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Abstract: Lead-free piezoelectric ceramics with both low hysteresis and superior electrostrictive
coefficient features are crucial toward providing desired performance for intelligent electrical devices,
especially in high-precision displacement actuators. In this work, we propose a novel scenario, which
is to design the phase transition around ambient temperature to enhance electrostrictive effect and
inhibit hysteresis. In other words, the dense ceramics with cubic phases (C) and tetragonal phases (T)
coexisting at RT (room temperature) were designed. According to this scenario, the Ba(;_,)SrxTiO3
(abbreviated as BT-100xST) ceramics were fabricated by the conventional solid-state reaction method.
The relaxor behavior, ferroelectric properties, crystal structure and microstructure of BT-100xST
ceramics have been investigated in detail. As a result, the BT-100xST ceramics with x = 0.20-0.40
present relaxor behavior which was indicated by dielectric constant as a function of temperature and
(polarization—electric field) P-E hysteresis loops. The BT-30ST ceramics exhibit enhanced electrostric-
tive coefficient Q33 (>0.034 m*/C2), and the electrostrictive strain and low hysteresis achieves 0.11%
and 2%, respectively. The BT-100xST ceramics are considered as a prospective option for application
in displacement actuators with high sensitivity and high precision.

Keywords: barium strontium titanate; crystal structure; hysteresis; electrostrictive coefficient

1. Introduction

Piezoelectric ceramics have been widely used in electronic devices, such as sensors,
actuators, and transducer and ultrasonic motors [1-3], which are required not only high-
strain but also ultra-low hysteresis. However, many researchers just devoted themselves to
realizing the critical target of achieving large electric-field-induced strain. Hao et al. [4,5]
fabricated high-strain ceramics by designing a phase transition from a ferroelectric to
an ergodic relaxor phase in the lead-free ternary Bip 5Nag 4Kg 1TiO3-KNaj_,NbOj3 sys-
tems. In this scenario, however, a high-strain response is commonly accompanied by
large hysteresis >60% with strong nonlinearity. Based on this strategy, other works also
reported on Bip5Ng 5TiO3-based ceramics, accompanying high hysteresis that is observed
simultaneously [6,7]. Recently, several studies demonstrated the addition of compound or
cation doping can suppress hysteresis [8,9]. For instance, relatively small hysteresis—as
low as 23%—was achieved in a Bis Ti3O12-Big 5(Nag §2Ko.18)05TiO3 system, as reported by
Fan et al. [10], which is attributed to A-site vacancies to destroy the long-range ferroelectric
order and promote the formation of the extremely stable relaxor phase at room temperature.
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Another effective method to overcome the significant challenge of high hystere-
sis is to design relaxor ferroelectric with electrostrictive strain. For the canonical lead-
free BNT-based relaxor, the electrostrictive strain refers to “a ferroelectric relaxor + a
ferroelectric” for solid solutions [11]. However, the electrostrictive coefficient is low
(Qs3 = 0.020-0.024 m*/C?) [12]. A large strain predominantly based on electrostrictive
effect has been demonstrated in lead-based relaxor ferroelectrics with a T-C coexisting
phase structure. Meanwhile, researchers found that doping enhanced the dielectric dif-
fuseness and relaxation and inhibited hysteresis. As an important figure of merit, the
Q33 in PMN-based systems, including PbMg; ;3Nb,,303-PbTiO3 [13], Pb(In; /,Nb; /2)Os-
Pb(Mg1/3Nb2/3)Og-PbTiO3 [14], Bi(Li0.5Nb0_5)Og-Pb(Mg1/3Nb2/3)03-PbTiO3 [15], etc., ranges
from 0.03 m*/C? to 0.04 m*/C2. A high strain of 0.16-0.20% with low hysteresis < 7% was
also observed in these samples. However, in today’s environmentally conscious world,
lead-free electrostrictive materials are highly desirable for safety reasons because of the
toxicity of lead compounds [16,17].

BaTiOs-based ferroelectric ceramics are one of the most promising lead-free replace-
ments, owing to the relatively high electric field strain and low hysteresis compared with
other systems of piezoelectric ceramics. These superior strain properties come from remark-
able piezoelectric effects around the polymorphic phase boundary (PPB) or morphological
phase boundary (MPB) [18]. Wu et al. reported that the addition of Sr** is a modifier that
could effectively shift the Tr—o (Rhombohedral-Orthorhombic) and To—7 (Orthorhombic-
Tetragonal) values to construct phase boundary; as a result, 0.13%strain with 10% hys-
teresis was achieved [19]. Zhao et al. [20] explored a high-strain BT-based system of
(Baj_,Cay)(Ti; - yHfy)O3, which had the surprisingly enormous strain of Smax = 0.21% and
piezoelectricity coefficient of d33 = 540 pC/N by constructing multiphase coexistence, in-
cluding the R, O and T. Nevertheless, these samples were accompanied by hysteresis >10%.
It can be expected that we can possibly design BT-based piezoelectric ceramics of elec-
trostrictive effect near the phase boundary, which exhibit high-strain ceramics and further
suppress hysteresis.

Following the above research, we designed lead-free BaTiO3-based system piezo-
electric ceramics by doping a cubic SrTiOj3 into tetragonal BaTiO3 [21]. The two crystal
structures of cubic and tetragonal were selected as a result of both having the potential
to form a ferroelectric and pharaelectric phase boundary. At this time, the strain of BT-
100xST piezoelectric ceramics were generated by electrostrictive effect [22]. Meanwhile,
the BT-ST solid solution was confirmed because equivalent substitution can induce re-
laxor ferroelectric with low hysteresis [23]. In the case of BT-100xST ceramics, although
microwave-tunability [24], sintering behavior [25,26], and energy storage properties [27,28]
have been researched extensively during the past decades, hysteresis and electrostrictive
effects are still rarely reported. In the following, we shall expound the effect of Sr?* ad-
dition to BaTiO3 ceramics on the crystal structure, microstructure dielectric, ferroelectric,
strain and electrostrictive properties. Consequently, we have achieved an extraordinary
combination of low hysteresis, enhanced electrostrictive coefficient and high strain.

2. Materials and Methods

The powders of BaCOs3 (99.0%), SrCO3 (99.0%), TiO; (99.0%) were weighted as starting
raw materials according to the stoichiometric ratio of Ba(; Sty TiO3 (x = 0.10, 0.15, 0.20,
0.30, 0.40, 0.50 and 0.60, abbreviated as BT-100xST). The BT-100xST ceramics were fabricated
by the conventional solid-state reaction method, and the preparation process mainly carried
out the following chemical reactions to form a solid solution [24]. Details of the production
process can refer to Refs. [29,30].

BaCO3—BaO + CO, (1)

SrCO5;—SrO + CO, @)
BaO + SrO + TiO, — (BaSr)TiO3[BaTiO3-SrTiOs] 3)
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X-ray diffraction (XRD, Smart Lab 3 kW, Rigaku, Japan) analysis using Cu K«; radi-
ation was used to investigate the crystal structures of BT-100xST ceramics. The surface
appearance of thermally-etched samples was imaged by scanning electron microscopy
(SEM, JSM-6510, JEOL, Tokyo, Japan). A ferroelectric tester instrument (Precision Premier
II, Radiant Technology, San Diego, CA, USA) was used to measure electric properties
at room temperature, including bipolar polarization—electric field (P-E) hysteresis loops,
bipolar and unipolar strain-electric field (5-E) curves and current—electric field (I-E) curves.
Temperature-dependent dielectric permittivity and loss tangent under different frequencies
(0.1 kHz, 1 kHz, 10 kHz, 100 kHz) were measured by an LCR (Lenz Capacitor Resistance)
meter (4284 Agilent, Palo Alto, CA, USA) from —100 °C to 150 °C at a heating rate of
2 °C/min.

3. Results and Discussions
3.1. Microstructure

The room temperature XRD patterns of BT-100xST ceramics are illustrated in Figure 1a.
It can be seen that the detectable peaks of all samples demonstrate a pristine perovskite
structure without the presence of impurity peaks, implying that the Sr element has diffused
into the BT lattice to form complete, solid solutions. The diffraction peaks shift steadily to
higher angles with the increase in x (Figure 1b) as a result of the small radius (1.440 A) S
substituting for the large radius (1.610 A) Ba2*, which in turn results in the crystal lattice
shrinkage. Meanwhile, the diffraction peaks near 45° at x < 0.40 exhibit split characteristics,
and show a tendency to merge with the increasing quantity of x. A single diffraction
peak was observed in the composition with x > 0.40. To intuitively confirm the revolution
of phase structure, all the peaks around 45° were depicted by peak fitting, as shown in
Figure 1c. The sharp (200)t, (002)r peaks and ultra-weaker (200)c peaks were identified
in x < 0.30, which are attributed to a main tetragonal phase and infinitesimal cubic phase,
while an obvious (200)c peak was detected for x = 0.30, indicating the coexistence of the T
and C phase. With a further increase in x, the sharp (200)c peak and negligible (002)1 peak
were presented, suggesting the cubic phase nature of crystal structure.
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Figure 1. The X-ray diffraction (XRD) patterns of BT-100xST (x = 0.10-0.60) ceramics in the 26 range of (a) 10-80° and
(b) 44.5-46.5°, (c) peak fitting in the 26 range of 44.35-46.25°.

The SEM surface images of the BT-100xST ceramics with different Sr contents are
shown in Figure 2. All samples excellently exhibited dense grain structure, and the
microstructures become uniform with the increasing of x. The average grain size of BT-
100xST ceramics was obtained based on the statistical method and the corresponding results
are illustrated in the inset of the SEM surface images. It is noted that the BT-10ST ceramics
exhibit a large average grain size of 17.8 um, with the grain size gradually decreasing as
a result of increased ST concentration. Eventually, the grain size decreases to 5.2 um for
BT-60ST ceramics. Above all, results imply that the Sr>* ions can inhibit the growth of
grains and lead to uniform micromorphology.
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7WD11mm 8§S30 x1,000 10pm SEl  15kV WD11mm  SS30 x1,000 10pm SEl  15kV
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Lo N |
WD11mm  $S30 x1,000  10pm

Figure 2. The scanning electron microscopy (SEM) images and average grain size (the inset corresponding to the SEM
surface images) of BT-100xST ceramics, (a) x = 0.10, (b) x = 0.15, (c) x = 0.20, (d) x = 0.30, (e) x = 0.40, (f) x = 0.50.

3.2. Dielectric Behaviors

The phase structure of BT-100xST ceramics was further demonstrated by the tem-
perature dependence of permittivity and loss tangent, as is presented in Figure 3a—g. It
can be seen that several dielectric peaks and dielectric loss peaks associated with phase
transition are detected, and they are denoted as Tr,, T1, and T5. Following the decreasing
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of temperature, Try, T1, and T, correspond to the phase transition temperature of cubic
paraelectric to tetragonal ferroelectric, tetragonal ferroelectric to orthorhombic ferroelectric,
and orthorhombic ferroelectric to rhombohedral ferroelectric, respectively [31]. Increasing
the ST content causes Try, T1 and T to shift to low temperatures. In addition, the dielectric
loss does not exceed 2%at higher frequencies. Note that the value of dielectric loss mea-
sured at 0.1 kHz rises dramatically when the temperature exceeds 80 °C. This might be due
to charges or defects being activated easily at high temperature and low frequency [32].
According to the profile of permittivity and dielectric loss as a function of temperature,
the phase diagram is depicted as shown in Figure 2h. The phase structure of BT-100xST
ceramics is tetragonal for x < 0.20 and cubic for x > 0.40. For x = 0.30, the BT-30ST ceramics
exhibit a tetragonal phase coexisting with the cubic phase at room temperature. This result

is consistent with the phase structure determined by the XRD pattern.
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Figure 3. Temperature dependence of permittivity and loss tangent for BT-100xST, (a) x = 0.10, (b) x = 0.15, (c) x = 0.20,
(d) x =0.30, (e) x = 0.40, (f) x = 0.50, (g) x = 0.60 and (h) the phase diagram of BT-100xST based on T, T7 and T>.

The further detail regarding the frequency dependence of permittivity as a function of
temperature is presented in Figure 4. By increasing Sr content, the dielectric peaks begin
flattening. Furthermore, the significant frequency dispersion that causes the dielectric
constant to decline and the corresponding Ty, peak shifts to increase in temperature at
a higher frequency were observed at x = 0.20-0.40. For x being up to 0.40, the dielectric
anomaly peak becomes even narrower, which implies the feebleness of the relaxor degree.
In general, a broad Ty, peak exists in the composition of BT-100xST ceramics due to the
diffuse phase transition (DPT).
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Figure 4. The frequency dependence of permittivity as a function of temperature for BT-100xST, (a) x = 0.10, (b) x = 0.15,
() x=0.20, (d) x = 0.30, (e) x = 0.40, (f) x = 0.50, (g) x = 0.60.

In order to analyze the diffuseness of the DPT quantitatively, a modified Curie-Weiss
law is defined, followed by Equation (4) [33,34].

1 1 (T—Tw)"

E*g—#(T>Tm) 4)
where C is the Curie-like constant. The index 7 represents the character of the phase
transition; y = 1 and 7y = 2 correspond to a typical ferroelectric and absolute diffuse phase
transition, respectively. For different compositions, the slope of a linear relation between
In(1/er — 1/€y) and In(T — Ti) was extracted by fitting a straight-line equation, as shown
in Figure 5. With an increase in x from 0.10 to 0.30, the index < value rises from 1.19 to
1.36, and then vy decreases to 1.10, where x = 0.60. The value of v for x = 0.30 and 0.40 are
1.36 and 1.29, respectively. These results suggest that BI-30ST and BT-40ST ceramics have
more obvious diffuse phase transitions, which corresponds to broader dielectric peaks. The
fluctuation of local components leads to the occurrence of DPT, which leads to microregions
with different local Curie points exhibiting a Gaussian distribution near the mean Curie
temperature [35]. Above all, these results demonstrate that the ceramics with x = 0.20-0.40
have canonical relaxor behavioral properties.
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Figure 5. Linear fit graph of diffuseness factor y of BT-100xST ceramics, (a) x = 0.10, (b) x = 0.20, (c) x = 0.30, (d) x = 0.40,

(e) x =0.50, (f) x = 0.60.

3.3. Ferroelectric and Piezoelectric Properties

Figure 6a presents the room temperature P-E hysteresis loops of BT-100xST (x = 0.10-0.60).
The well-saturated hysteresis loops of low-doping BT-based ceramics (x < 0.20) are on the
verge of typical ferroelectric behavior [36], and the high values of Pmay, Pr, and E. were
measured, corresponding to 26.2 uC/ cm?, 14.1 uC/cm? and 10.3 kV/cm, respectively, at
x = 0.10. In the composition of x = 0.10-0.40, it is worth noting that the hysteresis loop
transformed from a square profile into a slim profile with the increase in x. The slim
hysteresis loop implies the prominent relaxor characteristic. The variation of maximum
polarization (Pmax), remnant polarization (P;), and coercive electric field (E.) as a function
of x is depicted in Figure 6b. The decline of P; and E. is more dramatic than Ppax. As a
result, the following values were achieved at x = 0.40: P, = 0.85 uC/ cm?, E.=1.5kV/cm
and Ppax = 16 uC/cm?. To better interpret the relaxor behavior, Figure 6¢ presents the I-E
curves of BT-100xST (x = 0.10-0.60). For the ceramics with x = 0.10-0.40, it is obviously
observed that sharp current peaks gradually broaden. The broad current peaks also reflect
a relaxor ferroelectric behavior of the ceramics with x = 0.30-0.40 [37]. The current peak
is related to domain reversal, while a broad current peak refers to the switching of nano-
domains, which is different from the sharp current peak generated by the switching of
macro-domains [35]. With a further increase in ST content, the ceramic shows a linear
feature, indicating that the BT-60ST ceramic is a linear dielectric material. It is worth noting
that the corresponding I-E curves are a square loop. These results have also been reflected
in other reports [38].

Figure 7 presents the room temperature S-E curves of BT-100xST (x = 0.10-0.60). The
bipolar S-E curves (Figure 7a) show the butterfly-like shape at a low degree of substitution
(x < 0.20), which exhibits the ferroelectric feature. In contrast, the S—E curves transform
from the butterfly shape to a symmetric narrow shape (along with the disappearance
of the negative electro-strain) as the x exceeds 0.30, originating from the appearance of
typical relaxor ferroelectrics. The unipolar S—E curves (Figure 7b) show that the strain rises
upward first and then falls down with the increasing value of x. The maximum value of
unipolar strain was obtained in x = 0.20. Figure 7c clearly shows the variation of maximum
strain (Smax), negative strain (Sneg), and hysteresis (Hys) as a function of x. For x being
up to 0.20, the distinct negative strain is attributed to the irreversible ferroelectric domain
wall switching [38]. Thereafter, it keeps a downward tendency and approximates to zero,
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suggesting that irreversible ferroelectric domains decrease. The strain hysteresis is defined
by the equation: Hys = AS/Smax x 100%, where AS is the difference of strain at a half
maximum field. The highest strain (0.20%) was obtained at x = 0.20, while accompanied by
a relatively high hysteresis (11.48%). The superior property of less than 2%hysteresis with
0.11%strain was obtained at x = 0.30. With the further increase to x = 0.50, the hysteresis
increases drastically.

3.4. Electrostrictive Effect

Compared with the extrinsic activity (domain wall motion) and piezoelectric effect,
the electrostrictive contribution shows ultra-low hysteresis and high stability with response
to the extra electric field [39,40]. The BT-30ST and BT-40ST ceramics present ultra-low hys-
teresis properties, which implies that the strain with the low hysteresis is mainly attributed
to intrinsic electrostrictive effect rather than macro-domain switching. Figure 8 shows the
strain as a function of polarization at room temperature of BT-100xST ceramics. The width
trait of the S—P curves dependent of x also reflects the magnitude of the hysteresis as shown
in S—-E curves. According to the equation S = QP?, Figure 9 shows the electrostriction
coefficient Q33 obtained by the quadratic fitting of S and P derived from the corresponding
S5-E and P-E curves. The magnitude of the R coefficient of quadratic fitting S—P curves
reflects the degree of deviation from the quadratic relation as shown in Figure 9. The value
of R being distant from one means that the electrostrictive effect is reduced.
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As can be seen in Figures 8 and 9, the S—P curves of ceramics where x < 0.20 deviates
from the quadratic relation, presenting an obvious hysteresis, which means that the strain
is not only based on electrostrictive effect, but also affected by the extrinsic motion of
domain walls [39]. The results are in good agreement with the result of the S—E loop. In
contrast, S—P curves are well-fitted, based on a quadratic relationship for BT-30ST and
BT-40ST ceramics, indicating a favorable electrostriction effect (R > 0.98). Furthermore, the
Q33 of BT-30ST and BT-40ST ceramics are 0.030 m*/c? and Q33 = 0.034 m*/c?, which are
higher than most BNT-based ceramics [41,42].

3.5. Overview

Table 1 summarizes the Hys, Q33 and Smax properties in the BT-100xST and the recently
reported BT-based and other system ceramics. It can be seen that the Hys value is inferior
to that of other BT-based and BNT-based piezoelectric ceramics, and the value of Q33 is
also superior to lead-based and BNT-based piezoelectric ceramics. In addition, the BT-30ST
ceramics strain values remain satisfactory. For previously published works, firstly, the
giant strain is based on transition from ferroelectric to relaxor phase or ferroelectric to
aftiferroelectric phase, the result always inevitably accompanied by a large hysteresis
in BNT-based ceramics. Secondly, improved Q33 and low hysteresis were observed by
shifting T¢ to around room temperature quickly or designing a relaxor with electrostrictive
effect in a lead-based ceramics system; however, the lead material is an unmet demand
in practical application. Thirdly, BT-based ceramics can efficaciously suppress hysteresis
by chemical modification. Finally, in this work the BT-100xST material was selected and
a manner of coexisting phase was designed. The result show that enhanced Q33 and
suppressive hysteresis.
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Table 1. Comparison of Q33, Smax, and Hys values of other BT-based, BNT-based and lead-based ceramics.
Smax (0/0) Hys (0/0) Q33 (m4/C2) Ref.
Bi()_5(NaO.8K0_2)O_5TiO3 0.44 60.0 - [4]
O.99(Bio.5Na0'4K0'1 )TiO3-0.01(KxNa1 ,x)N_bO:g 0.46 55.0 - [5]
Bio'5Na0'5TiO3—BiO,5K0'5TiO3—BaZr0.05Ti0,95O3 0.12 40 0.0237 [9]
Biy Ti3012-Big 5(Nag 82K0.18)0.5TiO3 0.29 23 - [10]
Bio_5(Na0'82K0'18)0_5TiO3-X51’1 0.45 21 0.023 [12]
Big 5Nag 5TiO3-BaTiO3-KNbO3 0.08 - 0.027 [41]
Pb(h’ll/2Nb1/2)03-Pb(Mg1/3Nb2/3)03-PbT103 0.09 5 0.030 [14]
Bi(Lig 5Nby 503-Pb(Mg; 3Nby3)O03-PbTiO; 0.22 7 0.018 [15]
Pb(Mgl/3Nb2/3)O3-PbT103-Ba(Zn1/3Nb2/3)03 0.17 10 0.025 [43]
BaZrO‘zTiOBOg—Bao.7Ca0‘3TiO3—Ba0‘7Sr0‘3TiO3 0.13 10 - [19]
(Bay_,Cay)(Tij_,Hf;)O3 0.21 12 - [20]
(1 7X)(Blo5Na05TIO3—O1lBaTIO3)—XBaZI'02T10803 0.27 26 0.032 [37]
BaTiO3-30SrTiO3 0.11 2 0.034 This work

References

4. Conclusions

In summary, the macroscopic electrostrictive strain of BT-100xST ceramics was ana-
lyzed by multi-perspective, including the microstructure, crystal structure, relaxor proper-
ties, and ferroelectric properties. A highlight of this investigation is to adjust the composi-
tion to promote relaxor behavior appearance with electrostrictive effect, and construct the
T-C phase boundary at room temperature. The results demonstrate that the uniform and
dense microstructure, along with the coexisting structure of cubic symmetry and tetragonal
symmetry, contributes to the superior properties. For the composition of x = 0.20-0.40,
the frequency shift of T, and frequency dependence of permittivity as a function of tem-
perature illustrates that the ceramics have canonical relaxor behavior with y = 1.23-1.36.
Simultaneously, the P-E loops, S—E loops and I-E curves present relaxor behavior char-
acteristics. As a result, an ultra-low hysteresis (<2%) with a high strain (>0.11%) has
been successfully acquired at a composition of x = 0.30, and accompanied by a superior
electrostrictive coefficient Q33 (0.034 m*/c?). Overall, the BT-30ST ceramics would have
significant advantages in high-precision ceramic actuators.
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