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BiScO3–PbTiO3 binary ceramics own both high Curie temperature and prominent piezoelectric properties, while the high dielectric 
loss needs to be reduced substantially for practical application especially at high temperatures. In this work, a ternary perovskite 
system of (1–x–y)BiScO3–yPbTiO3–xBi(Mn2/3Sb1/3)O3 (BS–yPT–xBMS) with x = 0.005, y = 0.630–0.645 and x = 0.015, y = 
0.625–0.640 was prepared by the traditional solid-state reaction method. The phase structure, microstructure, dielectric/piezoelec-
tric/ferroelectric properties were studied. Among BS–yPT–xBMS ceramic series, the BS–0.630PT–0.015BMS at morphotropic 
phase boundary possesses the reduced dielectric loss factor (tanδ = 1.20%) and increased mechanical quality factor (Qm = 84), 
and maintains a high Curie temperature (TC = 410°C) and excellent piezoelectric properties (d33 = 330 pC/N) simultaneously. Of 
particular importance, at elevated temperature of 200°C, the value of tanδ is only increased to 1.59%. All these properties indicate 
that the BS–0.630PT–0.015BMS ceramic has great potential for application in high-temperature piezoelectric devices.

Keywords: High-temperature piezoelectric ceramics; BiScO3–PbTiO3; morphotropic phase boundary; Bi(Mn2/3Sb1/3)O3.

1. � Introduction

Piezoelectric functional materials have broad applications in 
various industrial devices, such as piezoelectric sensors, actu-
ators, and transducers. However, with the rapid development 
of automotive manufacturing, energy exploration, aerospace, 
and other fields, there is an urgent demand for high-tempera-
ture piezoelectric materials (T ≥ 200°C).1–6 Lead zirconate 
titanate Pb(Zr,Ti)O3 (PZT) piezoelectric ceramics have been 
occupying the market of commercial piezoelectric devices 
due to their competitive comprehensive properties, rich 
component adjustability, and simple preparation process. 
However, the low Curie temperatures TC (TC ≤ 370°C) of PZT 
systems restrict their applications at only below 170°C.7–11 
Therefore, the traditional PZT ceramics cannot meet the use 
requirements for high temperatures.

Aiming at the high-temperature application field, the 
explorations of various piezoelectric ceramic systems have 
been carried out, such as Bi3TiNbO9 (TC = 907°C, d33 = 3 
pC/N),12 Na0.5Bi4.5Ti4O15 (TC = 657°C, d33 = 16 pC/N),13 and 
Bi(Me)O3–PbTiO3 (Me = Sc, In, Yb, Mg/Ti, Fe and Ga).14 
Among them, the BiScO3–PbTiO3 ceramic systems have 
attracted increasing research interest. Especially, a large 
piezoelectric coefficient (d33 = 460 pC/N) and a high Curie 
temperature (TC = 450°C) have been obtained simultaneously 
in 0.36BiScO3–0.64PbTiO3 (0.36BS–0.64PT) with morpho-
tropic phase boundary (MPB) composition,15 indicating the 

great potential for high-temperature applications. However, 
the high dielectric loss factor (tanδ > 3%) and low mechani-
cal quality factor (Qm < 30) are obtained for 0.36BS–0.64PT 
ceramic and other BS–PT compositions,16 severely limiting 
their applications as electronic devices at high temperatures 
due to the high energy consumption and high heat dissipa-
tion. To improve the overall performances, great efforts have 
been made by composition regulation, such as doping with 
La, Zr, Mn, and other single elements,17–20 or introducing a 
third component such as Pb(Mn1/3Sb2/3)O3, Pb(Zn1/3Nb2/3)O3, 
and Pb(Mg1/3Nb2/3)O3.21–23 Unfortunately, the modification 
is often accompanied by a serious decrease in Curie tem-
perature or piezoelectric constant. For example, the reported 
0.34BS–0.65PT–0.01Pb(Mn1/3Sb2/3)O3 has a reduced tanδ of 
1.13%@50°C and slightly decreased TC of 422°C, while the 
d33 is only 200 pC/N at room temperature and the tanδ is over 
10% at 200°C.21 Another composition of 0.33BS–0.60PT–
0.07Pb(Mn1/3Sb2/3)O3 exhibits a low tanδ of 1.4% at room 
temperature, while both d33 of 225 pC/N and TC of 330°C 
are seriously attenuated.24 Therefore, how to make a good 
balance among piezoelectric constant, Curie temperature and 
tanδ for BS–PT ceramics remains a big challenge.

In this work, a novel ternary (1–x–y)BiScO3–yPbTiO3–
xBi(Mn2/3Sb1/3)O3 (abbreviated as BS–yPT–xBMS) ceramic 
system with x = 0.005, y = 0.630–0.645 and x = 0.015, y = 
0.625–0.640 was designed. The selection of Bi-based end 
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member Bi(Mn2/3Sb1/3)O3 as a third component is mainly 
based on the following factors: (i) The Mn and Sb elements 
can realize the effects of soft and hard co-doping. (ii) Bi sub-
stitution for Pb plays a crucial role in enhancing tetragonal-
ity and polarizability at the MPB.25 (ii) The volatilization of 
Bi at high-temperature sintering process is only one-tenth of 
Pb in BiScO3–PbTiO3 ceramics.26 Via the component design 
approach, the dielectric loss decreases dramatically, and Curie 
temperature and piezoelectric performance maintain well 
simultaneously. Particularly, the BS–0.630PT–0.015BMS 
with MPB composition displays excellent overall proper-
ties with an ultralow tanδ (1.20%@25°C, 1.59%@200°C), 
large value of piezoelectric coefficient (d33 = 330 pC/N), and 
high Curie temperature (TC = 410°C). All these character-
istics make BS–0.630PT–0.015BMS more appropriate for 
high-temperature usage.

2. � Experimental Procedure

Series of BS–yPT–xBMS ceramics were prepared by con-
ventional solid-state reaction methods. The raw materials, 
Sb2O3 (99.5%), Bi2O3 (99.9%), MnCO3 (99.9%), Sc2O3 
(99.9%), PbO (99.9%), TiO2 (99.0%), were weighed accord-
ing to the stoichiometric ratio with 1% Bi2O3 and 2% PbO 
excess to coordinate the evaporation of bismuth (Bi) and 
lead (Pb) in the sintering process. The above mixtures were 
wetly milled together with zirconia balls for 24 h in an eth-
anol media. The milled powder was dried at 70°C for 5 h 
and calcined in an alumina crucible at 800°C for 2 h. After 
sieving through 60 mesh (Φ = 250 μm), the powder added 
with a binder of polyvinyl alcohol (PVA) was pressed into 
pellets (Φ10 × 1 mm3) at a pressure of 6 MPa for 1 min. PVA 
was burned off at 600°C for 2 h at a heating rate of 3°C/
min. Then, the green disks embedded in alumina powder 
were sintered at 1040°C for 2 h at a heating rate of 4°C/min 
and cooled at a rate of 5°C/min. The samples were polished, 
cleaned, coated with silver, and sintered at 560°C for 30 min 
successively. Finally, the pellets were poled at 140°C under 
an electric field of 40 kV/cm for 20 min in silicone oil for 
electrical measurements.

The phase structure of sintered ceramic sample was char-
acterized by X-ray diffraction in the range of 2θ from 20° 
to 60° (XRD, D8 ADVANCE, Bruker, Germany). The frac-
ture surface microstructure was characterized by scanning 
electron microscope (SEM, EVOLS15, Zeiss, Germany). 
Measurement of density was carried by Archimedes drainage 
method using electron densitometer (DK-300A). The piezo-
electric constant d33 was obtained by the quasi-static meter 
(ZJ-6A, Institute of Acoustics, Chinese Academy of Sciences, 
Beijing, China). Both dielectric constant and tanδ were mea-
sured at a frequency of 1 kHz in a temperature range from 
room temperature to 500°C by using an impedance analyzer 
(Agilent 4294A, Agilent, Santa Clara, USA). The ferroelec-
tric polarization hysteresis (P-E) loops and strain–electric 
field (S–E) curves were measured using a ferroelectric testing 

system (TF Analyzer 3000E, aixACCT, Aachen, Germany). 
The electromechanical coupling factor kp and the mechani-
cal quality factor Qm were calculated based on the resonance 
anti-resonance method by utilizing the same instrument of 
Agilent 4294A, and the calculation formulas are shown in 
(1) and (2).
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where fr is the resonance frequency and fa is the anti- 
resonance frequency, respectively. R is the impedance at fr 
and C is the electric capacitance at 1 kHz.

3. � Results and Discussion

Figures 1(a) and 1(b) show the X-ray diffraction (XRD) spec-
tra of BS–yPT–xBMS ceramics at room temperature. There 
is no evidence of secondary phase or any other impurity, 
indicating that BMS end member successfully enters into the 
BS–PT solid solution and a stable single-phase perovskite 
structure is formed. From the XRD patterns with x value of 
0.005 in Figs. 1(a) and 1(a′), it can be seen that the asymme-
try of (111) is absent and the (200) peak is split into (002) 
and (200) gradually as the PT content increases from 0.630 to 
0.645, indicating a transition from coexistence of two phases 
to tetragonal phase. To further investigate the detailed phase 
structures of BS–yPT–0.005BMS ceramics, the Rietveld 
refinement was performed using the model of R3m and 

Fig. 1.  XRD patterns of BS–yPT–xBMS: (a) x = 0.005, y = 0.630–
0.645; (b) x = 0.015, y = 0.625–0.640; (a′) and (b′) the correspond-
ing magnified patterns of (a) and (b) in the vicinity of 2θ = 37°–46°.
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P4mm phases as shown in Fig. 2(a). The Rietveld refinement 
results show that the samples with y = 0.630–0.640 are cor-
responding to the coexistence of R3m and P4mm phases, that 
is, the MPB region locates at y = 0.630–0.640. Combined 
with Table 1, it can be found that the MPB composition at 
y = 0.640 obtains the optimal piezoelectric properties of d33 
= 221 pC/N and kp = 0.335. The similar changing phenom-
enon also occurs in BS–yPT–0.015BMS ceramics as shown 
in Figs. 1(b) and 1(b′) and Fig. 2(b), and the MPB region 
exists at y = 0.630 vicinity. Compared with the MPB compo-
sition for 0.36BS–0.64PT,15 the addition of 0.5 mol.% BMS 

almost has no impact on PT content for MPB. However, with 
the increase of BMS to 1.5 mol.%, the composition of MPB 
moves towards the area with low PT content of 0.630. For the 
samples with a certain content of BMS, the increase of PT 
content can result in the strengthening of tetragonality, and 
this in turn will affect the electrical performances.

Figure 3 shows the typical fracture morphologies of sin-
tered BS–yPT–xBMS ceramics. All ceramic samples are rel-
atively compact with no obvious pores. The grain diameter 
of each sample is calculated and the variation of average 
grain size with PT content of 0.5 mol.% BMS and 1.5 mol.% 

Fig. 2.  Rietveld refinement results of (a) BS–0.640PT–0.005BMS and (b) BS–0.630PT–0.015BMS ceramics.

Fig. 3.  The fracture surfaces SEM images of (a–d) BS–yPT–0.005BMS (y = 0.630–0.645) and (e–h) BS–yPT–0.015BMS (y = 0.625–0.640); 
the average grain size of (e) BS–yPT–0.005BMS and (j) BS–yPT–0.015BMS.
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BMS-doped ceramics are shown in Figs. 3(e) and 3(j). It 
can be easily seen that the average grain size possesses little 
change for the samples with the same BMS content no matter 
how the PT content changes. However, with the increase of 
BMS doping amount from 0.005 to 0.015, the average grain 
size has a decreasing tendency from 3.19–4.39 μm to 1.41–
2.35 μm. The BMS can prevent grain boundary movement 
and inhibit grain growth during sintering, and accordingly 
lead to grain refinement. Similar phenomenon can also be 
observed in the previous Sb-doped BS–PT-based system.27 
Therefore, the morphology of BS–yPT–xBMS ceramic is 
sensitive to the BMS content but not to the PT content. In 
addition, the crystal fracture follows the lowest energy inter-
face. The intergranular fracture mode exhibits when the 
mechanical strength of grain is stronger than the grain bound-
ary, whereas the transgranular fracture mode occurs.28 For all 
of BS–yPT–xBMS samples, the relatively low grain growth 
speed and a small grain size make the mechanical strength 
of the grain stronger than the grain boundary, resulting in the 
dominant intergranular fracture mode.

Temperature dependence of the dielectric permittivity (εr) 
and dielectric loss (tanδ) at 1 kHz frequency for BS–yPT–
0.005BMS and BS–yPT–0.015BMS samples has been shown 
in Fig. 4. The temperature corresponding to the maximum 
value of εr is considered as Curie temperature TC. The TC of 
each sample is above 400°C, which meets the most import-
ant performance requirements of high-temperature devices 
working at ~200°C. Due to the high phase transition tempera-
ture of 490°C for PbTiO3 ceramics, the TC increases with the 

PT content increasing for BS–yPT–0.005BMS or 0.015BMS 
ceramics, as shown in Figs. 4(a) and 4(c). Also, the increase 
of BMS introduction leads to the decrease of TC to some 
extent. Taking the MPB compositions for example, TC value 
(458°C) of BS–0.640PT–0.005BMS is much higher than that 
of BS–0.630PT–0.015BMS (410°C).

From the tanδ as a result of temperature, it can be seen 
that each sample has low tanδ values below 1.5% at room 
temperature and even maintain ~1.60% at a high tempera-
ture of 200°C. Compared with the pure 0.36BS–0.64PT 
ceramic with high tanδ (> 3%@25°C),15 the addition of BMS 
can reduce tanδ effectively. According to the defect chem-
istry theory, B-site ions such as Ti4+ and Sc3+ in BS–PT 
phase replaced by low valence Mn2+,3+ due to the introduc-
tion of BMS, can produce oxygen vacancies, thus inhibiting 
the movement of domain walls and reducing the dielectric 
loss.29 When the addition amount of BMS changes from 0.5 
mol.% to 1.5 mol.%, the tanδ further decreases in the over-
all testing temperature range. More oxygen vacancies were 
generated in BS–yPT–0.015BMS ceramics. And hence the 
dielectric loss is further reduced. Generally speaking, piezo-
electric ceramics have prominent piezoelectric properties 
near MPB, but tanδ values are high simultaneously.15,30 In 
this work, for BS–0.630PT–0.015BMS, the values of tanδ are 
only 1.2%@25°C and 1.59%@200°C as shown in the inset 
of Fig. 4(d), which are very beneficial to inhibit the thermal 
failure of piezoelectric devices.

Figures 5(a) and 5(d) show the polarization hysteresis 
(P-E) loops of the BS–yPT–xBMS ceramics measured at 

(a) (b)

(c) (d)

Fig. 4.  Temperature-dependent εr and tanδ: (a) and (b) BS–yPT–0.005BMS ceramics, and (c, d) BS–yPT–0.015BMS ceramics; The inset in 
(d) is the tanδ of BS–yPT–0.015BMS ceramics with different PT contents at 200°C.
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1 Hz under the same electric field of 50 kV/cm at room tem-
perature. All P-E loops are symmetrical without obvious con-
duction phenomenon, showing typical ferroelectric features. 
Clearly, with the same content of BMS, the remnant polar-
ization Pr increases firstly, and reaches a maximum value at 
MPB composition, and then decreases with the increasing PT 
content. Meanwhile, the ferroelectric properties are sensitive 
to the BMS doping amount. With the increase of BMS, BS–
yPT–0.015BMS ceramics show enhanced ferroelectric per-
formance characterized by high polarization. The values of 
Pr and Ec of BS–yPT–0.005BMS and BS–yPT–0.015BMS 
series range from 17.4 to 20.8 μC/cm2 and 16.4–21.8 kV/cm, 
26.8–31.9 μC/cm2 and 22.1–26.2 kV/cm, respectively.

The unipolar strain–electric field (S–E) curves of the poled 
BS–yPT–xBMS specimens are measured under the high elec-
tric field of 50 kV/cm and shown in Figs. 5(b) and 5(e). The 
electric field-induced unipolar strain of BS–yPT–0.005BMS 
ceramics increases with PT content increasing, and reaches 
a maximum value of 0.19% at y = 0.640, then decreases as 
the PT content further increases. However, for BS–yPT–
0.015BMS ceramics, a much higher value of 0.23% can be 
obtained at y = 0.630. The maximum strain value at MPB can 
be interpreted as the enhanced polarizability and domain wall 
mobility where large numbers of thermodynamically stable 
polarization directions exist.31,32

Thermal depoling temperature of piezoelectric ceramics 
determines the service temperature of their applications. 
Therefore, in order to prove the stability of piezoelectric 
properties of BS–yPT–xBMS at high temperature, the piezo-
electric constant d33 of all ceramic samples was measured 
at room temperature after annealed treatment at various 
temperatures for 30 min. Figures 5(c) and 5(f) display the 
influence of thermal depolarization from room temperature 

to 500°C on the piezoelectric coefficient d33 of BS–yPT–
0.005BMS and BS–yPT–0.015BMS ceramics. It is clearly 
seen that the d33 values of 0.5 mol.% BMS-doped ceram-
ics are basically unchanged below 200°C, and then begin 
to reduce rapidly to zero as the temperature increases to the 
vicinity of TC. While for 0.015 mol.% BMS-doped ceram-
ics, the change tendency of d33 values with temperature 
increasing is similar to that of BS–yPT–0.005BMS. It can be 
noted that a large ex situ d33 of ~330 pC/N for BS–0.63PT–
0.015BMS can remain almost unchanged below 350°C, 
which guarantees the stability of piezoelectric performance 
at high temperatures.

As the BS–0.630PT–0.015BMS ceramic sample shows 
enhanced ferroelectric polarization, ex situ d33 and piezo-
electric strain, the in situ P-E and S-E measurements are 
carried out for further investigation. Figure 6(a) displays 
the polarization–electric field (P–E) hysteresis loops of the 
BS–0.630PT–0.015BMS ceramics from 25°C to 200°C at 1 
Hz under the applied electric field of 30 kV/cm. For avoiding 
the thermal breakdown, the test voltage is set to 60% of that 
at room temperature. The changes for two main performance 
parameters of Pr and Ec at various temperatures are extracted 
and shown in Fig. 6(b). With the increase of temperatures, 
the Pr increases slightly from 25.5 to 28.6 μC/cm2, while Ec 
decreases from 19.3 to 10.9 kV/cm when the measuring tem-
perature changes in the range of 25–200°C. Figure 6(c) exhib-
its the unipolar strain curves of BS–0.630PT–0.015BMS 
ceramic at various temperatures under a certain electric field 
of 30 kV/cm and frequency of 1 Hz. With the temperature 
increasing from 25°C to 200°C, the electric field-induced 
unipolar strain gradually increases, and reaches to 0.202% 
at 200°C, which is about 1.6 times more than the value of 
0.124% at room temperature. The inverse piezoelectric 

Fig. 5.  P–E hysteresis loops, S–E curves and temperature-dependence ex situ d33 of (a–c) BS–yPT–0.005BMS and (d–f) BS–yPT–0.015BMS.
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coefficient d33
* is calculated and plotted in Fig. 6(d). The d33

* 
value increases monotonously from 412 pm/V to 676 pm/V 
when the temperature increases from 25°C to 200°C. The 
above phenomenon can be explained that more ferroelectric 
domains are activated and domain wall motion is enhanced at 
higher temperatures.33,34

Table 1 summarizes the piezoelectric and dielectric prop-
erties of BS–yPT–xBMS ceramics in detail. It can be found 
that both 0.5 mol.% BMS and 1.5 mol.% BMS-doped ceram-
ics achieve the optimal properties at MPB compositions. For 
ceramics with BMS content of 0.5%, the TC is kept around 
450°C, but d33 is drastically reduced, even less than half of 
pure 0.36BS–0.64PT ceramic (d33 = 460 pC/N).15 Fortunately, 
with the addition of BMS increasing to 1.5 mol.%, TC only 
drops a little but still remains above 400°C, and d33 is above 
300 pC/N. For BS–0.630PT–0.015BMS, the outstanding 
comprehensive performances can be achieved with d33 = 330 

pC/N, kp = 0.498, tanδ = 1.59% (@200°C), Qm = 84, εr =1384, 
and TC = 410°C.

In order to evaluate the piezoelectric performances for 
the best BS–0.630PT–0.015BMS sample, a statistical sum-
mary of d33, TC, and tanδ comparison between this work 
and some previously reported BS–PT based piezoelectric 
ceramics is made as illustrated in Fig. 7. As shown, the tanδ 
of BS–0.630PT–0.015BMS is much lower than those of 
BNZ–BSPT(tanδ = 4.3%), PSN–BSPT (tanδ = 4.1%), PZN–
BSPT(tanδ = 2.4%), and BMTFS–PT (tanδ = 3.6%). By com-
parison, the PMS–BSPT have relatively reduced tanδ, but 
at the expense of TC (365°C). Also, under the condition of 
TC greater than 400°C, two key parameters of d33 and tanδ 
for BS–0.630PT–0.015BMS (d33 = 330 pC/N, tanδ = 1.2%) 
are better than those of PMN–BSPT (d33 = 300 pC/N, tanδ 
= 1.5%) and BSPT–4%Fe (d33 = 301 pC/N, tanδ = 2.2%). 
Thus, among the high-temperature piezoelectric ceramics, 

Fig. 6.  The P–E and S–E curves for BS–0.63PT–0.015BMS ceramics measured from 25°C to 200°C at 1Hz under 30 kV/cm: (a) P–E loops, 
(b) Pr and Ec, (c) unipolar strain curves, and (d) d33

* values.

Table 1.  Electrical properties of BS–yPT–xBMS ceramics.

BS–yPT–xBMS
d33 (pC/N) 

25°C
d33

*  
(pm/V) kp

tanδ (%) 
25°C

tanδ (%) 
200°C Qm εr TC (°C) ρ (g/cm3)

x = 0.005, y = 0.630 188 516 0.296 1.20 1.27 85 755 448 6.700

x = 0.005, y = 0.635 197 557 0.305 1.26 1.28 82 853 452 6.320

x = 0.005, y = 0.640 221 641 0.335 1.50 1.35 65 1028 458 7.369

x = 0.005, y = 0.645 205 591 0.329 1.32 1.30 76 1013 465 6.985

x = 0.015, y = 0.625 280 580 0.441 0.90 1.55 117 1000 403 5.854

x = 0.015, y = 0.630 330 775 0.498 1.20 1.59 84 1384 410 7.271

x = 0.015, y = 0.635 310 739 0.468 1.10 1.56 109 1267 420 6.273

x = 0.015, y = 0.640 315 695 0.447 1.00 1.41 101 1126 425 6.909
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BS–0.630PT–0.015BMS ceramic shows great advantages in 
high-temperature applications because of its good balance 
among the values of d33, TC and tanδ.

4. � Conclusion

In summary, a novel BS–yPT–xBMS high-temperature piezo-
electric ceramic system was designed and prepared by the 
traditional solid-state reaction method. Compared with other 
compositions, BS–0.630PT–0.015BMS at MPB possesses the 
optimal electrical properties with d33 of 330 pC/N, TC of 410°C, 
εr of 1384, Qm of 84, and tanδ of 1.20%. The introduction of BMS 
reduces the dielectric loss, and increases the mechanical qual-
ity factors, which is a great improvement in comparison with 
pure BS–PT ceramics. Moreover, BS–0.630PT–0.015BMS 
ceramics maintain both a high Curie temperature (TC > 400°C) 
and excellent piezoelectric properties (d33 > 300 pC/N). These 
results demonstrate that BS–0.630PT–0.015BMS has great 
potential as the functional material of piezoelectric devices in 
high-temperature applications.
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