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Abstract: Piezoelectric ceramics with excellent piezoelectric properties and a high Curie temperature
are important for numerous electromechanical devices in a broad range of temperature environments.
In this work, the relaxor ferroelectric Pb(Yb; ;2Nb; /)O3 end member was selected to be introduced
into a BiScO3-PbTiO3 high-temperature piezoelectric ceramic to reduce the dielectric loss and improve
the piezoelectric properties while slightly reducing the Curie temperature. The phase structure
and dielectric, ferroelectric and piezoelectric properties of 0.025Pb(Yb; /Nb; /2)O3-(0.975—x)BiScO3-
xPbTiO3 (0.60 < x < 0.63) ceramics were systematically analyzed, and the best electrical properties
were observed in the morphotropic phase boundary region x = 0.61 with d33 = 370 pC/N, kp = 44%,
Py = 33.9 uC/cm?. Importantly, no significant depolarization was observed in the x = 0.61 ceramic
from room temperature to 290 °C, demonstrating its good thermal stability and potential applications

in a wide range of temperature environments.

Keywords: piezoelectric; high temperature; capacitor; stability

1. Introduction

Piezoelectric ceramics, which can convert mechanical energy and electrical energy,
are widely used in electronic communication, mechanical manufacturing, military applica-
tions and other fields [1-3]. In general, the application temperature range of piezoelectric
ceramics is limited to less than half of the Curie temperature due to the depolarization
effect during the heating process. For commercial lead zirconate-titanate(Pb(Zr,Ti)O3, PZT)
piezoceramics, which are widely applied, the Curie temperature is usually lower that
300 °C [4]. In recent years, with the rapid development of energy exploration, vehicle
manufacturing, the aerospace industry and other fields, piezoelectric materials have in-
creasingly been required to maintain a stable working state in many harsh environments [5].
For example, the electric injection device of an automobile’s internal combustion engine
requires piezoelectric materials to work stably in a high-temperature environment above
200 °C or even 300 °C. In the process of petroleum prospecting, piezoelectric sensors for
detecting oil pressure and other parameters in deep wells also pose new challenges for the
use of piezoelectric materials. Therefore, the development of piezoelectric ceramics with
a Curie temperature above 300 °C and excellent piezoelectric properties has become an
urgent need to address the demand of growing industrial production [6].

In 2001, Eitel et al. reported a bismuth-based piezoelectric ceramic solid solution
with the general formula Bi(Me)O3-PbTiO3, where Me represents ions or ionic groups
with a +3 valence state, such as Sc®*, In3*, Yb®*, etc. [7]. Among them, BiScO3-PbTiO;
(BS-PT) piezoelectric ceramics are the most significant because they not only have excel-
lent piezoelectric properties, but also maintain a high Curie temperature. Similar to PZT
piezoceramics, the optimal piezoelectric properties of BS-PT solid solution are obtained
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in the morphotropic phase boundary (MPB) region, with a high piezoelectric coefficient
dz3 = 460 pC/N, which is similar to that of traditional PZT-based piezoelectric ceramics,
but the Curie temperature T is as high as 450 °C [8-10]. In order to further improve
on these piezoelectric properties, numerous modifications have been reported. The re-
search on these modifications can mainly be divided into covering three methods: one is
single-element doping, the second is composite-ion doping, and the third involves the in-
troduction of a third solid-solution system. Since single-element doping and composite-ion
doping struggle to achieve accurate adjustment of performance, the introduction of a third
component has become a current research hot spot. Lead-based relaxor ferroelectrics, the
general formula of which is Pb(B1,B;)O3, where B represents low-valence cations (such
as Mg, Zn, Fe, Ni, Yb, Cd, etc.) and B, represents high-valence cations (such as Nb, Sb,
Ta, etc.), are usually selected as a third component to be introduced into a BS-PT system
due to their excellent dielectric and piezoelectric properties [11-13]. The introduction
of relaxor ferroelectric end members not only improves the relaxor characteristics and
electrical properties, but also can form a ternary solid solution formed with the BS-PT
system, and extend its MPB region from a point to a line, which can achieve performance
regulation in a wider range. In 2002, Ryu Jungho et al. studied the ternary system of
BiScO;3-PbTiO3-Pb(Mn; ;3Nb, /3)O3 by means of solid-phase synthesis [14]. The results
show that in the ternary system of (0.9—x) BiScO3-xPbTiO3-0.1Pb(Mn; ;3Nb; /3)O3, the MPB
shifts to x = 0.6, which is slightly lower than the value of 0.64 for BS-PT. The piezoelectric
constant and electromechanical coupling coefficient near MPB are 220pC/N and 0.34, re-
spectively. The mechanical quality factor of the system is significantly improved, reaching
1000 at x = 0.68, and the Curie temperature at this point also reaches 420 °C. In 2008, the
study of a Pb(Sc1,/,Nb /)O3-BiScO3-PbTiO3 ternary system was reported [15]. The main
performance parameters of the Pb(Scj/,Nbq,,)O3 ternary system were d33 = 453pC/N,
kp =0.58, and T, = 405 °C. However, its thermal stability is poor. In general, high-voltage
electrical activity and good thermal stability do not easily coexist, which affects the practical
application of materials [16]. This experiment hopes that through the application of the
solid solution of the third component, under the premise of high piezoelectric activity, the
material will have good thermal stability, so that it can better meet the requirements for
practical applications. In this experiment, the third component was selected by considering
the tolerance factor.

The tolerance factor is the most important parameter used to characterize the structural
stability and Curie temperature of materials [17]. In general, the perovskite structure with
a low tolerance factor usually has a high Curie temperature, and when the tolerance
factor is closer to 1, the component is more easily dissolved as the third component.
Pb(Yb;,/,Nb; /)O3, which has a low tolerance factor of 0.951, forms a solid solution with
PT material with a Curie temperature of 360 °C in the MPB region. Therefore, in this work,
a Pb(Yb; /,Nbq /)O3 end member was selected as the third component to form a ternary
solid solution with BS-PT ceramics, in order to improve its piezoelectric properties while
reducing the Curie temperature slightly, and meet the requirements for the application of
high-performance piezoelectric ceramics in high-temperature environments [18].

2. Experimental Procedures

The 0.025Pb(Yb; /;Nb /2)03-(0.975—x)BiScO3-xPbTiO3 (PYN-BS-xPT) ternary piezo-
electric ceramics were synthesized via the traditional solid-state reaction method. High-
purity raw materials of BiyO3 (99.9%,), Sc203 (99.9%), PbO (99.9%), TiO; (99%), YbyO3
(99.9%), and Nb, O3 (99.99%) were weighed according to the stoichiometric ratio [16]. The
raw materials used in this experiment were obtained from Shanghai Aladdin Biotechnology
Co., Ltd.(Shanghai, China). For the purpose of preventing the generation of a pyrochlore
phase, the precursor of Yb,Nb,Og was prepared by means of the reaction of Yb,O3 and
Nb,Os before the reaction with PbO. To compensate for the evaporation of Pb and Bi ions
during high-temperature sintering, an excess of 1 wt% of Bi,O3 and PbO each was added
to ensure that the desired composition was obtained [19]. The weighed powders were
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ball-milled with ethanol for 16 h, and then the slurry was dried in an oven at a temperature
of 80 °C [20]. Subsequently, the powder was placed in crucibles and heated up to 850 °C
at a speed of 4 °C/min for 4 h. The calcined powder was ball milled again using the
same procedure, and a polyvinyl alcohol (PVA) binder was added and scalped using a
100-mesh sizer. The powder was compressed at a pressure of 150 Mpa to form samples
with a diameter of 12 mm and a thickness of 1 mm [21,22]. The samples were heated up
to 600 °C at a speed of 1 °C/min to remove the PVA binder. Subsequently, the samples
were placed on Al,O3 plates and evenly covered with powder of the same composition.
The samples were heated up to 1100 °C-1150 °C at a speed of 2 °C/min and held for 3 h
for sintering, and finally cooled naturally to room temperature. After polishing, a uniform
layer of silver paste was coated on the surface of the sintered samples and heated up to
580 °C for 10 min [23,24].

After polishing, the density of the ceramic samples obtained at different sintering
temperatures was measured according to the Archimedes drainage method. The formula is
as follows: m

P=———"""—XPw 1)

m3 — mjp

In this formula, m; is the weight of the dried ceramic sample, m; is the weight of the
ceramic sample in deionized water, and m3 is the weight of the ceramic sample after wiping
off the surface moisture.

After the density test of the ceramic sample, the sintering temperature with the highest
density was selected as the optimal sintering temperature for subsequent experiments.

The phase analysis of the sample was carried out using the PANalytiacal X'Pert
PW3050/60 X-ray diffractometer produced by Philips in the Netherlands. The microstruc-
tural morphology of the sample was observed and analyzed via field-emission scanning
electron microscopy (Quanta450FEG, FEI Company, Hillsboro, OR, USA) [25]. After the
ceramic samples were polarized in silicone oil at 120 °C for 30 min, the piezoelectric
coefficient of the samples was measured using a quasi-static d33 measuring instrument
produced by the Institute of Acoustics, Chinese Academy of Sciences (Beijing, China) [26].
The resonance-antiresonance frequency of the sample was measured using an HP4294A
precision impedance analyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). The
dielectric temperature spectrum of the sample was tested using the impedance analyzer
produced by Agilent company and the intelligent temperature controller system (Santa
Clara, CA, USA). The ferroelectric hysteresis (P-E) loops was measured using an exactitude
workstation produced by Polyk in the United States (State College, PA, USA) [27]. In
addition, the stability of the sample was characterized in this experiment, including cycle
stability and temperature stability test.

3. Results and Discussion
3.1. Structure and Phase Analysis

The bulk density of ceramics can reflect the density of ceramic samples after sintering,
and can reflect the compactness and porosity of the internal grain arrangement of ceramic
samples to a certain extent. Figure 1 shows the density of ceramic samples at different
sintering temperatures. It can be seen from the diagram that the density of the ceramic
sample increases first and then decreases with the increase in the sintering temperature
under the same component, and the maximum value is obtained at 1130 °C. Therefore, we
choose 1130 °C as the best sintering temperature for PYN-BS-PT ceramics.

Figure 2a presents the XRD pattern of PYN-(0.975—x)BS-xPT (PYN-BS-xPT) piezoelec-
tric ceramics, and Figure 2b presents the {200} peak amplification diagram of PYN-BS-xPT
ceramics, where R represents the rhombohedral phase and T represents the tetragonal
phase. It can be observed that all the samples show a perovskite structure without the pres-
ence of a second phase, indicating that the third component PYN has completely entered
the BS-PT system and formed a steady solid solution. With the increase in PT content, the
lattice symmetry of PYN-BS-xPT piezoelectric ceramics gradually changed. When x = 0.60,
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the (200) diffraction peak of the PYN-BS-xPT ceramic is a single diffraction peak, indicating
that the x = 0.60 ceramic has an R phase. With the increase in PT content, the (200) peak
gradually widens and splits, and completely splits into two diffraction peaks (002)/(200)
in the x = 0.62 ceramic, indicating that the phase structure of the PYN-BS-xPT ceramic
shifted from an R phase to a T phase [28]. As shown in Figure 2b, when x < 0.61, the
material is a rhombohedral phase; when x > 0.61, the material is a tetragonal phase. When
x = 0.61, the material is in a two-phase coexistence state—that is, there is a morphotropic
phase boundary region, which is beneficial for obtaining high dielectric and piezoelectric
properties. This is different from the MPB region of the pure (1—x)BS-xPT system located at
x = 0.64, due to the introduction of Yb**and Nb>* cations in the PYN system which replace
the Sc3*and Ti** ions, resulting in a slight shift in the MPB region [29].

—l— 1100 °C
—@— 1110 °C
730 - —— 1120 °C

—y— 1130 °C
—@—1140°C

725 _ qgfgzuswc/"

Bulk Density (g/cm?)
N 2
= & B

-

]

wn
T

P
=
=

0.60 0.61 0.62 0.63
PT content

Figure 1. Density of ceramic samples sintered at different temperatures.

Figure 3 is the SEM image of the PYN-BS-xPT peizoelectric ceramics. It can be observed
that the microstructure of all of the samples is uniform, dense, and has no obvious pores,
indicating that the sintering temperature is suitable. The dense and uniform ceramic
material is the basis for its excellent piezoelectric and mechanical properties [30]. The grain
size of PYN-BS-xPT ceramics was statistically analyzed and the results are shown in the
inset. There is no significant change in grain size as the PT content increases from x = 0.60
to x = 0.63, with an average grain size of 2.69 pm and 3.01 um, respectively.
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Figure 2. (a) XRD patterns and (b) magnified {200} peak of the PYN-BS-xPT ceramics.

Figure 3. SEM micrographs of the PYN-BS-xPT ceramics: (a) x = 0.60; (b) x = 0.61; (c) x = 0.62
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3.2. Dielectric Behavior

Figure 4 shows the dielectric constant and dielectric loss of PYN-BS-xPT ceramics
at different temperature and frequencies. It can be seen that the dielectric constant has a
dielectric anomaly at the ferroelectric to paraelectric phase transition point—that is, the
Curie temperature [31]. The Curie temperature of PYN-BS-xPT ceramics increases linearly
with the increase in PT content, from 412 °C for x = 0.60 to 424 °C for x = 0.63, which is
slightly lower than that of the BS-PT solid solution, indicating that the introduction of
PYN will decrease the Curie temperature of BS-PT ceramics [32]. At the same time, the
dielectric temperature spectrum of PYN-BS-xPT ceramics shows a significant broadening
peak, and the degree of broadening with the increase in PT content gradually decreases. As
a typical relaxor ferroelectric end member, PYN is introduced into the BS-PT binary system
to enhance its relaxor properties, which can be demonstrated by the dielectric temperature
spectrum at different frequencies, as shown in Figure 4b. The dielectric constant of PYN-
BS-0.61PT ceramics shows a relatively wide peak and the Curie temperature gradually
moves in the high-frequency direction. All of the results show that the incorporation of
PYN provides the ternary PYN-BS-0.61PT ceramics with relaxor characteristics, as a typical
perovskite-type relaxor ferroelectric. This result is mainly due to the unequal substitution
of Yb** and Nb>* ions, which destroys the balance of the internal valence, may lead to
chemical heterogeneity and structural disorder, and finally causes the relaxation behavior
of PYN-BS-0.61PT. The dielectric loss shows the same trend as the dielectric temperature.
When x = 0.61, the dielectric loss at room temperature decreases from 0.05 to only 0.0149.
Compared with the doped BS-PT binary piezoelectric ceramics, the dielectric loss is greatly
improved [33]. This shows that the doped ternary system piezoelectric ceramics can better
meet the application requirements.

A
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Figure 4. Temperature dependence of the dielectric response of the PYN-BS-xPT ceramics: (a) x = 0.60;
(b) x =0.61; (c) x = 0.62; (d) x = 0.63.
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3.3. Piezoelectric and Ferroelectric Properties

Figure 5 shows the piezoelectric coefficient ds3 and planar electromechanical coupling
factor kp of PYN-BS-xPT piezoelectric ceramics, and the kp is calculated based on the
following formula:

1 fr

B2 0.398 T +0.579 )
where f, is the antiresonance frequency and f; is the resonance frequency [34]. It can be
observed that the piezoelectric d33 and kp of PYN-BS-xPT ceramics show the same trend—
that is, increasing first and then decreasing with an increase in PT composition. The best
piezoelectric properties were observed at x = 0.61 with d33 = 370 pC/N and kp, = 0.44. This
is consistent with the results of XRD patterns, further proving that the optimal piezoelectric
properties are obtained at x = 0.61 in the MPB region, where the R phase and T phase coexist,
and the polarization intensity shows more equivalent energy states. The R phase has eight
equivalent energy states on the [111] polar axis, and T phase has six equivalent energy
states on the [100] polar axis. For the MPB region where two phases coexist, 14 equivalent
energy states can be converted into each other under a low energy level, which is beneficial
for improving the polarization and piezoelectric properties [35,36].

400
0.45
350
0.40
2 300
~ 0.35
O 250 o
= -
0.30
'EQ 200
150 0.25
100 | 40.20
0.60 0.61 0.62 0.63
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Figure 5. Piezoelectric coefficient d33 and planar electromechanical coupling factor k, for PYN-BS-
xPT ceramics.

Figure 6a displays the P-E loops of PYN-BS-xPT peizoelectric ceramics. It can be
observed that all samples show a saturated P-E loop without obvious leakage behavior.
The remanent polarization P; and coercive field E. are extracted as shown in Figure 6b. The
P; increases with the increase in PT content, reaching a maximum value of 33.9 pC/ cm?
at x = 0.61, and then gradually decreases to 20.8 pC/cm? at x = 0.63. The highest value
obtained for the x = 0.61 ceramic further proves that it is located in the MPB region.
Compared with the unmodified BS-PT binary system, P; is greatly improved, which proves
that the introduction of PYN optimizes the ferroelectric properties of BS-PT.



Crystals 2024, 14, 91 80f13

60

~ @ ——op.60

& 4} —osl ﬁ
2 _ 0.62 v
% 20 0.63 %

g / /

: v

T 20f /

& > |

2l ==

A 40}

80 60 40 20 0 20 40 60 80
Electric Field (kV/cm)

36 35
() —~—P

28

24}

P, (nC/cm?)
.\\\l
|
E. (kV/cm)

20 F

16

20

0.60 0.61 0.62 0.63
PT content

Figure 6. (a) Polarization hysteresis loops of the PYN-BS-xPT ceramics, (b) remanent polarization Py
and coercive field E. of the PYN-BS-xPT ceramics.

The electric field-induced strain of the piezoelectric material is an important parameter
in the design of the actuator, which comes from the intrinsic contribution provided by
the inverse piezoelectric effect and the extrinsic contribution caused by the domain wall
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motion [37]. Figure 7 presents the electric field-induced strain curve of the PYN-BS-xPT
ceramic. The larger the electro-induced strain is, the larger the driving displacement under
the same voltage is. In this experiment, all ceramic samples maintained good linearity and
achieved a maximum strain of 0.17% at room temperature, indicating that the component
is very suitable for the design of high-temperature piezoelectric actuators.

0.60
_0.61 0.17

0.16 | [——0.62

063 0.15 - 0.15

.C

[

N
T

Strain S (%)
&
&

0.04 -

0.00

Figure 7. The electric field-induced strain curve of PYN-BS-xPT.

3.4. Stability Analysis

The cyclic stability of ceramics is one of the key parameters for their service life and
reliability [38,39]. Figure 8 shows the P-E cycling stability of PYN-BS-0.61PT at room
temperature. It can be observed that after 10° cycles, the P-E curve of the ceramic is still
in a saturated state, and there is no obvious leakage phenomenon. There is no significant
change in the P-E curve compared with the P-E curve before the cycle, which indicates
that the PYN-BS-xPT ceramics have excellent stability and reliability in long-term use.

To further explore the temperature stability of piezoelectric properties, the piezoelectric
ds3 of PYN-BS-xPT ceramics at different annealing temperatures was characterized, as
shown in Figure 9. All PYN-BS-xPT ceramic samples exhibited a stable d33 with the increase
in annealing temperature, and this decreased sharply after reaching the depolarization
temperature. It is worth noting that the PYN-BS-0.61PT ceramic with a high piezoelectric
ds3 = 370 pC/N displayed no significant attenuation in the range of room temperature
to 290 °C, showing its potential for application in piezoelectric devices with variable
temperature [40].

In order to further study the strain—temperature stability of PYN-BS-xPT ceramics,
we measured the field-induced strain of ceramic samples with x = 0.61 in the temperature
range of 30 °C-240 °C. The measurement results are shown in Figure 10. It can be seen
from the diagram that the change rate of field-induced strain of the ceramic sample with
temperature is about 3%, showing good temperature stability. In summary, the temperature
stability of PYN-BS-xPT is much higher than that of commercial ceramics such as PZT
5H, PZT 4 and PNN-PZ-PT, and it is an ideal material for application in the field of wide-
temperature-range and high-performance piezoelectric actuators.
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Figure 10. The variation trend of the electric field-induced strain curve of PYN-BS-61PT with temperature.

4. Conclusions

In summary, PYN-BS-xPT (0.60 < x < 0.63) ternary system ceramics were prepared by
means of the solid-state sintering method. The effects of PYN and PT contents on the phase
structure, microstructure, dielectric, ferroelectric and piezoelectric properties of PYN-BS-
xPT ceramics were systematically studied. The XRD and SEM results show that a PYN end
member can be completely integrated into the BS-PT system and form a dense and uniform
microstructure. The best piezoelectric properties are obtained in the MPB region x = 0.61
where rhombohedral and tetragonal phases coexist, with the d33, kp and &, being 370 pC/N,
0.44 and 878, respectively. Good fatigue resistance is observed in the unipolar stain fatigue
curve, accompanied by a low reduction from 1 to more than 10° cycles. Outstanding
temperature stability from room temperature to 290 °C is observed for the x = 0.61 ceramic,
due to its high Curie temperature T =417 °C. In traditional piezoelectric ceramics, although
the morphotropic phase boundary region has high piezoelectric activity, it generally has
poor thermal stability. The ceramic produced in this work not only have high piezoelectric
activity, but also exhibit good thermal stability, which is one of the highlights of this
experiment. In addition, this experiment uses the traditional solid-phase sintering method,
which is simple, low-cost, and helpful for large-scale industrial production in the future. All
of the results show that PYN-modified BS-PT ceramics have excellent piezoelectric activity
and thermal stability, making them ideal piezoelectric materials suitable for application in
high-temperature environments.
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