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Abstract: Pb(Zr,Ti)O3-Pb(Zn1/3Nb2/3)O3 (PZT-PZN) based ceramics, as important piezoelectric materials, have a 

wide range of applications in fields such as sensors and actuators, thus the optimization of their piezoelectric 

properties has been a hot research topic. This study investigated the effects of phase boundary engineering and 

domain engineering on (1–x)[0.8Pb(Zr0.5Ti0.5)O3-0.2Pb(Zn1/3Nb2/3)O3]-xBi(Zn0.5Ti0.5)O3 ((1–x)(0.8PZT-0.2PZN)- 

xBZT) ceramic to obtain excellent piezoelectric properties. The crystal phase structure and microstructure of 

ceramic samples were characterized. The results showed that all samples had a pure perovskite structure, and the 

addition of BZT gradually increased the grain size. The addition of BZT caused a phase transition in ceramic 

samples from the morphotropic phase boundary (MPB) towards the tetragonal phase region, which is crucial for 

optimizing piezoelectric properties. By adjusting content of BZT and precisely controlling position of the phase 

boundary, the piezoelectric performance can be optimized. Domain structure is one of the key factors affecting 

piezoelectric performance. By using domain engineering techniques to optimize grain size and domain size, 

piezoelectric properties of ceramic samples have been significantly improved. Specifically, excellent piezoelectric 

properties (piezoelectric constant d33=320 pC/N, electromechanical coupling factor kp=0.44) were obtained 

simultaneously for x=0.08. Based on experimental results and theoretical analysis, influence mechanisms of phase 

boundary engineering and domain engineering on piezoelectric properties were explored. The study shows that 

addition of BZT not only promotes grain growth, but also optimizes the domain structure, enabling the polarization 

reversal process easier, thereby improving piezoelectric properties. These research results not only provide new 

ideas for the design of high-performance piezoelectric ceramics, but also lay a theoretical foundation for 

development of related electronic devices. 
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PZT-based ceramic represents a critical category of 
piezoelectric material widely used in the fabrication of 
actuators and sensor devices, primarily due to its 
exceptional piezoelectric properties[1-3]. PZN exhibits a 
high dielectric constant, which can broaden the stability 
region of MPB when incorporated into PZT[4-6]. The 
formation of MPB is beneficial for enhancing the 
piezoelectric performance of ceramics. Nevertheless, 
PZT-PZN ceramics at MPB have received limited attention. 

To optimize the performance of PZN-PZT materials, 
donor dopants (e.g., W6+, Nb5+, and La3+) and acceptor 

dopants (e.g., Li+, Cr3+, Fe3+, and Mn2+/Mn3+) have been 
employed to modify their electrical properties[7-9]. These 
dopants exhibit distinct "softening" and "hardening" 
effects through the compensation of cation vacancies and 
oxygen vacancies, respectively. Donor dopants can reduce 
the concentrations of oxygen vacancies and domain- 
stabilizing defect pairs, thereby enhancing the piezoelectric 
properties. Conversely, acceptor dopants exhibit effects 
contrary to those of donor dopants. Impurity ions and 

oxygen vacancies ..
OV  combine to form defect dipoles, 

which are considered as an energy barrier to the domain-  
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wall motion in ferroelectrics. As stable dipoles, defect 
dipoles effectively hinder the reversal of spontaneous 
polarization, thereby degrading the piezoelectric perfor-
mance. Furthermore, the creation of composite materials 
represents another effective approach to enhance the 
electrical properties of PZN-PZT materials. For example, 
PZN-PZT/Ag ferroelectric composite exhibits notable 
piezoelectricity[10]. PZN-PZT/ZnAl2O4 shows a high 
transduction coefficient, but d33 decreases[11]. Moreover, 
the preparation process of composite materials is 
complex, posing a significant challenge to achieve 
two-phase coexistence, which presents a disadvantage 
for its actual application. Indeed, the formation of solid 
solutions with cations possessing large polarizability is a 
feasible and effective approach to improving the electrical 
properties of PZN-PZT materials[12-14]. 

Due to its proximity to MPB and the coexistence of 
multiple ferroelectric phases, the composition of 
0.2PZN-0.8PZT typically displays enhanced dielectric 
and piezoelectric properties[15-16]. However, the majority 
of research endeavors concerning PZN-PZT specimens 
have primarily focused on manipulating grain size to 
modify their electrical characteristics. Comparatively, 
there has been limited emphasis on exploring how structural 
and domain evolution control might impact electrical 
performance. Given this backdrop, achieving precise 
control over the microstructure of PZN-PZT is crucial for 
optimizing its electrical properties. A noteworthy discovery 
is the enhancement of piezoelectric and ferroelectric pro-
perties in the composition 0.8Na0.5Bi0.5TiO3-0.2K0.5Bi0.5TiO3 
upon the incorporation of Bi(Zn0.5Ti0.5)O3. This enhan-
cement is attributed to the control over domain structure 
facilitated by a high c/a ratio of 1.21 of Bi(Zn0.5Ti0.5)O3 
and its substantial calculated polarization of 150 μC/cm2[17]. 
These BZT-based solid solutions are anticipated to attain 
excellent piezoelectric properties. 

In this study, a novel solid solution series, (1–x) 
[0.8Pb(Zr0.5Ti0.5)O3-0.2Pb(Zn1/3Nb2/3)O3]-xBi(Zn0.5Ti0.5)O3,  
abbreviated as (1–x)(0.8PZT-0.2PZN)-xBZT (x=0–0.14, 
molar ratio), has been synthesized. The objective is to 
strategically engineer the phase structure of this solid 
solution to facilitate a transition of material's electrical 
properties from the rhombohedral-tetragonal MPB region 
towards the tetragonal phase side. As a result, the 
ceramic with x=0.08 exhibits superior piezoelectric 
properties, with d33 of 320 pC/N and kp of 0.44. 

1  Experimental 

The ceramics, represented as (1–x)(0.8PZT-0.2PZN)- 

xBZT with 0≤ x≤ 0.14, were synthesized using the 

solid-state method. ZnNb2O6 was firstly prepared through 

calcination of ZnO and Nb2O5 at 1000 ℃ for 4 h. Sub-

sequently, this precursor was mixed with Pb3O4, ZrO2, and 

TiO2, followed by ball-milling and calcination at 850 ℃. 

The calcined powders were pressed into 10 mm disks and 

sintered at 1000 ℃ for 3 h, using the original calcined 

powders to minimize volatilization of Pb, Bi, and Na. The 
sintered disks were ground, polished, and electroded with 

silver pastes, followed by firing at 500 ℃ for 0.5 h to 

establish Ohmic contact for electrical measurements. 
The crystal structure of the composites was characterized 

by powder X-ray diffractometer (XRD), using a Cu Kα1 
source and measuring angles (2θ) ranging from 20° to 70° 
at a scanning rate of 2 (°)/min. Microstructures and 
element distributions were analyzed by scanning electron 
microscope (SEM, Zeiss Ultra 55) after thermal etching at 

100 ℃ below sintering temperature. For electric property 

measurements, the disks were coated with silver paste, 
fired, and subsequently analyzed for dielectric constant 
and loss using an impedance analyzer (HP4294A) over a 

temperature range from room temperature to 400 ℃ . 

Polarization-electric field (P-E) loops and current-electric 
field (J-E) curves were measured at 1 Hz via the 
ferroelectric tester (Radiant Premier II). Room temperature 
piezoelectric force microscope (PFM, Asylum Research, 
Cypher VRS) measurements were conducted using a high- 
voltage package to reveal ferroelectric domain patterns 
and switching processes. Prior to PFM, the samples were 

polished to an optical standard and annealed at 350 ℃ for 

1 h to relieve surface stresses. 

2  Results and discussion 

Fig. 1 displays the XRD patterns of (1–x)(0.8PZT- 

0.2PZN)-xBZT within the range of 2θ=20–70. The 
results indicate that all specimens exhibit a pure 
perovskite structure, devoid of any detectable secondary 
phases. This observation implies that BZT has fully 
incorporated into the crystal lattice, resulting in the 
formation of a solid solution. Notably, the composition of 
pure PZT-PZN resides at MPB between the rhombohedral 
and tetragonal phases, as evidenced by the splitting of the 
(200) peak[18]. Generally, the coexistence of multiple 
ferroelectric phases in the MPB region is expected to 
enhance the dielectric and piezoelectric properties. As the 
BZT content increases, the splitting degree of the (200) 
diffraction peak gradually increases, indicating a transition 
of the system from MPB to a phase structure dominated 
by tetragonal phase. This suggests that the increased BZT 
content results in a compositional shift toward tetragonal phase. 

Fig. 2 presents the SEM images and average grain 
sizes of (1–x)(0.8PZT-0.2PZN)-xBZT ceramics. As the 
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Fig. 1  XRD patterns of (1–x)(0.8PZT-0.2PZN)-xBZT ceramics 
 

BZT content increases, the average grain size gradually 
augments. Specifically, the average grain sizes are 498.9, 
570.5, 720.9, 836.0, 855.5, 822.2, 871.7, and 844.4 nm 
for x=0, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12 and 0.14, 
respectively. The average grain size also plays an 
important role in the variation of piezoelectric response. 
Numerous studies have demonstrated that domain-wall 
density is related to grain size[19]. Thus, changes in 
average grain size can affect domain wall motion[20-22]. 
The increase in grain size with BZT content may be 
attributed to liquid-phase sintering. However, excessively 
large grains may reduce domain-wall density, adversely 
affecting the piezoelectric properties. Therefore, an 
optimal BZT content is crucial to balance grain size and 
piezoelectric performance. In addition, the polarization 
reversal process within ferroelectric domains is 
facilitated in larger grains compared to smaller ones. 
Consequently, a lower density of grain boundaries 
associated with larger grain sizes may lead to higher 
piezoelectric coefficients. 

To further validate the formation of a solid solution 
between 0.8PZT-0.2PZN and BZT, the typical 

 

 
 

Fig. 2  SEM images (a-h) and average grain sizes (i) of 
(1–x)(0.8PZT-0.2PZN)-xBZT ceramics 

 
 

Fig. 3  Microstructure (a) and element mappings (b-f) of  
(1–x)(0.8PZT-0.2PZN)-xBZT (x=0.08) ceramics 

 

microstructure and element mappings of a polished 
surface of (1–x)(0.8PZT-0.2PZN)-xBZT (x=0.08) ceramic 
were analyzed (Fig. 3). The results reveal that the Pb, Zr, 
Ti, Zn, and Bi elements occupy the same area and exhibit 
a nearly homogeneous distribution within the recorded 
region. This observation confirms the occurrence of a 
solid solution between 0.8PZT-0.2PZN and BZT.  

Fig. 4 presents P-E hysteresis loops and J-E curves of 
(1–x)(0.8PZT-0.2PZN)-xBZT ceramics measured at room 
temperature. The ceramic samples exhibit saturated 
ferroelectric loops, characterized by a single and sharp 
current peak in the J-E curves, which is indicative of 
their typical ferroelectric behavior[23-24]. With the increase 
in BZT content, the remnant polarization Pr initially 
increases and then decreases, while the coercive field Ec 
shows a consistent upward trend, as illustrated in Fig. 4(c). 
This behavior can be attributed to the enhancement of 
ferroelectric domain size due to the increasing grain size 
with the addition of an appropriate amount of BZT 
content, thereby improving ferroelectric polarization. 
When excessive amounts of BZT are introduced, the 
original long-range ferroelectric order of the system is 
disrupted. This disruption enhances the relaxation 
characteristics of the system and raises the potential 
barrier for ferroelectric domain back-switching, resulting 
in an increased coercive field[25]. 

The ferroelectric domain, a crucial component of 
ferroelectric materials, significantly impacts the macroscopic 
properties of these materials through its structure, 
configuration, and dynamic behavior[25-26]. The polarization 
direction of these domains is often associated with 
specific lattice distortions and ion displacements. Conse-
quently, polarization reversal is accompanied by corres-
ponding domain transformation. Fig. 5 displays the room 
temperature out-of-plane height, amplitude, and phase 
images of (1–x)(0.8PZT-0.2PZN)-xBZT ceramics with 
x=0, 0.08, and 0.14. For (1–x)(0.8PZT-0.2PZN)-xBZT 
(x=0) ceramic, a distinct ferroelectric domain trace is 
observable, as indicated by the color contrast, which 
reflects the switching of ferroelectric domains. The 
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Fig. 4  P-E hysteresis loops (a), J-E curves (b) and variation trends of the remnant polarization Pr and coercive field Ec (c)  
for (1–x)(0.8PZT-0.2PZN)-xBZT ceramics at room temperature 

Colorful figures are available on website 

 

 
 

Fig. 5  Room temperature out-of-plane height, amplitude, and 
phase images of (1–x)(0.8PZT-0.2PZN)-xBZT ceramics 
(a) x=0; (b) x=0.08; (c) x=0.14. Colorful figures are available on 
website 

 

domain structures are known as labyrinth domains, 
which consist of smaller and more uniform domains in a 
short-range ordered state. Studies have shown that 
nanodomains, frequently observed in multiphase 
coexistence, significantly enhance the piezoelectric effect 
due to their capability for rapid switching under external 
fields[27]. With the addition of BZT, the size of labyrinth 
domains gradually increases from nanoscale to irregularly 
shaped microdomains in a long-range-ordered state. The 
reason can be attributed to the enhanced grain size. The 
classical theory of ferroelectric domains states that the 
domain size is directly proportional to the square root of 
the domain-wall energy[28]. It is generally acknowledged 
that the coexistence of multiple phases facilitates domain 
switching and polarization rotation, thereby enhancing 
piezoelectric properties. Piezoceramics with nanoscale 
domains exhibit superior piezoelectric performance, 
primarily due to the reduced energy requirement for 
domain activation/switching. Nevertheless, high density 
of grain boundaries in these systems restricts the 
long-range motion of domain walls. Piezoelectric 

ceramics that combine large grains are expected to 
exhibit improved piezoelectric properties due to the 
enhanced ease of domain-wall motion. 

Fig. 6 shows the temperature-dependent dielectric 
properties. At different measurement frequencies, the 
dielectric constant (εr) and dielectric loss (tanδ) exhibit 
similar trends in all the samples, featuring a peak at the 
Curie temperature (TC). This peak corresponds to the 
transition from the ferroelectric to the paraelectric phase. 
A slight decrease in TC was observed with the increase of 
BZT content. Furthermore, as the testing frequency rises, 
the dielectric peak broadens significantly. The shift in the 
phase structure of the components leads to a broader 
temperature dependence within the material's phase 
transition zone and an enhanced frequency-dependent 
dielectric behavior with the BZT content increasing. This 
indicates that the degree of phase transition dispersion 
among the components gradually increases, thereby 
enhancing the relaxation properties of the material. The 
disorder compositional variations, along with the 
associated random fields, may lead to the emergence of a 
glass-like state within the nanopolar regions. This 
glass-like state is believed to be the primary factor 
contributing to the increased relaxation observed[29-30]. 

Fig. 7 displays the d33 and kp for (1–x)(0.8PZT- 
0.2PZN)-xBZT ceramics. The pure 0.8PZT-0.2PZN 
samples exhibited a d33 of 240 pC/N. The incorporation 
of an optimal amount of BZT (x=0.08) led to a sharp 
increase in d33 to 320 pC/N. This enhancement is 
attributed to the increased grain size resulting from the 
addition of BZT, which facilitates the polarization 
reversal process of ferroelectric domains. With the 
further addition of BZT, the d33 decreased, presumably 
due to the destruction of long-range ferroelectric 
sequence and abnormal growth of grain size. kp of 
PZT-PZN exhibited a trend similar to d33 with the 
addition of BZT. Initially, as the BZT content increased, kp 
decreased slightly before subsequently reaching a peak of 
0.44 at x=0.08. This initial increase in kp is attributed to 
domain activation and switching phenomena. A 
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Fig. 6  Temperature dependence of εr and tanδ of (1–x)(0.8PZT-0.2PZN)-xBZT ceramics 
(a) x=0; (b) x=0.02; (c) x=0.04; (d) x=0.06; (e) x=0.08; (f) x=0.10; (g) x=0.12; (h) x=0.14. Colorful figures are available on website 

 

 
 

Fig. 7  d33 and kp of (1–x)(0.8PZT-0.2PZN)-xBZT ceramics 
 

further increase in grain size with higher BZT content 
mitigated the decrease in kp, leading to stabilization. 
Nevertheless, as the BZT content continued to increase, 
the system shifted away from the R-T phase boundary, 
resulting in a decline in both d33 and kp. The enhance-
ment in d33 and kp suggests that (1–x)(0.8PZT- 
0.2PZN)-xBZT ceramics have potential applications in a 
broader range of fields, including transformers and 
specific types of actuators.  

3  Conclusions 

In this work, (1–x)(0.8PZT-0.2PZN)-xBZT ceramics 
were prepared and investigated. The findings revealed 
that the optimal composition with x=0.08 exhibited 
excellent piezoelectric properties, featuring a high d33 
value of 320 pC/N and a kp of 0.44, which surpassed the 
performance of the undoped sample. The incorporation 
of BZT into the PZN-PZT matrix introduced significant 
benefits, notably domain activation/switching and phase 
boundary modulation, which were pivotal in the 
substantial enhancement of the piezoelectric properties. 
These results suggest that the incorporation of BZT into 
the 0.8PZT-0.2PZN matrix has successfully modified the 
phase structure in a way that enhances the piezoelectric 
performance of the material. This research contributes to 
the advancement in the design of high-performance 

piezoelectric ceramics, providing valuable insights into 
composition design strategies for electronic devices.  
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相界工程和畴工程调控(1–x)(0.8PZT-0.2PZN)-xBZT 

陶瓷的压电性能 

陈相杰, 李 玲, 雷添福, 王佳佳, 汪尧进 
(南京理工大学 材料科学与工程学院, 南京 210094) 

摘 要: Pb(Zr,Ti)O3-Pb(Zn1/3Nb2/3)O3(PZT-PZN)基陶瓷作为重要的压电材料, 在传感器和执行器等领域具有广泛应

用 , 优化其压电性能一直是研究热点。本研究旨在通过相界工程和畴工程调控与优化(1–x)[0.8Pb(Zr0.5Ti0.5)O3- 

0.2Pb(Zn1/3Nb2/3)O3]-xBi(Zn0.5Ti0.5)O3((1–x)(0.8PZT-0.2PZN)-xBZT)陶瓷的压电性能, 利用不同手段详细表征陶瓷样

品的晶相结构和微观形貌。结果显示, 所有样品均具有纯钙钛矿结构, 且加入 BZT 使晶粒尺寸逐渐增大。研究发

现, 加入 BZT 使陶瓷样品从准同型相界(MPB)向四方相发生变化, 这种相变对于优化压电性能至关重要。通过调控

BZT 的含量, 精确控制相界位置, 可以优化压电性能。畴结构是影响压电性能的关键因素之一。通过畴工程手段, 

优化晶粒尺寸和畴尺寸等, 显著提高了陶瓷样品的压电性能。具体而言, 当 x=0.08 时, 压电常数 d33(320 pC/N)和机

电耦合系数 kp(0.44)达到最大。结合实验结果和理论分析, 探讨了相界工程和畴工程对压电性能的影响机制, 研究

发现加入 BZT 不仅促进了晶粒生长, 还优化了畴结构, 使得极化反转过程更加容易进行, 从而提高了压电性能。这

些研究成果不仅为高性能压电陶瓷的设计提供了新思路, 还为相关电子器件的研制奠定了理论基础。 
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