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ABSTRACT
Lead strontium titanate (Pb1-xSrx)TiO3 (PST) is a ferroelectric perovskite material with tunable 
properties, including Curie temperature, spontaneous polarization, and high dielectric permit-
tivity, making it promising for advanced biomedical applications, such as biosensors, bioima-
ging, and light-activated therapeutics. This study investigates the effect of varying sintering 
temperatures on the crystallite size and phase purity of PST, aiming to optimize its performance 
for biomedical devices. PbCO3, SrCO3, and TiO2 powders were processed via ball milling for 
58 hours, followed by sintering at temperatures ranging from 500°C to 1100°C. Laser diffraction 
particle size analysis and X-ray diffraction (XRD) were used to assess the particle size and crystal 
phase transformations. The results demonstrate that higher sintering temperatures improve 
the PST phase composition, reducing impurities and enhancing crystallite growth. The most 
significant crystal growth was observed at 900°C, while the optimal phase purity and crystallite 
size (91.5 nm) were achieved at 1100°C, producing 100% single-phase PST. These findings 
emphasize the critical role of sintering temperature in tailoring PST’s properties, enhancing its 
suitability for electronic and microelectronic biomedical devices. Controlled sintering in per-
ovskite materials opens new pathways for their application in medical diagnostics and ther-
apeutic technologies.
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1. Introduction

Lead strontium titanate (Pb1-xSrx)TiO3 (PST), like the 
widely studied Barium Strontium Titanate (BST), is 
a ferroelectric perovskite material that holds significant 
promise for both electronic and biomedical applications 
due to its unique tunable properties [1]. PST is a solid 
solution composed of lead titanate (PbTiO3, P.T.) and 
strontium titanate (SrTiO3, S.T.), which allows for precise 
control over its physical characteristics, such as Curie 
temperature, spontaneous polarization, and dielectric 
permittivity, making it particularly attractive for biosen-
sors, bioimaging, and light-activated therapeutic devices 
[2,3]. At room temperature, P.T. exhibits a tetragonal 
structure with high spontaneous polarization and a high 
Curie temperature of 490°C, while S.T. has a cubic para-
electric structure with a much lower Curie temperature of 
−167°C [3,4]. By adjusting the ratio of P.T. and S.T., the 
Curie temperature of PST can be finely tuned, offering 
tailored functionality for various biomedical devices.

Research shows that increasing the Sr2+ content in 
the PST solid solution decreases the Curie temperature 
linearly while increasing the lattice volume and tetra-
gonality, resulting in tunable phase transitions and 
enhanced material properties [5,6]. When the Sr con-
tent is below 0.60, the PST solid solution exhibits 
a ferroelectric phase, while higher Sr concentrations 
(0.60–1.00) induce a paraelectric phase at room tem-
perature [1,5–7]. These properties, including excellent 
spontaneous polarization, high dielectric permittivity, 
and tunability, make PST an attractive material for 
applications requiring precise thermal and electrical 
responsiveness [8,9]. Moreover, PST’s single-phase 
transition and higher reproducibility, compared to 
other perovskites such as BST, make it highly suitable 
for biomedical sensors and devices that require con-
sistent performance and reliability [6,10].

PST’s low crystallization temperature and high tun-
ability reduce issues such as substrate-film diffusion, 
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which is crucial for developing tunable biomedical 
devices like biosensors, piezoelectric sensors, and 
transducers [10]. These features have led to the wide-
spread use of PST in electronics, where it is used in 
devices such as field-effect transistors (FET-FeRAM), 
dielectric capacitors, and tunable microwave devices 
[1,5–12]. More recently, its properties have also been 
harnessed in biomedical technologies, where PST’s 
piezoelectric and ferroelectric behavior can be applied 
to bioimaging, light-activated therapeutic technolo-
gies, and biosensing applications, offering new possi-
bilities in medical diagnostics and treatments [13].

While significant research has been conducted on 
PST ceramics with varying Pb/Sr ratios, additional stu-
dies are needed to optimize its properties for biome-
dical use. The sintering process plays a critical role in 
controlling the crystallite size and phase purity, which 
directly affect PST’s functional properties. PST materi-
als can be synthesized using several methods, includ-
ing sol-gel, hydrothermal, and solid-state reactions, 
with the solid-state reaction method being particularly 
advantageous due to its simplicity, scalability, and abil-
ity to produce homogeneous, high-purity materials 
[14,15]. The solid-state reaction method allows for pre-
cise control over particle size and crystallinity, which 
are essential for biomedical applications where mate-
rial consistency and phase purity are critical [16,17]. 
The solid-state reaction is the predominant technique 
for generating polycrystalline solid solutions from 
a blend of solid substances [18]. PST can be synthe-
sized using this method with different metal oxide 
precursors [18,19]. However, the reactions generally 
require high temperatures for the PST formation pro-
cess to occur at an acceptable rate [18]. PST production 
can typically be accomplished by heating within 
a range of 400 to 1250°C for varying durations 
[4,20,21].

In this study, the authors report the preparation of 
PST powder from a mixture of PbCO3, SrCO3, and TiO2 

using the solid-state reaction method and subsequent 
sintering process to investigate the effect of sintering 
temperature on the weight percentage and crystallite 
size of the resulting PST material. By tuning these 
parameters, present study aim to optimize PST’s prop-
erties for potential applications in biomedical devices 
such as biosensors and bioimaging systems. Sintering 
temperatures ranging from 500°C to 1100°C were 
applied to achieve high phase purity and controlled 
crystallite size, thus enhancing PST’s performance for 
medical applications that require precise material 

properties. The results provide valuable insights into 
the optimal processing conditions for producing high- 
quality PST materials for biomedical technologies.

2. Materials and methods

The synthesis of PST ferroelectric perovskite was car-
ried out using high-purity powders of PbCO3, SrCO3, 
and TiO2 (99% purity, Sigma-Aldrich), as summarized in 
Table 1. The specific masses of PbCO3 (34.65 g), SrCO3 

(28.72 g), and TiO2 (25.89 g) were weighed according 
to the stoichiometric requirements of the target com-
position. The powders were homogenized through 
vibratory ball milling for 58 hours to ensure 
a consistent blend and a uniform distribution of com-
ponents. The milling was performed at 900 rpm, utiliz-
ing a ball-to-powder weight ratio of 10:1 with 10 mL of 
alcohol as a milling medium to reduce particle agglom-
eration and promote effective mixing. This ball milling 
process helps to reduce the particle size of the raw 
materials, which is critical for improving sinterability 
and enhancing phase purity in the final PST material.

To monitor particle size reduction and phase evolu-
tion, X-Ray Diffraction (XRD) and Particle Size Analyzer 
(P.S.A.) measurements were taken before and after 
milling at intervals of 5, 10, 25, 35, 45, and 55 hours. 
These analyses provided insights into the phase homo-
geneity and particle size distribution during the milling 
process, ensuring optimal starting conditions for the 
subsequent sintering process.

After 55 hours of ball milling, the homogeneous 
mixture was subjected to controlled sintering in an 
electric chamber furnace (Nabertherm N31/H) at differ-
ent temperatures (500°C, 600°C, 700°C, 800°C, 900°C, 
1000°C, and 1100°C) for 1 hour at each temperature. 
Sintering is a critical step to tune the crystallite size, 
phase purity, and density of the PST material. The 
selected temperature range of 500°C to 1100°C was 
chosen based on prior studies on similar perovskites, 
such as Ba0.6Sr0.4TiO3, where sintering in this range 
enhanced both the structural and electrical properties 
of the material [25].

At lower sintering temperatures (500°C–600°C), the 
process is governed by solid-state diffusion, with par-
ticle reorganization and minor densification. 
Controlling porosity at this stage is essential to avoid 
degradation of mechanical properties, which is vital for 
biomedical applications, where material strength and 
integrity are paramount. At intermediate temperatures 
(700°C–800°C), liquid-phase sintering becomes 

Table 1. Properties of PbCO3, SrCO3, and TiO2.

Materials

Properties

Molecular Weight (g/mol) Melting Point (oC) Density (g/cm3) Decomposition Temperature (oC) Ref.

PbCO3 267 315 6.6 315 [22]
SrCO3 147.63 1494 3.5 1100 [23]
TiO2 79.8 1855 3.9-4.3 1860 [24]
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predominant, leading to increased mass transport and 
densification. This phase is characterized by enhanced 
crystallinity, reduced porosity, and improved mechan-
ical properties, critical for applications requiring struc-
tural integrity and dielectric performance. Sintering at 
900°C to 1000°C results in nearly complete densifica-
tion, further reducing porosity and optimizing the 
dielectric and ferroelectric properties of the PST mate-
rial, making it suitable for high-performance biomedi-
cal sensors. Finally, sintering at 1100°C facilitates 
significant grain growth, which can further improve 
material properties relevant to biomedical devices 
[25–29].

XRD analysis [30] of the sintered products was per-
formed using a Philips (Model PW 1835) powder dif-
fractometer with Cu Kα radiation (λ = 0.15406 nm) 
operating at 40 kV and 30 mA. Diffractograms were 
recorded over a 2θ range of 10° to 90° with a step 
size of 0.02° and a scan rate of 1°/min. Phase identifica-
tion and quantification were achieved through 
Rietveld refinement using the High Score Plus soft-
ware, employing the pseudo-Voigt function to model 
the diffraction line profiles. The crystallite sizes were 
calculated using the Williamson–Hall method, which 
accounts for both crystallite size broadening and 
strain-induced broadening in the diffraction peaks [31].

Particle size analysis of the raw materials and ball- 
milled products was conducted using a Laser 
Diffraction Particle Size Analyzer (LS-PSA, Beckman 
Coulter, U.S.A.) capable of measuring particle sizes in 
the range of 0.4 to 900 µm. The LS-PSA was connected 
to a computer equipped with LS Coulter 100 software, 
allowing for precise measurement and analysis of the 
particle size distribution of each sample. This analysis is 
critical for ensuring that the starting powders have 
suitable particle sizes for effective sintering and 
phase formation.

3. Results and discussion

3.1. Raw material and ball milling product 
characterization

The initial characterization of PbCO3, SrCO3, and TiO2 

powders was performed using a Particle Size Analyzer 
(PSA). The average particle sizes of the powders, sum-
marized in Table 2, were measured at 1.33 µm for 
PbCO3, 3.18 µm for SrCO3, and 0.80 µm for TiO2. 
These particle sizes reflect the starting conditions of 
the raw materials, which play a crucial role in the 
subsequent ball milling and sintering processes 

aimed at tuning the crystallite size and phase purity 
for biomedical applications.

The XRD patterns of the individual raw materials, 
PbCO3, SrCO3, and TiO2, are shown in Figure 1. These 
patterns confirm the crystalline phases of the raw 
materials, with PbCO3, SrCO3, and TiO2 identified 
using ICSD numbers 98-016-6089, 98-016-6088, and 
98-002-4276, respectively. No impurities or secondary 
phases were detected, ensuring the phase purity of the 
starting materials. The ball milling process was per-
formed for durations ranging from 5 to 58 hours, with 
the particle size evolution recorded at different inter-
vals. As illustrated in Figure 2, the particle size 
increased significantly during the first 5 to 10 hours of 
milling due to cold-welding, where particles coalesce, 
forming larger aggregates. However, as the milling 
time progressed beyond 10 hours, the particle size 
began to decrease, indicating the onset of the inter-
mediate grinding phase, where repeated impacts and 
compression break down agglomerates into finer 
particles.

The ball milling process plays a crucial role in con-
trolling the crystallite size and phase purity of 
Pb1-xSrxTiO3 ferroelectric perovskites, which are essen-
tial for optimizing their functional properties in biome-
dical applications. The process can generally be divided 
into three stages: agglomeration, intermediate, and 
homogenization [32,33]. During the initial stage (5–10-
hours of milling), powder particles of PbCO3, SrCO3, and 
TiO2 tend to agglomerate due to cold welding, leading 
to the formation of larger clusters [32,33]. This agglom-
eration stage is marked by an increase in particle size, 
which is observed in the mixture of PbCO3, SrCO3, and 
TiO2. Such agglomeration can significantly affect the 
early phase of perovskite formation, potentially impact-
ing the crystallization process during sintering and thus 
the resultant phase purity.

In the intermediate grinding stage (10–58 hours), 
the agglomerated particles are progressively broken 
down due to repeated impact and compression forces. 
The particle sizes at various milling durations (10, 25, 
35, 45, 55, and 58 hours) were recorded as 17.51, 9.65, 
4.08, 1.49, 0.61, and 0.61 μm, respectively. This reduc-
tion in particle size is critical, as smaller, uniform parti-
cles contribute to the formation of a well-ordered 
perovskite structure, enhancing crystallite size control 
and phase purity during subsequent sintering. The 
homogenization stage, observed at 55 and 58 hours 
of milling, resulted in a constant particle size of 
0.61 μm, indicating that the mixture had reached 
a uniform state. This uniformity is particularly impor-
tant for biomedical applications, where controlled 
crystallite sizes can affect material properties such as 
biocompatibility, dielectric constant, and piezoelectric 
behavior, making Pb1-xSrxTiO3 perovskites highly suita-
ble for sensors and actuators in medical devices 
[18,20,34].

Table 2. Average particle size of raw materials.
Materials Average particle size (µm)

PbCO3 1.33
SrCO3 3.18
TiO2 0.80
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These findings are consistent with previous studies. 
For instance, Tousi et al. [35] observed a similar 
agglomeration and particle size reduction in Al pow-
der, with a significant size decrease occurring after 
4 hours of milling. Likewise, El-Eskandarany et al. [36] 
reported a comparable trend for Fe52Nb48 alloy pow-
der, where particle size initially increased during the 
first 20 hours of milling before decreasing, with opti-
mal particle size achieved after 40 hours. The 

continued reduction in particle size with prolonged 
milling in this study can be attributed to enhanced 
collisions between the milling balls and the raw mate-
rial, resulting in more efficient size reduction and 
greater homogeneity in the mixture [37–40]. This fine 
and uniform powder is essential for achieving high 
phase purity in Pb1-xSrxTiO3 perovskites during the 
sintering process, which is critical for optimizing their 
performance in biomedical applications.

Figure 1. XRD patterns of the PbCO3, SrCO3, and TiO2 from the inorganic crystal structure database.

Figure 2. Effect of milling duration on particle size in mixtures of PbCO3, SrCO3, and TiO2.
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X-ray diffraction (XRD) analysis of the milled mix-
ture of PbCO3, SrCO3, and TiO2 for varying durations 
(5 hours, 10 hours, 25 hours, 35 hours, 45 hours, and 
55 hours) is presented in Figure 3. The XRD patterns 
confirm the presence of all three starting compounds 
across all milling durations. The results indicate that 
extending the milling time leads to only minor 
changes in peak intensity, with no evidence of new 
phase formation, even after 55 hours of milling. This 
suggests that the structural integrity of the initial 
compounds is largely preserved during the ball 
milling process, while other mechanisms, such as 
crystallite size reduction and increased lattice strain, 
are at play. The effect of milling duration on the 
crystallite sizes of PbCO3, SrCO3, and TiO2 is depicted 
in Figure 4.

The findings consistently show that increasing the 
milling duration leads to a reduction in the crystallite 
sizes of PbCO3, SrCO3, and TiO2. This is a critical 
observation for controlling the crystallite size of 
Pb1-xSrxTiO3 perovskites during sintering, where 

smaller crystallites can enhance phase purity and 
functional properties that important for their appli-
cation in biomedical devices such as piezoelectric 
sensors and actuators. The reduction in crystallite 
size aligns with the work of Sabrina et al. [41], who 
observed a significant decrease in the crystallite size 
of Fe20Cr5AlT as mixing duration increased from 0 to 
48 hours. This decrease is associated with the broad-
ening of X-ray diffraction peaks due to an increase in 
the full width at half-maximum (FWHM), which is 
directly related to a reduction in crystallite size as 
milling time increases.

Similar findings have been reported by Rijesh et al. 
[42], who demonstrated that Al powders exhibited 
a continuous decrease in crystallite size as the ball 
milling duration increased, further reinforcing the 
relationship between milling time and reduced crys-
tal size. Wong et al. [43] also observed that pro-
longed milling of SrCO3 and TiO2 mixtures led to 
a marked reduction in crystallite size, along with 
increased lattice strain and peak broadening. These 

Figure 3. XRD patterns of the ball milling products.

336 R. D. WIDODO ET AL.



structural changes are attributed to the accumulation 
of lattice defects and increased mechanical strain 
during milling, which are critical factors in reducing 
crystallite size and tuning phase purity during 
sintering.

Moreover, the study by Rajkovic et al. [44] on Cu-2.5  
wt%Al demonstrated that increased milling time 
resulted in significant reductions in crystal size, driven 
by enhanced lattice distortion and broader XRD peaks, 
consistent with the trend observed in this study. The 
inverse relationship between milling time and crystal-
lite size, as well as the increasing lattice distortion with 
prolonged milling, is essential for the optimization of 
Pb1-xSrxTiO3 perovskite crystallites in biomedical appli-
cations, where precise control over crystallite size is 
needed to improve material performance and phase 
stability during sintering.

3.2. Sintering product characterization

Figure 5 illustrates the influence of sintering temperature 
on the formation of Pb0.4Sr0.6TiO3 material, highlighting 
the temperature-dependent nature of the synthesis pro-
cess. At lower temperatures (500°C and 600°C), the 
Pb0.4Sr0.6TiO3 perovskite structure does not form, with 
the starting materials PbCO3, SrCO3, and TiO2 remaining, 
indicating incomplete chemical reactions. As the sinter-
ing temperature increases from 700°C to 1000°C, the 
formation of Pb0.4Sr0.6TiO3 is observed, although impu-
rities persist in the resulting material. Notably, at a higher 
sintering temperature of 1100°C, pure Pb0.4Sr0.6TiO3 is 
obtained, free from impurities. These findings underscore 
the critical role of sintering temperature in achieving 
phase purity and optimizing the properties of the mate-
rial for biomedical applications.

The incorporation of strontium (Sr) significantly 
affects the crystal lattice of PbTiO3, where Sr2 + ions 
partially replace Pb2 + ions, resulting in the Pb1-xSrxTiO3 

perovskite structure. Distinct peaks corresponding to 
the Pb0.6Sr0.4TiO3 phase become increasingly pro-
nounced at elevated sintering temperatures (900°C, 
1000°C, and 1100°C). In contrast, at lower temperatures 
(500°C to 700°C), the stable perovskite phase with 
sufficient Sr substitution is not fully developed, indicat-
ing inadequate integration of Sr into the perovskite 
structure. The presence of secondary phases, such as 
SrCO3 and TiO2, suggests that the chemical interac-
tions among the components remain incomplete at 
these lower temperatures.

Conversely, at higher sintering temperatures (700°C 
and above), the peak intensities of the perovskite 
phases Pb0.6Sr0.4TiO3 and PbTiO3 begin to rise, 
while the intensity of secondary phases like SrCO3 

starts to diminish, especially beyond 900°C. Elevated 
sintering temperatures promote more thorough phase 
transitions and reduce the prevalence of secondary 
phases, enhancing ion diffusion and facilitating the 
effective incorporation of Sr into the perovskite struc-
ture. By 1100°C, the secondary phase is entirely absent, 
with Pb0.6Sr0.4TiO3 emerging as the sole phase.

To quantify these changes, Rietveld analysis was 
performed using High Score Plus software, evaluating 
the effects of sintering temperature on the crystal 
system, phase composition, and crystallite size of 
Pb0.4Sr0.6TiO3 crystals. A consistent cubic crystal struc-
ture was maintained across the sintering temperature 
range of 700°C to 1100°C (Figure 6). The phase com-
position of Pb0.4Sr0.6TiO3 significantly increased with 
rising sintering temperatures, achieving values of 
27.58%, 65.59%, 72.9%, 92.5%, and 100% at 700°C, 
800°C, 900°C, 1000°C, and 1100°C, respectively. 

Figure 4. Effect of milling duration on crystal size in mixtures of PbCO3, SrCO3, and TiO2.
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Figure 5. XRD patterns on specimens at various sintering temperatures.

Figure 6. Effect of sintering temperature on phase composition (%) in Pb0.4Sr0.6TiO3 crystals.
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Notably, the formation of the Pb0.4Sr0.6TiO3 phase was 
not observed at 500°C and 600°C.

This correlation between higher sintering tempera-
tures and increased phase composition of 
Pb0.4Sr0.6TiO3 is attributed to the higher kinetic energy 
of atoms at elevated temperatures, which facilitates 
enhanced atomic interactions and bonding, leading 
to the elimination of impurities [45,46]. Furthermore, 
the elevated sintering temperatures promote recrystal-
lization in the precursor materials (PbCO3, SrCO3, and 
TiO2) and foster crystal growth in the Pb0.4Sr0.6TiO3 

phase, resulting in a higher phase composition and 
improved material properties.

Previous studies have demonstrated that the 
Ba0.6Sr0.4TiO3 phase initiates formation at a sintering 
temperature of 700°C, with pure Ba0.6Sr0.4TiO3 material 
achieved at 1000°C [33]. Similarly, Sahu et al. [47] 
reported that increasing the sintering temperature 
leads to the elimination of impurity phases, resulting 
in a purer Al86Ni6Y4.5CO2La1.5 composition. Their find-
ings indicate that elevated sintering temperatures 
enhance viscous flow, facilitating the formation and 
subsequent disappearance of complex metastable 
phases during the sintering process. Additionally, 
Wang and Hu [48]. Whiney et al. [49], and Laeng et al. 
[50] demonstrated that extending the sintering time 
and increasing the sintering temperature effectively 
reduces the percentages of NiTi2 and Ni3Ti impurities 
in NiTi alloys. Moreover, research by Fu et al. [51] 
concluded that elevating the sintering temperature 
to 800°C results in the complete disappearance of the 
impurity phases Bi2Fe4O9, yielding a single-phase 
BiFeO3 with a distorted perovskite structure.

The effect of sintering temperature on the crystal-
lite size (in nanometers) of Pb0.4Sr0.6TiO3 is depicted 
in Figure 7, demonstrating a clear trend where 
increased sintering temperatures correlate with 
enhanced crystal size. The measured crystallite sizes 

were 62.1 nm, 74.2 nm, 134 nm, 98.3 nm, and 91.5 nm 
at sintering temperatures of 700°C, 800°C, 900°C, 
1000°C, and 1100°C, respectively. These results indi-
cate that the recrystallization mechanism and exces-
sive grain growth at elevated temperatures facilitate 
size reduction, while the most substantial crystal 
growth occurs at 900°C, where the largest size of 
134 nm was observed.

The growth in crystallite size with sintering tem-
peratures of 700°C, 800°C, or 900°C can be attributed 
to increased atomic kinetic mobility, enhanced crystal-
linity, and higher levels of oxygen vacancies, which 
collectively promote crystallite growth during sinter-
ing. As the process progresses, the microstructure 
evolves from relatively compact particles to a dense, 
nearly pore-free structure. The bonding of particles 
involves atomic diffusion, which is facilitated by the 
increased atomic kinetic mobility at higher sintering 
temperatures, ultimately leading to crystallite growth 
[52–55].

Notably, an intriguing phenomenon occurs at sin-
tering temperatures of 1000°C and 1100°C, where the 
crystallite size begins to decrease, measuring 98.3 nm 
and 91.5 nm, respectively, which is smaller than the 
size recorded at 900°C. This observation aligns with 
the findings of Nazarian-Samani et al. [56], who 
reported a similar trend in a nanocrystalline 
Ni3A alloy, where increasing the sintering temperature 
up to 1000°C led to enhanced crystal size, but further 
elevation beyond 1000°C resulted in size reduction. 
This pattern underscores the complex relationship 
between sintering temperature and crystallite size, 
highlighting the importance of precise temperature 
control to achieve desired material characteristics.

Perovskite materials exhibit unique properties that 
can be further enhanced through a controlled sinter-
ing synthesis process, making them exceptionally sui-
table for a variety of applications, particularly in the 

Figure 7. Effect of sintering temperature on crystal size of Pb0.4Sr0.6TiO3.
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biomedical field. Their piezoelectric and ferroelectric 
properties offer promising applications in biosensors 
[57], bioimaging [58], and light-activated therapeutics 
[59]. Furthermore, perovskite-based nanoparticles 
show potential for cancer treatment [60]. Their bio-
compatibility and mechanical robustness position 
them as optimal candidates for tissue engineering 
and orthopedic implants, especially lead-free perovs-
kite materials, which are considered safer and more 
environmentally sustainable for medical applica-
tions [61].

4. Conclusions

This study investigated the influence of sintering tem-
perature on the weight percentage and crystallite size 
of PST perovskites. The synthesis involved combining 
PbCO3, SrCO3, and TiO2 powders through a solid-state 
reaction, with the powder mixing process utilizing 
vibratory ball milling divided into three stages: accu-
mulation, intermediate, and homogenization. PSA 
revealed that during the agglomeration phase (5–10-
hours), particle size increased due to interactions 
between neighboring particles. This was followed by 
fragmentation during the intermediate phase (10–58-
hours), where repeated compression led to a more 
uniform particle size distribution. Notably, the particle 
size stabilized during the homogenization phase (55–-
58 hours). XRD analysis indicated that longer milling 
durations resulted in reduced particle sizes, attributed 
to increased lattice distortion and broadening of dif-
fraction peaks. Temperature emerged as a critical fac-
tor in the synthesis of Pb0.4Sr0.6TiO3, significantly 
affecting the phase composition and material proper-
ties. The phase composition of Pb0.4Sr0.6TiO3 increased 
with rising sintering temperatures, reaching values of 
27.58%, 65.59%, 72.9%, 92.5%, and 100% at 700°C, 
800°C, 900°C, 1000°C, and 1100°C, respectively. No for-
mation of the desired phase occurred at 500°C and 
600°C, underscoring the necessity of optimal sintering 
conditions. The sintering treatment at 1100°C yielded 
the most favorable specimen, resulting in a fully pure 
and impurity-free PST. Analysis using High Score Plus 
software confirmed the temperature’s role in influen-
cing the crystal sintering system, phase composition, 
and crystallite size of Pb0.4Sr0.6TiO3. A consistent cubic 
phase was observed within the 700–1000°C range, 
where high temperatures facilitated enhanced phase 
formation and impurity elimination. This improvement 
is attributed to the increased kinetic energy at elevated 
sintering temperatures, which promotes atom interac-
tions and bond formation, thereby reducing impurity 
phases. Crystallization at higher temperatures led to 
increased crystallite sizes, with sizes of 62.1 nm, 74.2  
nm, 134 nm, 98.3 nm, and 91.5 nm recorded at sinter-
ing temperatures of 700°C, 800°C, 900°C, 1000°C, and 
1100°C, respectively. A marked increase in crystallite 

size was noted from 700°C to 900°C, peaking at 134 nm 
due to enhanced atomic mobility, improved crystal-
linity, and the presence of oxygen vacancies. 
However, a decline in size at sintering temperatures 
of 1000°C and 1100°C indicates the complexity of the 
relationship between temperature and crystallite size. 
Precise control over the sintering temperature is cru-
cial for tailoring the crystallite size and phase purity of 
Pb0.4Sr0.6TiO3 ferroelectric perovskites, optimizing 
them for biomedical applications. These findings pro-
vide valuable insights for enhancing the manufactur-
ing processes of perovskite materials, promoting the 
production of high-quality materials suitable for 
a range of biomedical applications.
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