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ABSTRACT  
The solid solution of Pb0.92Ba0.08(Zr0.49Ti0.51)1-xSnxO3 (PB–ZTS) ceramics 
with x = 0, 0.02, 0.04 and 0.06 was prepared via the traditional solid- 
state reaction method. Further, the effect of excessive Sn substitution at 
Zr/Ti-site on structural, morphological, dielectric and piezoelectric 
properties was studied. X-ray diffraction (XRD) analysis confirmed that 
all samples crystallized into a combination of perovskite and pyrochlore 
phases. The morphotropic phase boundary (MPB) of the ternary system, 
located between the rhombohedral and tetragonal phases, is observed 
at around x = 0.04. The Raman-active modes of PB–ZTS were 
distinguished and assigned based on group theory analysis. Scanning 
electron microscopy (SEM) analysis reveals microstructural variations, 
with the highest density and largest grain size observed at a Sn content 
of x = 0.04. The Pb0.92Ba0.08(Zr0.49Ti0.51)0.96SnO.04O3 ceramic samples 
exhibit well-developed grains with an average size of 760.281 nm and 
demonstrate optimal properties: d33 = 465 pC/N, Kp = 0.604, Qm = 411, 
εr = 1654, tanδ = 3.293%, and a bulk density of 7.91 g/cm3.
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1. Introduction

The perovskite structure, represented as ABO3 (where A and B are cation sites with different 
valences, and O is the oxygen anion site), is one of the most versatile crystal structures, offering 
a wide range of applications in ceramic science and technology. Ferroelectric materials with a per
ovskite structure find extensive applications in electronic devices, including pyroelectric detectors, 
imaging systems, optical memories, deflectors, and modulators [1–3]. Lead zirconate titanate 
(PZT), with the chemical formula Pb(Zr(1-x)Tix)O3, is among the most advanced perovskite oxides 
for technological applications, and widely utilized piezoelectric materials to date. Taking into 
account factors such as precursor availability, ease of processing, cost-effectiveness, performance, 
and operating conditions, PZT is regarded as the best piezoelectric material within the perovskite 
family [4]. This exceptional performance is attributed to the hybridization of Pb–O bonds, the 
unique electronic structure of Pb (characterized by its 6s² lone pair), domain wall motion, and 
potential disordering effects [5–9]. However, Pb alone may not be solely responsible for achieving 
the high piezoelectric performance. PZT is formed as a solid solution of ferroelectric PbTiO3 (with a 
tetragonal structure and a Curie temperature, Tc, of 490°C) and antiferroelectric PbZrO3 (with a 
rhombohedral structure and a Tc of 230°C).
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At room temperature, the PZT phase diagram can be broadly divided into three primary regions 
[10–13]. The rhombohedral (R3 m) Zr-rich region (denoted as R) is separated from the tetragonal 
(P4 mm) Ti-rich region (denoted as T) by a morphotropic phase boundary (MPB). Within the MPB 
region, the tetragonal and rhombohedral phases coexist, and PZT compositions in this region exhibit 
exceptional dielectric and piezoelectric properties [1,13,14]. The exact width of this zone remains 
unclear and varies depending on the type and concentration of dopants used [15–17]. Above the 
Curie temperature, the compounds adopt a paraelectric cubic phase with a Pm3 m space group.

To enhance its electrophysical properties, a dopant is introduced into the PZT-based compound. 
By incorporating additional components, such as a second, third, fourth, or more, the piezoelectric 
properties can be tuned across a wide range [13,16–21]. Compared to undoped PZT ceramics, mul
ticomponent compounds offer several advantages, including significantly enhanced or diminished 
electrophysical properties.

This study centers on investigating new compositions of piezoelectric materials of the PZT type, 
with a particular focus on doping Sn ions at the B-sites. To achieve this, we synthesized a novel 
matrix of Pb0.92Ba0.08(Zr0.49Ti0.51)1-xSnxO3 (abbreviated as PB–ZTS) (with x = 0, 0.02, 0.04 and 
0.06) ceramics using the solid-state reaction method. The effect of SnO on the structure and elec
trical properties of PB–ZTS ceramics was investigated in detail. The x = 0.04 sample show high elec
trical parameters, such as d33, Qm, Kp, εr and tanδ, which can meet the needs of high-power 
ultrasonic transducers.

2. Experimental procedure

Pb0.92Ba0.08(Zr0.49Ti0.51)1-xSnxO3 (where x = 0, 0.02, 0.04 and 0.06) piezoelectric ceramics were pre
pared by the solid-state reaction route. The starting powders of simple oxides, PbO (99.99%), ZrO2 
(99.50%), TiO2 (99.99%), BaO (99.90%) and SnO (99.90%) were weighed and mixed in alcohol by a 
magnetic stirrer for 2 h and then dried in the oven at 80°C. After milling in tungsten carbide bowls 
with tungsten carbide balls in alcohol medium for 8 h, the resulting slurry was dried and the powder 
was calcined in alumina crucible at 900°C for 2 h. The calcined powders were milled for the second 
time and subsequently compacted into pellets using polyvinyl alcohol (PVA) binder under a 
pressure of 100 MPa. The pellets were sintered at 1150°C for 4 h in a closed alumina crucibles at 
a heating rate of 10°C/min and natural cooling in the furnace (70°C/h), in the presence of 
PbZrO3 powder to prevent PbO loss during the high temperature sintering. The sintered disks 
were coated with silver and poled in silicone oil at room temperature under 35 kV/cm for 40 min.

Room temperature powder X-ray patterns were recorded on a Philips diffractometer using CuKα 
radiation with a wave-length of λ = 1.54056Å in the angle range of 20° ≤ 2θ ≤ 60° with a 10 s counting 
time for each step of 0.02°. The Archimedes method was used for measuring the densities of the sin
tered samples. Microstructure of the ceramics was examined by the scanning electron microscopy 
(FESEM, Quanta 250FEG, USA). The Raman spectra were recorded using a Raman spectrometer 
from Princeton Instruments (HORIBA HR800). Dielectric properties were obtained by measuring 
the temperature dependance of the capacitance and phase angle (HIOKI 3532). The piezoelectric con
stant (d33) was measured using a quasi-static piezoelectric d33 meter (Model ZJ-3A, Institute of 
Acoustics, Chinese Academy of Science). The electromechanical coupling coefficient (Kp) and mech
anical quality factor (Qm) were determined using an impedance analyzer (model HP4294A, Agilent, 
USA) according to the IEEE standard through resonance and anti-resonance technology.

3. Results and discussion

3.1. Structural analysis

Figure 1 presents the X-ray diffraction (XRD) patterns of PB–ZTS ceramics with different Sn con
tents (x). The ceramics were sintered at 1150°C for 4 h, and XRD measurements were carried out at 
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room temperature over a 2θ range of 20–60°. It is evident that all samples exhibit a typical perovs
kite structure, although a minor presence of the pyrochlore phase is also observed. The formation of 
this secondary phase may be attributed to lead evaporation during the sintering process [22,23]. In 
the perovskite structure, the (200) diffraction peak appears as a single peak in the rhombohedral (R) 
phase, whereas in the tetragonal (T) phase, it splits into two distinct peaks with an intensity ratio of 
approximately 1:2 [24–26]. The results indicate a typical coexistence of rhombohedral and tetra
gonal phases evidenced by the presence of (002)T, (200)R, and (200)T reflections at a Sn content 
of x = 0.04. When the Sn content is x ≤ 0.02, the structure predominantly exhibits the rhombohe
dral phase, characterized by the (200)R peak. As the Sn content increases to x = 0.06, the solid sol
ution undergoes a phase transformation, resulting in a purely tetragonal structure, as indicated by 
the (002)T and (200)T peaks.

3.2. Surface morphology and density analysis

Figure 2 presents SEM micrographs of PB–ZTS ceramics sintered at 1150 °C for 4 h, each with 
different Sn contents. The images highlight the polycrystalline structure of the samples, along 
with visible pores and sufficiently developed grains. Despite these features, all ceramic samples dis
play relatively dense microstructures. Figure 2(a) displays the SEM image of the undoped PB–ZTS 
ceramic, which exhibits an average grain size of 552.857 nm. As the Sn doping level increases, the 
grain size progressively enlarges, reaching a maximum of 760.281 nm at x = 0.04. Compared to the 
undoped sample, the PB–ZTS-0.04 ceramic shows an improvement in both relative density (from 
97.37% to 98.87%) and bulk density (from 7.79 g/cm3 to 7,91 g/cm3). These results clearly indicate 
that Sn addition significantly enhances the sintering performance of PB–ZTS ceramics.

This enhancement may be attributed to the fluxing effect of Sn during the ceramic sintering pro
cess, which facilitates the densification of the ceramics [27,28]. At a Sn content of 0.04, the ceramic 
achieves the most uniform grain distribution and the largest grain size. The observed changes in 
density and grain size are likely due to the substitution of Sn, which modifies the interfacial atomic 
structure and grain boundary energy, leading to a significant reduction in porosity [10,29]. 
However, when the Sn content exceeds a certain threshold, the internal lattice structure becomes 
disrupted, resulting in irregular grain morphology. This indicates that an optimal amount of Sn 
enhances the sintering process and improves the density of PB–ZTS ceramics. Such modifications 
in the microstructure can significantly influence the electrical properties of the ceramics [10,30].

Figure 1. XRD patterns of PB–ZTS with different amounts of SnO additive, which were sintered at 1150°C for 4 h.
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Figure 2. (a–d) SEM images for PB–ZTS ceramics sintered at 1150°C: (a) x = 0; (b) x = 0.02; (c) x = 0.04; (d) x = 0.06, (e) variation in 
the bulk density, relative density, and grain size, for various x values.
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3.3. Raman spectroscopy analysis

Raman spectroscopy is a powerful technique for analyzing structural changes at the microscale and 
over short timescales. It complements XRD results by offering deeper insights into structural trans
formations across various compositions [31]. Figure 3 presents the room-temperature Raman spec
tra of PB–ZTS ceramics sintered at 1150°C, showcasing the effects of different Sn contents (x). The 
measurements were conducted over a wavenumber range of 100–1000 cm−1. With the addition of 
Sn (x ≤ 0.02), three distinct peaks emerge in the E(2TO2), R1, and Rh modes, characteristic of the 
rhombohedral phase. For x values greater than 0.04, five peaks corresponding to E(2TO1), E(4TO), 
A1(3TO), E(4LO), and A1(3LO) become evident, indicating that Sn addition strengthens the lattice 
of the tetragonal phase. This enhancement promotes the phase transition from the rhombohedral to 
the tetragonal structure. As a result, PB–ZTS ceramics with x = 0.04 exhibit a coexistence of rhom
bohedral and tetragonal phases, indicating a composition close to the morphotropic phase bound
ary (MPB). The phase structure of Raman active modes and Raman shifts are listed in Table 1.

3.4. Dielectric and piezoelectric properties analysis

Figure 4(a–d) presents the temperature-dependent dielectric constant of PB–ZTS ceramics 
measured at three different frequencies (1, 10 and 20 kHz) in order to investigate the relaxor behav
ior of the material. The dielectric constant exhibited a peak at the Curie temperature (Tc), corre
sponding to the ferroelectric – paraelectric phase transition. It was observed that Tc increased 

Figure 3. Raman spectra recorded in a wavenumber between 100–1000 cm−1 of sintered ceramics in compositions PB–ZTS with 
x = 0, 0.02, 0.04 and 0.06.

Table 1. The phase structure of Raman active modes and Raman shifts for PB–ZTS ceramics at room temperature [32,33].

Active modes Raman shift (cm−1) Phase structure

A1(1TO) 140 Tetragonal or Rhombohedral
E(2TO1) 188 Tetragonal
E(2TO2) 196 Rhombohedral
Silien (E + B) 275 Tetragonal or Rhombohedral
A1(2TO) 340 Tetragonal or Rhombohedral
E(4TO) 523 Tetragonal
R1 583 Rhombohedral
A1(3TO) 615 Tetragonal
E(4LO) 697 Tetragonal
Rh 735 Rhombohedral
A1(3LO) 783 Tetragonal
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Figure 4. (a–d) Variation of dielectric constant (ɛr) with the temperature at different frequencies of ceramics for different x con
tent, (e) ln(1/εr – 1/εm) function versus ln(T – Tc) for ceramics PB–ZTS with various x at 1 kHz.
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with increasing Sn substitution. This shift in transition temperature is attributed to lattice distortion 
and charge imbalance defects, as Sn possesses a different ionic charge and radius compared to Ti/Zr. 
The dielectric constant decreased with increasing frequency, a behavior commonly observed in 
both dielectric and ferroelectric materials. At lower frequencies, the higher values of ɛr were attrib
uted to the combined contribution of various polarization mechanisms, including space charge, 
orientation, ionic, and electronic polarization. As the frequency increases, certain polarization 
mechanisms become ineffective, leaving only electronic polarization active within the studied fre
quency range [3,34].

To gain deeper insight into the dielectric behavior of the ceramics, the modified Curie – Weiss 
law is applied [35,36].

1
1r
−

1
1m
=

(T − Tm)g

C
(1) 

In this equation, εr denotes the dielectric constant at a given temperature T, while εm corresponds to 
the maximum dielectric constant observed at the transition temperature (Tm or Tc). The constant C 
represents the Curie constant, and γ indicates the degree of diffuseness of the phase transition, with 
values ranging from 1 for a typical ferroelectric to 2 for a completely diffuse phase transition [37,38].

Figure 4(e) presents the plot of ln(1/εr – 1/εm) versus ln(T – Tc) at 1 kHz for all compositions in 
the temperature range above Tc (T > Tc). The γ value progressively increases with the rising Sn con
centration, reaching its peak at a content of x = 0.04. However, beyond this concentration, the γ 
value begins to decline. The initial increase in the γ value indicates a more pronounced diffuse 
phase transition with the rise in Sn content. This phenomenon is closely tied to the diffuse nature 
of the ferroelectric-paraelectric phase transition, attributed to the heightened γ value [39]. However, 
when the Sn content exceeds 0.04, a reduction in the diffuseness of the phase transition is observed, 
indicating the disappearance of the diffuse phase transition. This result clearly reflects the re-emer
gence of a typical ferroelectric behavior in this composition [40].

Figure 5(a–d) depicts the temperature-dependent dielectric loss (tan δ) of ceramics with varying 
Sn content, measured at frequencies of 1, 10 and 20 kHz. Notably, all ceramics exhibit a marked 
increase in dielectric loss tangent at elevated temperatures, which can be attributed to thermally 
activated space charge conduction. Broad dielectric loss peaks were also observed at higher frequen
cies, possibly due to the interaction between polarization mechanisms and the applied electric field. 
Dielectric loss peaks occurring at temperatures other than Tc may originate from dipolar defects 
associated with the pyrochlore phase. The magnitude of dielectric loss is likely due to the friction 
of rotating dipoles and an increased degree of dipole orientation [41].

Figure 6(a) illustrates the piezoelectric properties of PB–ZTS piezoceramics with varying SnO 
content. As depicted, both the electromechanical coupling factor (Kp) and the piezoelectric charge 
constant (d33) follow similar variation trends as the SnO concentration increases. The sample with 
x = 0.04 exhibits peak values for both Kp and d33, reaching 0.604 and 465 pC/N, respectively. How
ever, the mechanical quality factor (Qm) shows an opposite trend compared to d33 and Kp.

Kp and d33 exhibit similar variation trends with the increase in average grain size. As the grain 
size increases with x ranging from 0 to 0.04, the clamping effect of grain boundaries on domain wall 
motion is significantly reduced, leading to enhanced piezoelectric properties [42]. As x increases 
from 0.04 to 0.06, the average grain size gradually decreases, the resulting increase in grain bound
aries among smaller grains hinders domain rotation and domain wall movement, leading to a 
decline in electrical properties [43–45].

As illustrated in Figure 6(b), the dielectric constant (ɛr) increases, reaching a maximum value of 
1654 at x = 0.04, and subsequently decreases with further increase in Sn content. Simultaneously, 
the tanδ values change with varying x, measured at 3.386%, 3.384%, 3.293%, and 3.584%, respect
ively. The fluctuations in the dielectric constant (ɛr) can be attributed to the combined effects of the 
ceramic phase structure and microstructural characteristics. With increasing Sn content, the 

540 K. FARES ET AL.



Figure 5. Temperature-frequency dependance of dielectric loss (tanδ) for PB–ZTS ceramics with x = 0-0.06.

Table 2. Details of the physical properties for PB–ZTS ceramics measured at room temperature.

Composition Density (g/cm3) ɛr tanδ Kp d33 (pC/N) Qm

x = 0 7.79 1495 3.386% 0.562 370 872
x = 0.02 7.84 1575 3.384% 0.586 426 654
x = 0.04 7.91 1654 3.293% 0.604 465 411
x = 0.06 7.77 1292 3.584% 0.572 433 680
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composition of ceramics gradually approaches the morphotropic phase boundary (MPB). In 
addition, the larger grain size contributes to the increase in dielectric constant [46]. Dielectric losses 
in ceramics are often linked to domain wall motion, where interactions among the lattice, domain 
walls, and defects under an external electric field lead to energy dissipation during domain wall 
movement. Table 2 presents the variations in density, piezoelectric constant, and dielectric constant 
for each ceramic sample, providing a more comprehensive comparison of their properties.

4. Conclusions

In this study, solid solutions of Pb0.92Ba0.08(Zr0.49Ti0.51)1-xSnxO3 (with x = 0, 0.02, 0.04 and 0.06) 
ceramics were synthesized using the conventional solid-state reaction method. The structural, 
microstructural and electrical properties of the ceramics were systematically investigated. An 
MPB region is identified in the PB–ZTS ceramics at x = 0.04, as evidenced by the XRD and 
Raman spectroscopy analyzes. Microscopic analysis reveals changes in the microstructure, with 
the highest density and optimal grain size observed at a Sn content of x = 0.04. As the x doping con
centration attains 0.04, the PB–ZTS ceramics obtain the best properties, i.e. d33 = 465 pC/N, Kp =  
0.604, Qm = 411, εr = 1654, tanδ = 3.293%, and bulk density = 7.91 g/cm3. This study highlights the 

Figure 6. (a) Kp, d33, and Qm as functions of SnO content measured at room temperature. (b) εr and tanδ as functions of SnO 
amount measured at 1 kHz.
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potential of Sn-doped PB–ZTS ceramics for use in high-temperature piezoelectric applications, 
including sensors, actuators, detectors, and transformers.
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