [25–34].

To confirm the achievements of the present study, the char-
acteristic parameters of maximum strain (Smax), applied elec-
tric field (Emax), and normalized strain (d33

*) were extracted

Fig. 6 Electric field–induced unipolar strain curves for BNST100x ceramics with x of a 0.20, b 0.22, c 0.24, d 0.26, e 0.28, and f 0.30

Fig. 7 Normalized strain (d33
*) under 4 kV/mm field and piezoelectric

constant (d33) values versus ST content of BNST100x ceramics
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and calculated from Figs. 6 and 7, and then compared with
those of other BNT–based lead–free piezoceramics as listed in
Table 1. The d33

* values of the previously reported ceramics
0.95[0.8(Bi1/2Na1/2)TiO3–0.2(Bi1/2K1/2)TiO3]–0.05SrTiO3

(BNT–BKT–ST5 [41], 0.92Bi0.5Na0.5TiO3–0.06BaTiO3–
0.02K0 .5Na0 .5NbO3 (BNT–BT–KNN2) [42] , and
0.72Bi1/2Na1/2TiO3–0.28SrTiO3 (BNT–ST28) [16] were
600, 560, and 488 pm/V, respectively. However, relatively
strong electric fields (~ 6 or 8 kV/mm as Emax) were required
to realize these values, which is an urgent issue for BNT–
based ceramics as mentioned above. On the other hand, the
Emax can be decreased to 4 kV/mm with high d33

* perfor-
mance by forming ceramic/ceramic composites, as listed in
Table 1 [44–47]. In fact, this approach seems to be a good
method to reduce the Emax of BNT–based ceramics, but it
has the problem that the fabrication process is quite complex
[44–47]. From this point of view, the currently investigated
BNST26 and BNST28 lead–free piezoelectric ceramics ap-
pear to be good candidates as materials that offer high strain
under low operating electric field. Therefore, we believe that
these ceramics are promising candidates for actuator
applications.

4 Conclusions

(1–x)Bi1/2Na1/2TiO3–xSrTiO3 (BNST100x, x = 0.20, 0.22,
0.24, 0.26, 0.28, and 0.30) lead–free piezoceramics were

prepared by means of a solid–state reaction. Each specimen
showed a single perovskite phase with cubic structure. The
average grain size decreased with increasing ST doping. The
behavior of these piezoceramics’ transitions from nonergodic
relaxor (NER) to ergodic relaxor (ER) phases was investigated
by studying the temperature dependence of dielectric and elec-
trical properties. The phase transition from NER to ER oc-
curred at x = 0.26, and the highest strain under 4 kV/mm elec-
tric field, of 0.25% (d33

* ≈ 620 pm/V), was observed at x =
0.28. These results imply that the BNST26 and BNST28 ce-
ramics have the competitive advantage of larger strain under
lower operating field compared with other BNT–based lead–
free piezoelectric ceramics. Therefore, we regard these ce-
ramics as promising candidates for actuator applications.
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