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Abstract

This study investigated the structures, dielectric, ferroelectric and piezoeletric properties of lead-free (0.99—x)
Big sNaj 5T10;—0.01CaTiO;—xSrTiO; (BNT—CT—100xST, x=0.22-0.30) piezoelectric ceramics. These piezoceramics
were successfully prepared using the conventional solid-state reaction method sintered at 1175 °C for 2 h. It was found that
a phase transition from nonergodic relaxor to ergodic relaxor was induced by ST modification in BNT—CT ceramics. Con-
sequently, a large electromechanical strain of 0.20% corresponding to high normalized strain d3, of 667 pm/V was obtained
even under 3 kV/mm for BNT—CT—28ST ceramics. Therefore, it is noted that lead-free BNT—CT—100xST ceramics can

be promising candidates for actuator applications.
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1 Introduction

Piezoelectric materials have attracted a great deal of atten-
tion for electronic devices, such as actuators, transducers
and sensors, etc. The most widely used piezoelectric mate-
rial are PbTiO;—PbZrO; (PZT)-based component systems
[1]. However, volatilization of toxic PbO during high tem-
perature sintering not only causes environmental pollution,
but also generates instability of composition and electrical
properties of the final products. It is recently desired to use
lead-free materials for environmental protection; and in
many countries (European Union, Japan, Korea, etc.), the
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governments have encouraged the industry to remove lead
from electric and electronic equipment [2-5]. Accordingly,
lead-free piezoelectric materials concerned with ceramics
based on (K, sNa, 5) NbO; (KNN) and Bi;,Na, ,TiO; (BNT)
have been widely attracting attention to replace PZT ceram-
ics [6-10].

Especially, Bi-based lead-free piezoceramics such as
Bi;;,Na,,,TiO;—BaTiO; (BNT—BT) or Bi,,;,Na,,,TiO;—
Bi, K, TiO; (BNKT) materials have been considered as
potential candidates for actuator applications because of
their excellent electromechanical strain properties. Those
bismuth-based materials possess a reversible phase transi-
tion between an ergodic ralaxor state and a ferroelectric with
the application of electric field that results in an abnormal
electromechanical strain [11-16]. However, the required
electric field to obtain large strain is twice as high as the field
used to achieve maximum polarization and strain in typical
soft PZT system, which is one of the critical problems for
use in practical applications [15].

One material to overcome this problem is BNT—SrTiO;
(BNT—ST) ceramics. This system was firstly reported by
Sakata and Masuda [17]. It revealed that phase transition
in BNT—ST system with respect to room temperature
from rhombohedral to pseudo-cubic phase occurs around
20-25 mol% ST [18], accompanying with a considerable
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effect on the electromechanical properties. The maximum
piezoelectric constant (ds3) value of 127 pC/N at around
24 mol% ST, followed by decreasing markedly d;; value
to no piezoelectric response with more than 28 mol% ST,
at which it exhibits a large strain reaching values of 0.29%
at 6 kV/mm. This high strain is attributed to the reversible
electric-field-induced phase transition between relaxor and
ferroelectric phase [19]. Furthermore, many researchers are
recently investigating BNT—ST ceramics with amount of
ST around 25-26 mol% showed a very high strain~0.26%
at electric field as low as 4 kV/mm [20-24].

Besides, the effect of other alkaline-earth metal ion dop-
ing, such as Ca**, on the electrical properties and phase
transition behaviors of BNT ceramics were conducted by
Watanabe et al. [25]. According to this study, Ca”" substi-
tution led to a decrease of the depolarization temperature
(T,) which seems to relate to the reduction of rhombohedral
distortion in Ca-substituted BNT ceramics [25]. It was found
that the rate of 7, dropped down to room temperature in
the Ca-substituted BNT system was faster than that in the
Sr substitution, therefore, maximum values of piezoelectric
properties could be obtained at a very small amount~2 at%
of Ca* substitution [25].

Recently, many studies have further improved the actu-
ating performance by forming BNT-based ternary phase
systems such as Bij sNaj ;TiO;—KNbO;—SrTiO; [26],
Bi, sNa, sTi0;—BaTiO;—Sr,MnSbOy [27], Bij, sNa, sTiO3—
SrTiO3;—LiNbO; [28], Bij,sNa,;TiO3;—BaTiO;—
Bi(Mn, 5Ti; 5)O5 [29] and so on. On the other hand, few
researches have been studied on piezoelectric properties
and phase transition behavior of BNT—CaTiO;-based sys-
tem [30, 31].

From these background, we tried to synthesize (0.99—x)
Bij sNa, 5T103;—0.01CaTiO3;—xSrTiO; (BNT—CT—100xST)
ceramics as a new BNT-based ternary system. This study
systemically investigated the structures, dielectric and fer-
roelectric properties of BNT—CT—100xST ceramics.

2 Experimental procedure

BNT-based lead-free piezoceramics with the compositions
of BNT—CT—100xST (x=0.22, 0.24, 0.26, 0.28 and 0.30)
ceramics were prepared by a conventional solid-state reac-
tion method. The component oxide and carbonate powders,
Bi,05 (99.9%), TiO, (99.0%), Na,CO; (99.8%), CaCO; and
SrCO; (99.0%), were used as raw materials (High Purity
Chemicals, Japan). The raw materials were mixed in stoi-
chiometric proportions by conventional ball milling treat-
ment in ethanol using ZrO, balls, then dried and calcined at
850 °C for 2 h to form the uniform solid solution. The result-
ant powders were mixed with the polyvinyl alcohol (PVA)
binder and then pressed into green discs with a diameter of

12 mm under a uniaxial pressure of 98 MPa. Finally, the
pellets were placed in a sealed alumina crucible that was
thermally treated to remove PVA at 550 °C for 30 min then
sintered at 1175 °C for 2 h.

The density of the sintered ceramics was measured using
Archimedes’ immersion principle method using a digital
densiometer (SD-120L, A&D, Japan). To determine relative
density value, the theoretical density of each compositions
was calculated using the formula:

)= 2Ac+ X AL 0
VeX N,

where Y Ac: the sum of the atomic weights of all cations

in the formula unit. )’A,: the sum of the atomic weights of

all anions in the formula unit. V: the unit cell volume, N,:

Avogadro’s number.

The crystal structure was characterized with an X-ray
diffractometer (XRD, RAD III, Rigaku, Japan) using
monochromatic CuKa radiation with the wavelength
2=1.54178 A. The polished and thermally etched surfaces
of samples were imaged via Field-Emission Scanning Elec-
tron Microscopy (FE-SEM, JEOL JSM—650FF, USA)
and the crystal structure was characterized with an X-ray
diffractometer (XRD, RAD III, Rigaku, Japan). For elec-
trical measurements, a silver paste was screen printed on
both sides of specimens and subsequently burnt in at 700 °C
for 30 min. The polarization (P) and strain (S) hysteresis
as a function of the external electric field (E) were meas-
ured with a piezoelectric measurement system (aixACCT
aixPES, Aachen, Germany). The temperature-dependent
dielectric constant (¢,) and dielectric loss (tan o) of the
BNT-CT-100xST ceramics were carried out at a heating
rate of 5 °C/min in a temperature-regulated chamber con-
nected to a precision LCR meter (E4980AL, Keysight, USA)
at 1, 10, and 100 kHz.

3 Results and discussion

The linear shrinkage and relative density values of
BNT-CT-100xST ceramics as a function of ST content are
displayed in Fig. 1. All samples exhibited around 15% values
of linear shrinkage and high relative densities reached over
97%. These results indicate that the sintering temperature at
1175 °C is suitable for densification of BNT-CT-100xST
ceramics regardless of ST modification.

FE-SEM images of BNT-CT-100xST ceramics dis-
play in Fig. 2. All images revealed dense microstructures,
which are consistent with behaviors of relative densities for
BNT-CT-100xST ceramics as can be seen in Fig. 1. The
average grain size values were decreased with increasing ST
content that were determined by the linear intercept method.
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Fig.1 Linear shrinkage and relative density values of BNT-CT—
100xST ceramics as a function of ST content

The largest AGS was 9.42+1.19 pm for BNT-CT-22ST
ceramics and the smallest AGS was 5.48 +0.62 pm for the
BNT-CT-30ST ceramics. The changes are consistent with
previous results in the microstructures of ST-modified BNT-
based ceramics [24, 32], which seems to be closely related to
the thermodynamic behaviors of the synthesized materials
and diffusion behavior of Sr [33, 34]. It was reported that
the temperatures required for the formations of BNT and
ST phases start at around 530 °C and 560 °C, respectively
[35, 36]. In detail, at 530 °C BNT phase is formed due to
the decomposition of Na,COj; and its reaction with Bi,O;
and TiO,. The densification of BNT phase structure goes

X . m——

on with subsequent Sr** diffusion from decomposing SrCO;
[33]. It is noticed that the transport of Sr** occurs along
grain boundaries rather than through the BNT phase [34].
The development of ST mainly at grain boundary results in
the formation of core—shell structure [33, 34]. Accordingly,
this phenomenon might be responsible for the suppressed
grain growth in BNT-ST systems. Therefore, the different
reaction temperatures of two materials are suggested to be
the origin of the decreased grain size with increasing the
ST doping level.

Figure 3 presents XRD patterns of BNT-CT-100xST
ceramics at room temperature. In Fig. 3, all samples
exhibited single perovskite phases, demonstrating that a
uniform solid solution was formed. From Fig. 3b, c, the
BNT-CT-100xST ceramics showed a single cubic perovs-
kite structure as evidence by no peak splitting in ranges of
39.7°—40.3° and 45.9°—47.1° except for Ka, peaks. This
feature is normally observed in BNT-based relaxor materials
[37, 38]. Accordingly, it may assume that all compositions
in this study can be categorized as the relaxor materials.
Besides, the lattice parameters were increased with increas-
ing the ST content as evidenced by shifting to lower angle
of (111) and (002) peaks. The reason for this change is that
the ionic radius of Sr>* (1.32 A) is bigger than the averaged
A-site ionic radius of BNT-CT (Bi**: 1.17 A, Na'*: 1.16 A
and Ca>*: 1.00 A) [25]. This result implies that the modified
ST does not affect the crystal structure change in BNT-CT
system, which is well matched with other BNT-based lead-
free relaxor materials [39-43].

Average Grain Size (jum)

022 L2 02 L) LR
ST content (mol)

Fig.2 FE-SEM images of polished and thermally etched BNT-CT-100xST ceramics, a x=0.22, b x=0.24, ¢ x=0.26, d x=0.28, e x=0.30 and

f the average grain size as a function of ST content
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Fig.3 X-ray diffraction patterns of BNT-CT-100xST ceramics as a
function of ST content, a 20—60°, b 39.5—41.5°, and ¢ 46.5—47.5°

Figure 4 shows the temperature dependence of dielec-
tric constant (g,) and dielectric loss (tan ) for both unpoled
and poled BNT-CT-100xST ceramics with three measure-
ment frequencies of 1, 10 and 100 kHz. All the poled and

unpoled specimens showed a strong frequency dispersion
and broadened peaks in dielectric spectra, implying that
BNT-CT-100xST ceramics can be categorized as relaxors.
Furthermore, poled BNT-CT-22ST ceramics revealed two
abnormal peaks. The first one is referred to as 7,,, which
denotes the temperature giving the maximum dielectric
constant. As shown in Fig. 4, with increasing ST content,
T,, shifted toward lower temperatures from 230 °C for
BNT-CT-22ST ceramics to 142 °C for BNT-CT-30ST
ceramics which is consistent with observations reported
in previous studies [19, 24, 32, 44]. The second anomaly
peak located at the lower temperature region corresponds
to Tg_y (the ferroelectric-to-relaxor transition temperature),
where the electric-field-induced long-range order breaks
down into a short-range one [38, 45]. This result shows that
BNT-CT-22ST ceramics is a nonergodic relaxor (NER)
at low temperature. We should note that the determina-
tion of Tp_g is only valid for poled specimens [14, 37, 39,
40]. It is also seen that T_p decreased from ~40 °C for
BNT-CT-22ST ceramics to~30 °C for BNT—CT—24ST
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Fig.4 Temperature-dependent dielectric constant (e,) and dielectric loss (tan §) for the poled (top) and unpoled (bottom) BNT-CT-100xST
ceramics as a function of ST content, a and f x=0.22, b and g x=0.24, ¢ and h x=0.26, d and i x=0.28, e and j x=0.30
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ceramics and then was not detectable for the compositions
with higher ST contents. The absence of apparent Ty,_p for
poled BNT—CT—100xST ceramics with x> 0.26 in the range
measurement data was an indication that lowering of Tx_g
below the room temperature. This implies that those speci-
mens were ergodic relaxors (ER), in which the field-induced
changes were recovered back to their initial state on removal
of the electric field at the room temperature [46].

The polarization (P—E) and bipolar strain (S—E) curves of
BNT—CT—100xST at the applied electric fields of 4 kV/mm
are depicted in Fig. 5. Typical ferroelectric hysteresis curves,
represented by square-type polarization and butterfly-shaped
strain hysteresis, were observed for BNT—CT—22ST and
BNT—CT—24ST ceramics. As discussed above in reference
to Fig. 4, those two compositions are NER at room tempera-
ture with microscopic cubic structures at zero electric field.
When an electric field is applied to the NER materials, it
can transform irreversibly into a ferroelectric state [47-49].
Therefore, we can observe the square-shaped P—E curves
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Fig. 5 Polarization (top) and bipolar strain curves (bottom) for BNT—
CT—100xST ceramics as a function of ST content, a and f x=0.22, b
and g x=0.24, c and h x=0.26, d and i x=0.28, e and j x=0.30

with butterfly-shaped strain curves of BNT—CT—22ST and
BNT—CT—24ST ceramics. A further increase in ST modifi-
cation led to drastic decreases in remanent polarizations (P,),
coercive fields (E) with double hysteresis P—E curves and
large strains. The changes in polarization and strain curves
such as the drastically decreased E, P,, negative strain (S,,),
and increased maximum strain (S,,,,) for x=0.28 ceramics
can be categorized an incipient piezoceramics as ER [15].
Those large strains are observed in other BNT-based relaxor
materials, which are originated from the reversible transition
into a ferroelectric state [39-43].

For better understanding effects of ST modification, char-
acteristic parameters such as E_, P,, maximum polarization
(Prax)s Smax> and S, were extracted from Fig. 5 and are
plotted in Fig. 6. The ferroelectric BNT—CT—24ST ceram-
ics showed good P, and E, around 30.9 pC/cm? and 1.56 kV/
mm, respectively. However, when the ST content increased
those values decreased drastically with strongly pinched
P—E curves. Therefore, P, and E, reached minimum val-
ues as 5.32 pC/cm? and 0.68 kV/mm when the modification
level of ST was 30 mol%. On the other hand, P, values
for BNT—CT—100xST ceramics were changed slightly with
increasing ST modification. These results in P—FE curves
imply that FE—to—RE phase transition in BNT—CT—
100xST ceramics was induced by ST modification. The val-
ues of S, increased with increasing x from 0.22 to 0.28,
and then decreased with further increases in ST content.
BNT—CT—28ST ceramics showed the highest S, ., under
the applied electric field of 4 kV/mm of 0.25%.

The unipolar strain curves are plotted in Fig. 7 with
applying electric field as 3 and 4 kV/mm. BNT—-CT—
22ST and BNT—CT—24ST ceramics exhibited linear uni-
polar strain curves which are categorized as stabilized FE
compositions. On the other hand, with further increases in
the ST content, the strain value increased drastically with
getting larger hysteresis for 0.24 <x <0.30, and then was
declined in BNT—CT—30ST ceramics. We obtained the larg-
est strain properties in BNT—CT—28ST ceramics regardless
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Fig.7 Unipolar strain curves for BNT—CT—100xST ceramics as a
function of ST content

of applied electric fields, which gave the maximum strain
of 0.20% and 0.24% under 3 and 4 kV/mm, respectively.
This large unipolar strain is attributed to the ferroelectric-
to-relaxor phase transition induced by ST modification that
was originated from the interrupted long-range ferroelectric
order [38, 45].

To confirm the achievement of this study, the characteris-
tic parameters such as the S, ,,, applied electric field (E,,,,,),
and the normalized strain (d},) were extracted and calculated
from Fig. 7, which were compared with other piezoceramics
in Table 1. From previous studies, many high d3, values of
lead-free ceramics had been reported for BNT—BKT—STS5
(600 pm/V) [38], Nb-doped BNKT (641 pm/V) [50], and
BNT—BT—KNN?2 (560 pm/V) [51]. However, those ceram-
ics required relatively strong electric fields (around 68 kV/
mm as E_, ) to obtain large strains, which is a drawback
for practical applications mentioned above. In our work, a
decrease of the driving field from 6 to 3 kV/mm could be
obtained for BNT—CT—26ST and BNT—CT—28ST. Fur-
thermore, by utilizing the BNT—CT—ST ternary ceramics,
the field-induced-strain behaviors have been improved upon
BNT-ST binary materials. For detailed, BNT—CT—28ST
ceramics showed the large d}; value of 667 pm/V, which is
higher than 625 pm/V of BNT—28ST [24]. The main reason

for the relatively enhanced strain of this system is unclear
yet. However, it found that some difference between polari-
zation and strain curves in BNT—CT—ST ceramics as this
study and in BNT—28ST ceramics. There were two facts that
one was obtained a relatively broader polarization hysteresis
and the other was observed a relatively deeper and larger S,
in comparison to BNT—28ST ceramics. From these results,
we may assume that the induced nonergodicities by added
CT are responsible for relatively enhancing strain properties
of BNT—CT—ST ceramics in comparison to BNT—28ST
ceramics [28, 37]. To clarify this assumption, it is obviously
needed further study. This method could be compared with
the relaxor/ferroelectric composite approaches which are
recently considered as good techniques for obtaining high
low-field-induced strain properties [52—54]. Therefore, we
believe that BNT—CT—100xST ceramics are promising can-
didates for actuator applications.

4 Conclusions

The effect of a ST modifier on the crystal struc-
ture and electromechanical properties of (0.99—x)
Bi, sNa, sTiO;—0.01CaTiO;— xSrTiO; ceramics was inves-
tigated. The results showed that as the ST content was
increased, a phase transition from NER to ER occurred in
the system. The addition of ST shifted the Tp_y to a lower
temperature and destabilized the ferroelectric order resulted
in the degradation of remnant polarization, coercive field,
and negative strain, which was accompanied by a large
electric-field-induced strain of 0.20% and a high normalized
strain of d3, = 667 pm/V under a low applied electric field
of 3 kV/mm for BNT—CT—28ST ceramics. These results
indicated that BNT—CT—100xST can be a promising can-
didate for actuator application.

Table 1 Comparison of

normalized strains d;‘3 Material Snax (%) E o (kKV/mm) d; (pm/V) References

(Simax/Emax) between this study BNT—CT—26ST 0.185 3 617 This work

g‘i‘jzgit‘zrﬁg'based lead-free  pNp_cT088T 0.20 3 667 This work
25ST 0.24 4 600 [20]
BNT—28ST 0.25 4 625 [24]
BNST28 0.29 6 488 [19]
BNT—BKT—ST5 0.36 6 600 [38]
Nb-doped BNKT 0.45 7 641 [50]
BNT—BT—KNN2 0.45 8 560 [51]
0.93BNKT—0.07BA/BNT 0.29 4 725 [52]
2LF/1.5SN 0.298 4 745 [53]
BNKT—0.04BMT/1.5BNT 0.14 25 560 [54]
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