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ABSTRACT 
 

Synthesis of Ba0.6Sr0.4TiO3 was prepared via a conventional solid-state reaction process of 

BaCO3, SrCO3 and TiO2 precursors.  The effect of milling times on the physical properties 

(particle and crystallite size) of Ba0.6Sr0.4TiO3 powder is investigated. The size of the powder 

particle is determined using the particle-size analyzer (PSA). The X-ray diffraction method is 

used for qualitative and quantitative phases analyzation as well as crystallite-size 

determination. The average particle size of the powder initially increased due to the laminated 

layers formation which then decreased to an asymptotic value of 0.4 µm at 58 h. The 

crystallite-size of Ba0.6Sr0.4TiO3 was sintered at 1100°C for 1 h the holding time is 43 nm. The 

crystallite-size of barium-strontium titanate phase is dependent on the temperature and time of 

their sintering. 

 

Keywords: Particle-size; crystallite-size; barium-strontium titanate; solid-state reaction.   

 

 

INTRODUCTION 

 

Barium Strontium Titanate (BST) with the formula Ba(x) Sr(1-x) TiO3, 0<x<1, is a ferroelectric 

material which has a perovskite-structure, is a solid solution composed of barium titanate and 

strontium titanate. The BST ceramic material is widely known to be used as a material in 

electronic devices such as dynamic random access memories (DRAM), dielectric capacitors, 

microwave phase shifters, varactor, tunable filter, transducers, positive temperature coefficient 

resistor (PTC), piezoelectric sensors, uncooled infrared detectors, antennas, high-Q resonators 

for radar and communication applications [1–3]. The vast usage of BST ceramic material, both in 

the forms of bulk ceramics and thin films, is caused by its unique combination of large dielectric 

constant, stable operation at high temperature, high tunability, low loss tangent, low dc leakage 

and alterable Curie temperature [4–6]. 

 

The uniqueness of BST is caused by several factors such as chemical formula or x composition 

known as the Ba/Sr ratio, method to synthesize, as well as particle and crystallite size [7]. 

Ceramics Ba(1-x)Sr(x)TiO3 with various x composition (Ba/Sr ratio) consists of the following x 

compositions given by: x = 0.05, 0.10, 0.15 and 0.20 [8]; x = 0 to 0.5 [9]; x = 0.25, 0.35, 0.40, 

0.5, 0.6, 0.75, 0.90 [10]; x = 0.35 and 0.6 [11]; x = 0.25, 0.50, 075 and 0.90 [12]; x = 0.1  [13]; x 

= 0.5 [14]; x = 0.1 and 0.6 [15]; x = 0 – to 0.2 [16]; x = 0.4 [17–21]. In addition, synthesized 

Ba(x)Sr(x-1)TiO3 ceramics with the composition x = 0.4 [22]. High dielectric and pyroelectric 

properties of Ba(1-x)Sr(x)TiO3 composition with 0.3 ≤ x ≤ 0.5 results in a decrease in the 

ferrolectric-paraelectric phase transformation temparature or Curie temparature (TC) down to 

temperatures close to room temperature (RT, 25°). For example, for Ba0.6Sr0.4TiO3, the bulk TC is 

just below RT (5°C). Ceramics Ba(1-x)Sr(x)TiO3 has attracted significant interest as material 

systems of choice for such application [2, 9, 13, 17]. 

 

The following methods are generally used to synthesize Ba(1-x)Sr(x)TiO3: hydrothermal method 

[20, 23], sol-gel method [24], and conventional solid-state reaction method [8, 11, 12, 15, 18, 21, 



22, 25–27]. The BST nanoparticles which are synthesized by hydrothermal and sol-gel methods 

are smaller than 100 nm, but they contain residual hydroxide ions, which results in the formation 

of inter-granular pores [25]. BST nanoparticle with large-scale production, mechanochemical or 

solid-state reaction processing route is considered to be the most method (Clark et al., 1999). The 

conventional solid-state method has several advantages such as low-cost raw materials, a 

simplified process and the ability to obtain fine particles [29]. The conventional solid-state 

method such as high-energy ball milling is characterized by the repeated welding, deformation 

and fracture of the constituent powder materials [26]. The mechanical activation during solid-

state reaction via mechanical milling leads to an increase in specific surface area of the particles 

powder, as a consequence of the destruction of agglomerates and particles of the initial 

precursors [30]. Microstructure of the particle and crystallite size is caused by the initial state or 

the characteristics of the powder used, the duration of the mechanical milling and the heating 

temperature. During the mechanical milling process, particle size can be reduced > 1 µm, and 

crystallite size can increase along with the temperature and holding time of sintering process 

[31].    

 

The objective of this paper is, therefore, to investigate the effects of milling times on the physical 

properties (particle and crystallite size) during the synthetization of Ba0.6Sr0.4TiO3 powder and 

the subsequent annealing process. The discussion include results of mean particle size 

characterization by a Laser Particle Size Analyzer and mean crystallite size determination by 

using the line broadening analysis employing a step scanning counting in the x-ray diffraction 

(XRD) apparatus. 

 

 

METHODS AND MATERIALS 

 

 Ba0.6Sr0.4TiO3 powders are composed of basic compounds of BaCO3, SrCO3 and TiO2 which 

have purity percentage of more than 98% where the stoichiometry was utilized to calculate the 

amount of basic compound in the mixture. The mechanical alloying process to mix the basic 

compound powder was performed for 58 hours using the vibratory ball milling. The weight ratio 

of the steel balls to the compounds was 10:1. The characterization of the particle size weight was 

conducted using Particle Size Analyser (PSA) Malvern ZS Nanoseries. Furthermore, the Philips 

X-ray diffractometer was used to perform phase analysis and crystallite size of milled powders. 

The “step-scan” method was performed to record the X-ray diffraction patterns. The annealing 

process of the powders was completed in the electric chamber furnace (Nabertherm N31/H) at 

500°C, 600°C, 700°C, 800°C, 900°C, 1000°C and 1100°C in the air under atmospheric pressure 

up to 1 hour. The Rietveld analysis was performed applying the High Score Plus program which 

is an updated version of Rietveld refinement with PC and mainframe computers. The description 

of the diffraction line profiles at Rietveld refinement was achieved using the pseudo-Voigt 

function. The Williamson-Hall method was then used to estimate the crystallite sizes for BaCO3, 

SrCO3 and TiO2 as well as Ba(1-x)Sr(x)TiO3 phases [32]. Intensity data during the scanning was 

taken every 2 seconds for each step of the diffraction angle of 0.005°. The diffraction peak width 

(B) and the mean crystallite size (D) is given in Equation 1 and Equation 2 as follows. 

 

 
(1) 

 
(2) 

 

where λ denotes the X-ray wavelength, η represents the strain in the materials and θ denotes the 

Bragg angle. Furthermore, the peak width B obtained after the correction due to instrument 

broadening is given by Equation 3 as follows 

 

 
(3) 



where Bo is the Full Width at Half Maximum (FWHM) of the test sample while Bs is the FWHM 

standard samples that used Silicon (Si). 

 

RESULTS AND DISCUSSION 

 

The results of PSA testing on the particle size of the BaCO3, SrCO3 and TiO2 powder showed 

that the mean of the initial particle size was 1.979 μm, 3.182 μm and 0.795 μm, respectively. The 

diffraction patterns of TiO2, SrCO3 and BaCO3 precursors are shown in Fig. 1. The diffraction 

patterns of TiO2 and PbCO3 precursors were matched with the diffraction patterns of TiO2, 

SrCO3 and BaCO3 in the Inorganic Crystal Structure Database (ICSD) number 98-009-6946, 98-

016-6088 and 98-016-6090, respectively. Based on the Rietveld analysis performed by applying 

the High Score Plus program revealed that the crystal system of TiO2, SrCO3 and BaCO3 is 

tetragonal, orthorhombic and orthorhombic, respectively. 

 

 
 

Figure 1.X-ray diffraction patterns of TiO2, SrCO3 and BaCO3 precursors. 

 

 

Figure 2 shows the mean particle size of TiO2, SrCO3 and BaCO3 powder mixture which are the 

chemical components of the BST milled up to 58 hours. These results indicate that at the initial 

stage of the mechanical alloying process, all particles from the components of the BST were 

mixed and alloyed into one cold weld. As a consequence, the mean particle size increased in 

which the maximum particle size was approximately 22.6 μm obtained during 10 hours of the 

milling process. The particles yield from the mechanical milling process had a lamellar structure 

with relatively high crystallite defects due to the deformation [33]. The internal lamellar structure 

of the particles occurred due to the process of alloying the particles which initially had a 

relatively high level of elasticity. If the duration of the mechanical alloying process was 

increased, then the particles with lamellar structure experienced an increase in the internal stress 

so that the level of particle brittleness was also increased [34]. Subsequent treatment of this 

mechanical alloying stage causes the particles to experience brittleness due to internal stress and 

deformation which then caused the particle size to disintegrate into finer particles with a mean 

size of approximately 0.4 μm. The mean size then had a tendency to be constant even though the 

deformation continued after a 58-hour milling duration. 



 
 

Figure 2.The mean particle sizes of  TiO2, SrCO3 and BaCO3 mixture as a function of milling 

time. 

 

Figure 3 illustrates the calculation of the mean size of crystallite in TiO2, SrCO3 and BaCO3 

powder mixtures based on x-ray diffraction patterns. It can be seen that the mechanical alloying 

process for 55 hours did not change the diffraction pattern of the mixture of TiO2, SrCO3 and 

BaCO3 where the identification of diffraction peak of TiO2, SrCO3 and BaCO3 can still be 

identified. However, it can be seen that there is a widening of the diffraction peak which shows a 

reduction in the mean size of the crystallite along with the increase in milling duration, as shown 

in Figure 4. The diffraction peak of the level (111) shows that the increase in milling duration 

results in the increase of the diffraction peak along with the decrease in the intensity of the 

diffraction peak. This indicates that there has been deformation and milling of crystallite size 

[35]. 

 

 
 

Figure 3.X-ray diffraction patterns of TiO2, SrCO3 and BaCO3 mixture. 

 



 
 

Figure 4.X-ray diffraction peak on the hkl area (111). 

 

The mean size of TiO2, SrCO3 and BaCO3 crystallite mixture powder obtained from the 

calculation using the Williamson-Hall method can be seen in Figure 5. The results show that the 

crystallite size milling process occurred along with the increasing duration of the milling process. 

The results of the crystallite size calculation as a function of the milling process duration is also 

illustrated in Figure 5. 

 

 
 

Figure 5.The mean crystallite size of TiO2, SrCO3 and BaCO3 mixture. 

 

 

Figure 3 and 5 show that the continuous collision force between the mixture of TiO2, SrCO3 and 

BaCO3 powder with a steel ball in the alloying process for 55 hours causes deformation of the 

crystal structure. The deformation process of the powder mixture leads to the longer milling 

duration than 55 hours which resulted in a greater reduction rate of the crystallite mean size. The 

crystallite sizes of TiO2, SrCO3 and BaCO3 which were milled up to 55 hours were 68, 59 and 48 

nm, respectively.  

 

The annealing process for the TiO2, SrCO3 and BaCO3 powder mixtures at temperatures of 

500°C, 600°C, 700°C, 800°C, 900°C, 1000°C and 1100°C was performed for 1 hour and the x-

ray diffraction pattern is shown in Figure 6. This process was conducted to determine the phases 

present in the material after the annealing process. 

 

 

 



 
  

Figure 6.X-ray diffraction patter on the TiO2, SrCO3 and BaCO3 during annealing proses for 1 hour. 

 

The Rietveld analysis result was performed by applying the High Score Plus program based on 

the x-ray diffraction pattern in Figure 6. The sample which was annealed at 500°C produced the 

most dominant phase which was BaCO3 (witherite) = 47%, TiO2 (anatase) = 27% and SrCO3 

(strontianite) = 26%. On the other hand, the annealing process at 600°C produced BaCO3 

(witherite) phase = 49.7%, SrCO3 (strontianite) = 25.5% and TiO2 (anatase) = 24.7%. Apart from 

that, the 700°C annealing process produced BaCO3 phase (witherite) = 39.7%, TiO2 phase 

(anatase) = 23.4% and a new phase of (Ba0.67Sr0.33)TiO3 with a percentage of 36.9%. The 

(Ba0.67Sr0.33)TiO3 phase was formed from the phase of SrCO3 and BaCO3 and TiO2 phases, in 

which the Sr element substituted the Ba element which was unstable due to the existence of Sr 

element in the SrCO3 phase which has not fully substituted. Furthermore, in the annealing 

process at 800°C, phase (Ba0.67Sr0.33)TiO3 experienced a percentage increase to 43.1% caused by 

the growth phase due to the increasing heat. The increased percentage then lead to a decrease in 

the SrCO3 and TiO2 phase percentages. In addition, the 900° C annealing process yield an 

increase in the percentage phase of (Ba0.67Sr0.33)TiO3 to 93.4% which was caused by the growth 

phase due to the increasing heat and the SrCO3 phase transformation. (Ba0.67Sr0.33)TiO3 phase 

was almost formed into a single phase of (Ba0.6Sr0.4)TiO3 and only left 6.6% of TiO2 phase. On 

the other hand, the 1000°C annealing process caused TiO2 phase transformation into a single 

phase of (Ba0.59Sr0.41)TiO3. The percentage of Ba changed from 0.67% to 0.6% and the 

percentage of Sr atoms changes to 0.41% from the original percentage of 0.33% when 

transformed into a single phase of (Ba0.6Sr0.4)TiO3. Finally, the annealing process at 1100°C 

showed that the single phase of (Ba0.6Sr0.4)TiO3 formed became stable and there was an increase 

in the size of the crystallite. Table 1 shows the effect of the annealing process on the physical 

properties of the formation process (Ba0.6Sr0.4)TiO3. 

 

 

 

 

 

 

 



Table 1. The physical properties in the formation of (Ba0.6Sr0.4)TiO3. 
Annealing 

Temperature (°C) 

Phase Composition 

Phase (%) 

Crystal system Crystallite Size 

(nm) 

500 

BaCO3 47 orthorhombic 52 

TiO2 27 tertragonal 111 

SrCO3 26 orthorhombic 78 

600 

BaCO3 49.7 orthorhombic 57 

TiO2 24.7 tertragonal 95 

SrCO3 25.5 orthorhombic 101 

700 

BaCO3 39.7 orthorhombic 55 

TiO2 23.4 tertragonal 37 

(Ba0.67Sr0.33)TiO3 36.9 tertragonal 17 

800 

BaCO3 39.6 orthorhombic 15 

TiO2 17.3 tertragonal 59 

(Ba0.67Sr0.33)TiO3 43.1 tertragonal 20 

900 
TiO2 6.6 tertragonal 68 

(Ba0.67Sr0.33)TiO3 93.4 tertragonal 27 

1000 (Ba0.59Sr0.41)TiO3 100 cubic 30 

1100 (Ba0.6Sr0.4)TiO3 100 cubic 43 

 

 

CONCLUSIONS 

 

The effect of milling time and an annealing process in the production of ceramic material 

(Ba0.6Sr0.4)TiO3 on its physical properties such as particle size and crystallite and the process of 

phase formation through conventional solid-state reaction routes has been investigated. Particle 

size in TiO2, SrCO3 and BaCO3 powder mixtures which was milled in the high-energy vibratory 

milling up to 58 hours was 0.4 μm, while the crystallite sizes of TiO2, SrCO3 and BaCO3 were 68 

nm, 59 nm and 48 nm, respectively. The deformation process that occurred in the TiO2, SrCO3 

and BaCO3 powder mixture caused an increase in the milling time to 55 hours which led to the 

reduction of the particles and crystallites mean size. The annealing process was conducted to a 

mixture of TiO2, SrCO3 and BaCO3 at a temperature of 500°C to 1100°C resulting in a phase 

transformation, and at an annealing temperature of 1100°C, a single and stable phase of 

(Ba0.6Sr0.4)TiO3 was formed. The increase in annealing temperature also affected the increase in 

crystallite size. 
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INTRODUCTION 

Barium Strontium Titanate (BST), Ba(x)Sr(1-x)TiO3, 0<x<1, is a ferroelectric material with a perovskite structure. 

This material composes of barium titanate (BaTiO3) and strontium titanate (SrTiO3). When SrTiO3 is added to BaTiO3, 

Sr ion will replace Ba ion to form the BST material structure. Barium Strontium Titanate (BST) ceramic material is 

widely used in electronic devices [1]–[3]. As bulk ceramics and thin films, this material has a unique combination of 

large dielectric constant. It demonstrates a stable operation at high temperature, high tunability, low loss tangent, low 

DC leakage, and alterable curie temperature [4]–[6]. 

The uniqueness of the BST material is attributed by several factors,  such as the Ba / Sr ratio, the synthesis method, 

and the particle and crystal size[7]. Ba(x)Sr(1-x)TiO3 ceramics with various compositions of x (Ba / Sr ratio) has been 

widely studied.; for example x = 0.05, 0.10, 0.15 and 0.20 [8]; x = 0 to 0.5 [9]; x = 0.25, 0.35, 0.40, 0.5, 0.6, 0.75, 0.90 

[10]; x = 0.35 and 0.6 [11]; x = 0.25, 0.50, 075 and 0.90 [12]; x = 0.1 [13]; x = 0.5 [14]; x = 0.1 and 0.6 [15]; x = 0 - to 

0.2 [16]; and x = 0.4 [17]–[22]. Furthemore, the high dielectric and pyroelectric properties of the composition Ba(x)Sr(1-

x)TiO3 with 0.3 ≤ x ≤ 0.5 resulted in the Curie temparature (TC) or ferrolectric-paraelectric phase transformation 

temparature decrease to near room temperature (25°).  

Ba(x)Sr(1-x)TiO3 materials are generally synthesized by hydrothermal method [20], [23], sol-gel method [24], and 

conventional solid-state reaction method [21], [25]–[27]. The BST material synthesized by the hydrothermal and sol-gel 

method produces crystals less than 100 nm.  Subsequently, it produces residual hydroxide ions, which resulted in the 

formation of intergranular pores [25]. The mechanochemical or solid-state method is the most used method for BST 

nanoparticles large-scale production [28]. The solid-state method has several advantages; it uses low-cost raw materials, 

simple synthesis processes, and the ability to produce fine particles [29]. During solid-state processes such as high-

energy ball milling, the steps that occur during solid-state processes, specifically, welding, deformation, and fracture of 

powder raw materials, are repeated [26]. The mechanical activation during solid-state reaction with mechanical milling 

increases the raw material's specific surface area due to the destruction of agglomerates and particles of the initial 

precursors [30]. In this regard, the mechanical milling process can produce particles sized > 1 µm. In general, the 

microstructure of the particle and crystallite size of mechanical milling products are influenced by the characteristics of 

the raw materials used, the duration, and the heating temperature during the mechanical milling process [31]. 

ABSTRACT – Barium Strontium Titanate (BST) ceramic materials are widely used in electronic 
devices due to their stable operation at high temperatures, high tunability, low tangent loss, low 
DC leakage, and alterable curie temperatures. While pure BST materials are usually produced at 
high sintering temperatures (1250oC), there are limited studies on the temperature and duration 
of the sintering process to produce pure BST, synthesized from micro or even nano-sized raw 
materials. This study aims to determine the effective sintering temperature for producing pure 
BST material using a mixture of raw materials with a mean particle size of 0.4 µm after milled for 
58 hours. The BaCO3, SrCO3, and TiO2 materials as raw materials for Ba0.6Sr0.4TiO3 synthesis 
were milled for 58 hours to produce a homogeneous mixture with a mean particle size of 0.4 µm. 
Sintering was carried out in a temperature range of 500oC – 1100oC for 1 hour. This study 
investigates the impact of sintering temperature on the physical properties and the purity of 
Ba0.6Sr0.4TiO3 powder using the X-ray diffraction method. The results showed that the 
Ba0.6Sr0.4TiO3 phase was formed at a sintering temperature of 700oC. Pure BST material was 
formed at the sintering temperature of 1000oC with a crystallite size of 41 nm. Whereas at a 
higher sintering temperature (1100oC), the pure BST material formed produced a larger 
crystallite, sized at 43 nm with cubic structure. The synthesis temperature and duration recorded 
in this research are lower than recorded in the BST material preparation using the solid-state 
method. The results of this study indicate that the sintering temperature greatly affects the purity, 
crystal system and crystallite size of the Ba0.6Sr0.4TiO3 material produced. The sintering 
temperature of 1100°C produces Ba0.6Sr0.4TiO3 material with the best physical properties 
because it has a cubic-shaped crystal system and the largest crystal size.  
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In recent years, several studies have focused on the effect of sintering temperature on the synthesis of Barium 

Strontium Titanate (BST). In general, the increase of the temperature and duration time of the sintering process will 

affect the BST material's purity and increase the crystallite size [31-43]. Pure BST materials are usually produced at 

high sintering temperatures [32]. Zhang et al. performed sintering at temperatures between 1350 - 1600°C to produce 

BST-MgO ceramics using a conventional solid-state process [33].  In the meantime, Berbecaru et al. carried out a 

sintering process at temperatures between 1200-1260°C for 2 hours to produce pure BST material by the solid-state 

reaction method [34]. Yustanti et al. reported that the sintering raw materials measuring an average size of 2.4 μm at a 

temperature of 1200°C  produced pure BST material without the presence of impurities [35] Barium strontium titanate 

ceramic material was synthesized from fine constituent powders produced from high energy ball milling processes at 

sintering temperatures 1200-1350°C, as reported by Mudinepalli et al., [36]. Meanwhile, Zhu et al. synthesized barium 

strontium titanate glass and ceramics using the sol-gel method and was sintered at temperatures between 1000 and 

1150°C [37]. Lastly, Gate et al. conducted a sintering process at a temperature of 1100°C for 3 hours to produce a pure 

Ba0.6Sr0.4TiO3 material using the sol-gel method [38]. 

The high sintering temperature to produce pure BST material has prompted various studies to produce pure BST 

materials at lower sintering temperatures. One way to produce BST material at low sintering temperatures is to add 

B2O3 material, as reported by Rhim et al. [39] and Hu et al. [40]. Rhim et al. investigated the effect of adding B2O3 on 

the sintering temperature of commercial BST. It was found that by adding 0.5 wt%, B2O3 could reduce the sintering 

temperature to 1150°C [39].  The sintering of BST powder synthesized using the sol-gel method was studied by Hu et 

al. The study demonstrated that the addition of B2O3 to the fine BST powder could reduce the sintering temperature to 

900°C. However, the XRD test showed two secondary phases as impurities caused by the addition of boron. Besides, 

this research method has many limitations when applied to commercial production because it requires a very high cost 

[40]. 

However, the BST material's sintering ability decreased along with the broader particle size distribution [41]. 

Accordingly, reducing the particle size is another way that can be used to speed up or shorten the sintering time. The 

sintering temperature is reduced with smaller raw material particles. The smaller the raw material particle size, the 

faster the grain becomes coarse due to the high particle surface energy compared to the large grain size distribution in 

the batch under the same sintering conditions [42]. In another reference, the raw material with smaller dimensions 

causes a larger contact surface so that the sinterability increases due to the maximal diffusion process [43]. Therefore, 

this study uses a vibratory ball milling for 58 hours to mix BaCO3, SrCO3, and TiO2 to obtain a homogeneous mixture 

with a mean particle size of 0.4 µm. This research aims to determine the effective sintering temperature to produce pure 

BST material using a mixture of BaCO3, SrCO3, and TiO2 ball-milled for 58 hours. 

METHODS AND MATERIALS 

Ba0,6Sr0,4TiO3 was synthesized from BaCO3, SrCO3, and TiO2 powders using the mechanical alloying method with 

a purity level of 99%. The powers were obtained from Sigma-Aldrich, as shown in Figure 1.  

 

 

Figure 1. Powder of BaCO3, SrCO3 and TiO2 as The Raw Material for synthesis Ba0,6Sr0,4TiO3 material 

 

The Particle Size Analyzer (PSA) test results in Table 1 show the BaCO3, SrCO3, and TiO2 powders average sizes. 

Meanwhile, the results of XRD tests on TiO2, SrCO3, and BaCO3 powders are shown in Figure 2. The diffraction 

patterns of TiO2, SrCO3 and BaCO3 powders are in-line with the diffraction patterns of TiO2, SrCO3 and BaCO3 in the 

Inorganic Crystal Structure Database (ICSD), respectively, with numbers 98-009- 6946, 98-016-6088, and 98-016-

6090. The Rietveld analysis using High Score Plus software shows that the TiO2 powder has tetragonal-shaped crystal 

systems while the SrCO3 and BaCO3 powders have orthorhombic crystal systems. 
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Table 1. Average Particle size (μm) of BaCO3, SrCO3 and TiO2 Materials 

Raw Materials Average particle size (μm) 

BaCO3 1,979 

SrCO3 3,182 

TiO2 0,795 

 

 
Figure 2. X-ray Diffraction Patterns of TiO2, SrCO3 and BaCO3 Powders 

 

In this research, BaCO3, SrCO3 and TiO2 powders were subjected to a wet milling process using a vibratory ball 

milling machine with a composition of 41.63 grams each, 20.76 grams, and 28.08 grams for 58 hours. The ball to 

powder ratio (BPR) in the milling process is 10:1. After 58 hours, the mixed BaCO3, SrCO3 and TiO2 were tested for 

PSA and XRD. The PSA test results showed that the powder mixture of BaCO3, SrCO3 and TiO2 had a particle size of 

0.4 µm. Meanwhile, according to the Rietveld analysis using the High Score Plus software, the XRD test results are 

shown in Figure 3. Figure 3 shows no change in the diffraction pattern of the powder of TiO2, SrCO3 and BaCO3. The 

crystal sizes of BaCO3, SrCO3 and TiO2 calculated using The Williamson-Hall method [44] are 48 nm, 61 nm, and 71 

nm, respectively. 
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Figure 3. X-ray Diffraction Patterns of TiO2, SrCO3 and BaCO3 Powders Mixture After 58 Hours of Milling 

 

After characterizing the mixture of milled TiO2, SrCO3, and BaCO3 powders, the next step is sintering the powder 

mixture of TiO2, SrCO3 and BaCO3. The sintering process was carried out in the electric chamber furnace (Nabertherm 

N31/H) with temperature variations of 500°C, 600°C, 700°C, 800°C, 900°C, 1000°C, and 1100°C in the air under 

atmospheric pressure up to 1 hour. After the sintering process, characterization was carried out using the XRD methods. 

The Philips XRD was also used to analyze the resulting phase and crystallite size. The "step-scan" method was 

performed to record the X-ray diffraction patterns. The intensity data during the scanning was taken every 2 seconds for 

each step on the diffraction angle of 0.005°. The Rietveld analysis was conducted using the High Score Plus software. 

The description of the diffraction line profiles at Rietveld refinement was achieved using the pseudo-Voigt function. 

RESULTS AND DISCUSSION 

Figure 4 shows the diffraction pattern of BaCO3, SrCO3, and TiO2 powder mixture at each sintering temperature. 

Figure 4 shows the material sintered at temperatures of 500°C and 600°C, the Ba0,6Sr0,4TiO3 phase was not formed. 

Meanwhile, while the Ba0,6Sr0,4TiO3 phase was formed at temperatures of 700°C, 800°C and 900°C, other compound 

phases, BaCO3, SrCO3, TiO2 and BaTiO3, were observed. Moreover, a single-phase Ba0,6Sr0,4TiO3 was formed at 

temperatures of 1000°C and 1100°C. 
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Figure 4. X-ray Diffraction Patterns of The Sintered Samples 

 

Figure 5 to Figure 11 show the Rietveld analysis results using the High Score Plus software based on X-ray 

diffraction obtained from the test results. Figure 5 shows the X-ray diffraction pattern on a powder that has been 

sintered at 500°C. The X-ray diffraction pattern shows that the Ba0,6Sr0,4TiO3 phase was not formed. In this light, the 

phases formed at 500°C sintering temperature variations are BaCO3 (witherite), TiO2 (anatase), and SrCO3 

(strontianite), with the respective percentage of 48.3%; 27.2%, and 24.5%. Meanwhile, the crystallite size formed in 

BaCO3, TiO2, and SrCO3 was 54.7 nm, 125.6 nm, and 80.3 nm. The X-ray diffraction pattern of the sintered powder at 

600°C is shown in Figure 6. At 600°C, Ba0.6Sr0.4TiO3 was not formed and still in the BaCO3, TiO2, and SrCO3 phases, 

with 51.2%; 24.2% and 24.6%, respectively. The sizes of the crystallites formed after sintering BaCO3, TiO2, and 

SrCO3 at 600°C for are 56.4 nm, 104.3nm, and 122.3 nm, respectively. 
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Figure 5. X-ray Diffraction Patterns of The Sintered Samples at 500°C 

 

 
Figure 6. X-ray Diffraction Patterns of The Sintered Samples at 600°C 

 

Figure 7 shows the X-ray diffraction pattern of a mixture of BaCO3, SrCO3, and TiO2 powders sintered at 700°C. At 

a temperature of 700°C, the Ba0.6Sr0.4TiO3 phase was formed with a percentage of 19.4% and a crystallite size of 15.3 

nm. However, at 700°C, BaCO3, SrCO3 and TiO2 phases were still found with the respective percentages of 35.2%, 

22.2%, and 19.8% with crystallite sizes of 58.1 nm; 65.6 nm and 66.2 nm, respectively. Apart from the Ba0,6Sr0,4TiO3, 

BaCO3, SrCO3 and TiO2 phases, a new phase, BaTiO3, with a percentage of 3.4% and a crystallite size of 38 nm, was 

also formed.  
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Figure 7. X-ray Diffraction Patterns of The Sintered Samples at 700°C 

 

Figure 8 shows that the crystallite percentage increased to 22.4%, and its size increased to 30.3 nm at the 

Ba0,6Sr0,4TiO3 phase when sintering at 800°C. In this variation, the crystal size of Ba0,6Sr0,4TiO3 is two times the 

crystallite size formed at 700°C sintering temperature. Meanwhile, the BaTiO3 phase percentage decreased to 2.2%, 

accompanied by a decrease in crystal size to 19.5 nm. BaCO3 phases were still found with a percentage of 47% with a 

crystallite size of 40 nm. Apart from the Ba0,6Sr0,4TiO3, BaCO3, and BaTiO3 phases, a new phase, SrTiO3, with a 

percentage of 28.3% and a crystallite size of 32.6 nm, was also formed.  

 

 
Figure 8. X-ray diffraction patterns of the sintered samples at 800°C 

 

Figure 9 shows the X-ray diffraction pattern at a product sintering temperature of 900°C. The Ba0,6Sr0,4TiO3 phase 

formed in this variation experienced a significant increase with a percentage of 94.6% and a crystallite size of 40.1 nm. 

Simultaneously, the other 5.4% is the BaCO3 phase with a crystallite size of 21.5 nm. The single phase of Ba0,6Sr0,4TiO3 

was formed perfectly at various sintering temperatures of 1000oC and 1100oC, as shown in Figure 10 and Figure 11. 

Ba0.6Sr0.4TiO3 with the crystallites sized 30 nm and 43 nm resulted in sintering temperatures of 1000°C and 1100°C. 
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Figure 9. X-ray Diffraction Patterns of The Sintered Samples at 900°C 

 

 
Figure 10. X-ray Diffraction Patterns of The Sintered Samples at 1000°C 
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Figure 11. X-ray Diffraction Patterns of The Sintered Samples at 1100°C 

 

The results of this study indicate that the Ba0,6Sr0,4TiO3 material has begun to form at a sintering temperature of 

700°C. However, a secondary phase is still formed and completely into single-phase Ba0,6Sr0,4TiO3 at 1000°C and 

1100°C. The effect of sintering temperature on the phase composition (%) and crystallite sizes of Ba0,6Sr0,4TiO3 formed 

is shown in Figure 12. The impurity phase disappears proportionately with the increase in sintering temperature. The 

kinetic energy in atoms increases due to higher sintering temperatures. The higher temperature makes it easier for the 

atoms to interact and bond with each other, causing the impurity phase to disappear [36], [38]. Besides, increasing the 

sintering temperature causes the atomic bonds to become stronger. Thus, sintering carried out at 1000oC and 1100°C 

resulted in forming a single phase of Ba0,6Sr0,4TiO3 which is more stable. Increasing the sintering temperature will result 

in a recrystallization process in the raw materials (BaCO3, SrCO3, and TiO2) so that a more stable Ba0,6Sr0,4TiO3 phase 

is formed. An increase in sintering temperature will produce Ba0,6Sr0,4TiO3 with a higher phase composition (%). The 

crystallite sizes also increased, as reported in previous studies [43], [45]–[47]. 

 

 
Figure 12. The effect of sintering temperature on the physical properties of Ba0,6Sr0,4TiO3 

 

The use of BaCO3, SrCO3, and TiO2 powder mixture, with a particle size of 0.4 µm, has been proven to produce 

Ba0,6Sr0,4TiO3 material at lower sintering temperatures with a faster duration (1 hour). This is supported by [42] and 

[43] study which revealed that reducing the particle size of raw materials is another method that can be used to speed up 

sintering and shorten sintering time. The sintering temperature is reduced with smaller raw material particles. The 

smaller the raw material particle size, the faster the grain becomes coarse due to the high particle surface energy 

compared to the large grain size distribution in the batch under the same sintering conditions [42]. Previous research 

[43] mentioned raw materials with smaller dimensions causes a larger contact surface so that the sinterability increases 

due to the maximum diffusion process. In this study, sintering carried out at temperatures of 1000°C and 1100°C for 1 

hour produced single-phase Ba0,6Sr0,4TiO3. In this study, single-phase Ba0,6Sr0,4TiO3 resulted in lower sintering 

temperature and shorter sintering duration compared to the results of the study conducted by [34]–[36], [38]. These 

studies' results showed the single-phase formation of Ba0,6Sr0,4TiO3 was carried out in a sintering temperature range of 

1100°C-1350°C with a sintering duration of ≥ 2 hours.  
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The 1000°C sintering temperature is lower than that of the generally prepared BST powders (1250°C) solid-state 

method [45]. [45] also found that well-crystallized BST nano-powders are produced at lower calibration temperatures 

by using raw materials of smaller particle size. BaCO3, SrCO3 and TiO2 conducted high energy ball milling (HEBM) 

with different milling parameters in their research. The high-energy ball milling (HEBM) process for 5 hours, 400/800 

rpm on the raw material, produced a particle size of 0.48 µm (480) nm. The sintering carried out on the material at a 

temperature of 1000oC for 2 hours were able to produce Well-crystallized BST nano-powders. In addition, [43], [46]–

[48] have clearly shown that the decrease in calcination or sintering temperature is due to the reduction in the small 

particle size of the raw materials raging from submicrometer or even to the nanoscale. The use of smaller particle size 

increases the contact area and decreases the reactants' contact distance, thereby increasing the overall reaction kinetics. 

The results of this study indicate that the sintering temperature greatly affects the purity, crystal system, and 

crystallite size of the material Ba0,6Sr0,4TiO3 produced. The effect of sintering temperature on the physical properties of 

Ba0,6Sr0,4TiO3 formed is shown in Table 2. The higher the sintering temperature will result in a sharper peak intensity at 

Ba0,6Sr0,4TiO3, which indicates an increase in crystal size. Accordingly, the higher the sintering temperature used, the 

higher the crystal size of the material Ba0,6Sr0,4TiO3 formed. This is supported by the studies of [38], [43], [49]. Thus, 

increasing the sintering temperature will increase the atoms' kinetic energy to diffuse and make the atoms react and 

bond perfectly. This finding is supported by other studies [43], [49]–[51] that found that the crystallites produced have a 

larger size and higher crystallinity. In addition, an increase in the sintering temperature in this study will cause changes 

in the crystal system of the Ba0,6Sr0,4TiO3 material. At temperatures of 700°C, 800°C, and 900°C, the crystal system in 

the material Ba0,6Sr0,4TiO3 is tetragonal.  Whereas at temperatures of 1000°C and 1100°C, the crystal system in the 

Ba0,6Sr0,4TiO3 is cubic with a higher peak intensity with increasing sintering temperature. The Ba0,6Sr0,4TiO3 with cubic 

structure will increase the dielectric properties of the material Ba0,6Sr0,4TiO3 produced [36], [38], [52]. Besides the 

crystal structure, the dielectric properties of the Ba0,6Sr0,4TiO3 material are also influenced by the crystal size. The 

dielectric property increase with the crystalite size increasing [36]. In this study, the sintering temperature of 1100°C 

produces Ba0,6Sr0,4TiO3 material with the best physical properties because it has a cubic-shaped crystal system and the 

largest crystal size. 

Table 2. The Physical Properties in The Formation of (Ba0.6Sr0.4)TiO3. 

Sintering 

Temperature (°C) 
Phase 

Composition 

Phase (%) 
Crystal system 

Crystallite Size 

(nm) 

500 BaCO3 48 Orthorhombic 54.7 

 TiO2 27 Tertragonal 125.6 

 SrCO3 25 Orthorhombic 80.3 

600 BaCO3 51.2 Orthorhombic 56.4 

 TiO2 24.2 Tertragonal 104.3 

 SrCO3 24.6 Orthorhombic 122.3 

700 BaCO3 35.2 Orthorhombic 58.1 

 TiO2 19.8 Tertragonal 19.8 

 SrCO3 22.2 Orthorhombic 65.6 

 BaTiO3 3.4 Orthorhombic 38 

 (Ba0.67Sr0.33) TiO3 19.4 Tertragonal 15.3 

800 BaCO3 47 Orthorhombic 40 

 BaTiO3 2.2 Orthorhombic 19.5 

 SrTiO3 28.3 Orthorhombic 32.6 

 (Ba0.67Sr0.33) TiO3 22.4 Tertragonal 30.3 

900 BaCO3 5.4 Orthorhombic 21.5 

 (Ba0.67Sr0.33) TiO3 94.6 Tertragonal 40.1 

1000 (Ba0.59Sr0.41) TiO3 100 Cubic 41 

1100 (Ba0.6Sr0.4) TiO3 100 Cubic 43 

CONCLUSION 

The effect of sintering temperature on the physical properties of Ba0.6Sr0.4TiO3 material synthesized with 0.4 µm raw 

materials (milled up to 58 h) using the solid-state reaction method has been investigated. The use of raw materials, a 

mixture of BaCO3, SrCO3, and TiO2 with a particle size of 0.4 µm could produce Ba0.6Sr0.4TiO3 material at a lower 

sintering temperature of 700°C. Moreover, the single-phase Ba0.6Sr0.4TiO3 could be produced at temperatures of 1000°C 

and 1100°C. Increasing the sintering temperature in this study resulted in Ba0.6Sr0.4TiO3 material with higher purity as 

marked by the disappearance of the BaTiO3, BaCO3, SrCO3, and TiO2 phases. Higher sintering temperature will 

increase the crystal size and change the crystal system from tetragonal to cubic.  
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The sintering temperature of 1100°C produces Ba0,6Sr0,4TiO3 material with the best physical properties because it has a 

cubic-shaped crystal system and the largest crystal size. 
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INTRODUCTION 
Barium Strontium Titanate (BST), Ba(x)Sr(1-x)TiO3, 0<x<1, is a ferroelectric material with a perovskite structure. This 

material composes of barium titanate (BaTiO3) and strontium titanate (SrTiO3). When SrTiO3 is added to BaTiO3, Sr ion 
replaces Ba ion to form the BST material structure. Barium strontium titanate ceramic material is widely used in electronic 
devices [1]. As bulk ceramics and thin films, this material has a unique combination of large dielectric constant. It 
demonstrates a stable operation at high temperature, high tunability, low loss tangent, low DC leakage, and alterable curie 
temperature [2]. The uniqueness of the BST material is attributed to several factors,  such as the Ba / Sr ratio, the synthesis 
method, and the particle and crystal size [3]. Ba(x)Sr(1-x)TiO3 ceramics with various compositions of x (Ba / Sr ratio) has 
been widely studied; for example x = 0.2, 0.3, 0.4, 0.5, and 0.6 [4]. X-ray diffraction (XRD) results showed BST crystals 
formation in all variations of x; after the sintering process was carried out at 1000 oC for 3 hours. However, there was still 
a secondary phase (Sr2TiO4, SrTiO10, and Sr3Ti2O7). This can be improved by increasing the sintering temperature. The 
secondary phase can be removed by increasing the sintering temperature. Increasing the concentration of x causes a 
transformation of the crystal system from tetragonal to cubic. The grain size and density of the sample decrease with 
increasing concentration x because Sr is having a smaller radius than Ba. Curie temperatures for samples with x = 0.2, 
0.3, 0.4, 0.5, and 0.6 were 70 °C, 28.7 °C, -8.4 °C, -45.5 °C, and -82.6 °C, respectively. Curie temperature decreased with 
increasing x concentration. The highest dielectric constant found in sample with x = 0.3 [4]. Furthermore, the high 
dielectric and pyroelectric properties of the composition Ba(x)Sr(1-x)TiO3 with 0.3 ≤ x ≤ 0.5 resulted in the Curie 
temperature (TC) or ferroelectric-paraelectric phase transformation temperature decrease, near to room temperature (25 
°C) [5].  

Ba(x)Sr(1-x)TiO3 materials are generally synthesised by hydrothermal method, sol-gel method, and conventional solid-
state reaction method [6]. The BST material synthesised by the hydrothermal and sol-gel method produces crystals less 
than 100 nm. Subsequently, it produces residual hydroxide ions, which resulted in the formation of intergranular pores 
[7]. The mechanochemical or solid-state method is the most used method for BST nanoparticles large-scale production 
[8]. The solid-state method has several advantages; it uses low-cost raw materials, simple synthesis processes, and the 
ability to produce fine particles [8]. During solid-state processes such as high-energy ball milling, the steps that occur 
during solid-state processes, specifically welding, deformation, and fracture of powder raw materials, are repeated [9]. 

ABSTRACT – Barium Strontium Titanate (BST) ceramic materials are widely used in electronic 
devices due to their stable operation at high temperatures, high tunability, low tangent loss, low DC 
leakage, and alterable curie temperatures. While pure BST materials are usually produced at high 
sintering temperatures (1250 °C), there are limited studies on the temperature and duration of the 
sintering process to produce pure BST, synthesised from micro or even nano-sized raw materials. 
This study aims to determine the effective sintering temperature for producing pure BST material 
using a mixture of raw materials with a mean particle size of 0.4 µm after milled for 58 hours. The 
BaCO3, SrCO3, and TiO2 materials as raw materials for Ba0.6Sr0.4TiO3 synthesis were milled for 58 
hours to produce a homogeneous mixture with a mean particle size of 0.4 µm. Sintering was carried 
out in a temperature range of 500-1100 °C for 1 hour. This study investigates the impact of sintering 
temperature on the physical properties and the purity of Ba0.6Sr0.4TiO3 powder using the x-ray 
diffraction method. The results showed that the Ba0.6Sr0.4TiO3 phase was formed at a sintering 
temperature of 700 °C. Pure BST material was formed at the sintering temperature of 1000 °C with 
a crystallite size of 41 nm. Whereas at a higher sintering temperature (1100 °C), the pure BST 
material formed produced a larger crystallite, sized at 43 nm with cubic structure. The synthesis 
temperature and duration recorded in this research are lower than recorded in the BST material 
preparation using the solid-state method. The results of this study indicate that the sintering 
temperature greatly affects the purity, crystal system and crystallite size of the Ba0.6Sr0.4TiO3 
material produced. The sintering temperature of 1100 °C produces Ba0.6Sr0.4TiO3 material with the 
best physical properties because it has a cubic-shaped crystal system and the largest crystal size.   
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The mechanical activation during solid-state reaction with mechanical milling increases the raw material specific surface 
area due to the destruction of agglomerates and particles of the initial precursors [10]. In this regard, the mechanical 
milling process can produce particles sized > 1 µm. In general, the microstructure of the particle and crystallite size of 
mechanical milling products were influenced by the characteristics of the raw materials used, duration and heating 
temperature during the mechanical milling process [11]. 

In recent years, several studies have focused on the effect of sintering temperature on the synthesis of Barium 
Strontium Titanate (BST). In general, the increase of the temperature and duration time of the sintering process affected 
the BST material’s purity and increased the crystallite size [12]. Pure BST materials are usually produced at high sintering 
temperatures [4], [12]–[18]. Sandi et al. carried out a sintering process at 1200 °C for 2 hours to produce pure BST 
material by the solid-state reaction method [8]. Yustanti et al. reported that the sintering raw materials measuring an 
average size of 2.4 μm at a temperature of 1200 °C produced pure BST material without the presence of impurities [14]. 
In the meantime, barium strontium titanate ceramic material was synthesised from fine constituent powders produced 
from high energy ball milling processes at sintering temperatures 1200-1350 °C, as reported by Mudinepalli et al. [12]. 
Budkhod et al. performed sintering at temperatures between 1050-1350 °C to produce Ba0.7Sr0.3TiO3 ceramics using a 
hybrid method between solid-state reaction and sol-gel combustion methods using urea as a fuel [15]. Meanwhile, Gate 
et al. conducted a sintering process at a temperature of 1100°C for 3 hours to produce a pure Ba0.6Sr0.4TiO3 material using 
the sol-gel method [17]. Lastly, Zhu et al. synthesised barium strontium titanate glass and ceramics using the sol-gel 
method and was sintered at temperatures between 1000 and 1150°C [18]. 

The high sintering temperature to produce pure BST material has prompted various studies to produce pure BST 
materials at lower sintering temperatures using glass, polymer and inorganic additives [19]. One way to produce BST 
material at low sintering temperatures is to add Li2O material, as reported by Zhang et al.[20]. Zhang et al. investigated 
the effect of adding Li2O on the sintering temperature of commercial BST. It was found that by adding 0.5 wt%, Li2O 
could reduce the sintering temperature to 900 °C without decreasing the ceramics performance. The sintering temperature 
of BST materials was reduced from 1350 °C to 900 °C by adding Li [21]. However, the XRD test showed two secondary 
phases as impurities caused by the addition of lithium. Besides, this research method has many limitations when applied 
to commercial production because it requires a very high cost [19], [21]. 

However, the BST material sintering ability decreased along with the broader particle size distribution [22]. 
Accordingly, reducing the particle size is another way that can be used to speed up or shorten the sintering time. The 
sintering temperature is reduced with smaller raw material particles. The smaller the raw material particle size, the faster 
the grain becomes coarse due to the high particle surface energy compared to the large grain size distribution in the batch 
under the same sintering conditions [23]. In another reference, the raw material with smaller dimensions causes a larger 
contact surface so that the sinterability increases due to the maximal diffusion process [24]. Therefore, this study uses a 
vibratory ball milling for 58 hours to mix BaCO3, SrCO3, and TiO2 to obtain a homogeneous mixture with a mean particle 
size of 0.4 µm. This research aims to determine the effective sintering temperature to produce pure BST material using a 
mixture of BaCO3, SrCO3, and TiO2 ball-milled for 58 hours. 

METHODS AND MATERIALS 
Ba0.6Sr0.4TiO3 was synthesised from BaCO3, SrCO3, and TiO2 powders using the mechanical alloying method with a 

purity level of 99%. The powers were obtained from Sigma-Aldrich. The particle size analyser (PSA) test results in Table 
1 show the BaCO3, SrCO3, and TiO2 powders average sizes. Meanwhile, the results of XRD tests on TiO2, SrCO3, and 
BaCO3 powders are shown in Figure 1(a). The diffraction patterns of TiO2, SrCO3 and BaCO3 powders are in line with 
the diffraction patterns of TiO2, SrCO3 and BaCO3 in the Inorganic Crystal Structure Database (ICSD), respectively, with 
numbers 98-009- 6946, 98-016-6088, and 98-016-6090. The Rietveld analysis using High Score Plus software shows that 
the TiO2 powder has tetragonal-shaped crystal systems while the SrCO3 and BaCO3 powders have orthorhombic crystal 
systems. 

Table 1. Average particle size of BaCO3, SrCO3 and TiO2. 
Raw materials Average particle size (μm) 
BaCO3 1.979 
SrCO3 3.182 
TiO2 0.795 

 
In this research, BaCO3, SrCO3 and TiO2 powders were subjected to a wet milling process using a vibratory ball 

milling machine with a composition of 41.63 grams each, 20.76 grams, and 28.08 grams for 58 hours. The ball to powder 
ratio (BPR) in the milling process is 10:1. After 58 hours, the mixed BaCO3, SrCO3 and TiO2 were tested for PSA and 
XRD. The PSA test results showed that the powder mixture of BaCO3, SrCO3 and TiO2 had a particle size of 0.4 µm. 
Meanwhile, according to the Rietveld analysis using the High Score Plus software, the XRD test results are shown in 
Figure 1(b). Figure 1(b) shows no change in the diffraction pattern of the powder of TiO2, SrCO3 and BaCO3. The crystal 
sizes of BaCO3, SrCO3 and TiO2 calculated using The Williamson-Hall method are 48 nm, 61 nm, and 71 nm, 
respectively. 

After characterising the mixture of milled TiO2, SrCO3, and BaCO3 powders, the next step is sintering the powder 
mixture of TiO2, SrCO3 and BaCO3. The sintering process was carried out in the electric chamber furnace (Nabertherm 



Rusiyanto et al. │ International Journal of Automotive and Mechanical Engineering │ Vol. 18, Issue 2 (2021) 

3   journal.ump.edu.my/ijame ◄ 

N31/H) with temperature variations of 500 °C, 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, and 1100 °C in the air under 
atmospheric pressure up to 1 hour. After the sintering process, characterisation was carried out using the XRD methods. 
The Philips XRD was also used to analyse the resulting phase and crystallite size. The step-scan method was performed 
to record the x-ray diffraction patterns. The intensity data during the scanning was taken every 2 seconds for each step on 
the diffraction angle of 0.005°. The Rietveld analysis was conducted using the High Score Plus software. The description 
of the diffraction line profiles at Rietveld refinement was achieved using the pseudo-Voigt function. 

 

     
 

(a)       (b) 
Figure 1. X-ray diffraction patterns of TiO2, SrCO3 and BaCO3 powders (a) before and (b) after 58 hours of milling. 

RESULTS AND DISCUSSION 
Figure 2 shows the diffraction pattern of BaCO3, SrCO3, and TiO2 powder mixture at each sintering temperature. From 

the figure, the Ba0.6Sr0.4TiO3 phase was not formed in the material sintered at temperatures of 500 °C and 600 °C. 
Meanwhile, while the Ba0.6Sr0,4TiO3 phase was formed at temperatures of 700 °C, 800 °C and 900 °C, other compound 
phases, BaCO3, SrCO3, TiO2 and BaTiO3, were observed. Moreover, a single-phase Ba0.6Sr0.4TiO3 was formed at 
temperatures of 1000°C and 1100°C. 

 

 
Figure 2. X-ray diffraction patterns of the sintered samples. 

Figure 3 shows the Rietveld analysis results using the High Score Plus software based on X-ray diffraction obtained 
from the test results. Figure 3(a) shows the x-ray diffraction pattern on a powder that has been sintered at 500 °C. The x-
ray diffraction pattern shows that the Ba0.6Sr0.4TiO3 phase was not formed. In this light, the phases formed at 500 °C 
sintering temperature variations are BaCO3 (witherite), TiO2 (anatase), and SrCO3 (strontianite), with the respective 
percentage of 48.3%; 27.2%, and 24.5%. Meanwhile, the crystallite size formed in BaCO3, TiO2, and SrCO3 was 54.7 
nm, 125.6 nm, and 80.3 nm. The x-ray diffraction pattern of the sintered powder at 600 °C is shown in Figure 3(b). At 

Co
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ts 
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600 °C, Ba0.6Sr0.4TiO3 was not formed and still in the BaCO3, TiO2, and SrCO3 phases, with 51.2%; 24.2% and 24.6%, 
respectively. The sizes of the crystallites formed after sintering BaCO3, TiO2, and SrCO3 at 600°C for are 56.4 nm, 104.3 
nm, and 122.3 nm, respectively. 

Figure 3(c) shows the x-ray diffraction pattern of a mixture of BaCO3, SrCO3, and TiO2 powders sintered at 700 °C. 
At a temperature of 700 °C, the Ba0.6Sr0.4TiO3 phase was formed with a percentage of 19.4% and a crystallite size of 15.3 
nm. However, at 700 °C, the BaCO3, SrCO3 and TiO2 phases were still found at a respective percentage of 35.2%, 22.2%, 
and 19.8%, and crystallite sizes of 58.1 nm; 65.6 nm and 66.2 nm, respectively. Apart from Ba0,6Sr0,4TiO3, BaCO3, SrCO3 
and TiO2 phases, a new phase, BaTiO3 at 3.4% and crystallite size of 38 nm, was also formed.  

Figure 3(d) shows that the crystallite percentage increased to 22.4%, and its size increased to 30.3 nm at the 
Ba0.6Sr0.4TiO3 phase when sintering at 800 °C. In this variation, the crystal size of Ba0.6Sr0.4TiO3 is two times the crystallite 
size formed at 700 °C sintering temperature. Meanwhile, the BaTiO3 phase percentage decreased to 2.2%, accompanied 
by a decrease in crystal size to 19.5 nm. BaCO3 phases were still found with a composition of 47% with a crystallite size 
of 40 nm. Apart from Ba0,6Sr0,4TiO3, BaCO3, and BaTiO3 phases, a new phase, SrTiO3 was also formed at 28.3% and 
crystallite size of 32.6 nm.  

Figure 3(e) shows the x-ray diffraction pattern at a product sintering temperature of 900 °C. The Ba0,6Sr0,4TiO3 phase 
formed in this variation experienced a significant increase with a percentage of 94.6% and a crystallite size of 40.1 nm. 
Simultaneously, the other 5.4% is the BaCO3 phase with a crystallite size of 21.5 nm. The single phase of Ba0.6Sr0.4TiO3 
was formed perfectly at various sintering temperatures of 1000 °C and 1100 °C, as shown in Figure 3(f) and 3(g). 
Ba0.6Sr0.4TiO3 with crystallites size of 30 nm and 43 nm resulted in sintering temperatures of 1000 °C and 1100 °C. 

 

     
 

(a)       (b) 
 

     
 

(c)       (d) 
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(e)       (f) 
 

 
 

(g) 
Figure 3. X-ray diffraction patterns of sintered samples at (a) 500 °C, (b) 600 °C, (c) 700 °C (d) 800 °C, (e) 900 °C,  

(f) 1000 °C and (g) 1100 °C. 

The results of this study indicate that the Ba0.6Sr0.4TiO3 material has begun to form at a sintering temperature of 700 
°C. However, a secondary phase is still formed and completely into single-phase Ba0.6Sr0.4TiO3 at 1000°C and 1100°C. 
The effect of sintering temperature on the phase composition (%) and crystallite sizes of Ba0.6Sr0.4TiO3 formed is shown 
in Figure 4. The impurity phase disappears proportionately with the increase in sintering temperature. The kinetic energy 
in atoms increases due to higher sintering temperatures. The higher temperature makes it easier for the atoms to interact 
and bond with each other, causing the impurity phase to disappear [12], [17]. Besides, increasing the sintering temperature 
causes the atomic bonds to become stronger. Thus, sintering carried out at 1000oC and 1100°C resulted in forming a single 
phase of Ba0,6Sr0,4TiO3 which is more stable. Increasing the sintering temperature will result in a recrystallisation process 
in the raw materials (BaCO3, SrCO3, and TiO2) so that a more stable Ba0,6Sr0,4TiO3 phase is formed. An increase in 
sintering temperature will produce Ba0,6Sr0,4TiO3 with a higher phase composition (%). The crystallite sizes also 
increased, as reported in previous studies [12], [17], [25], [26]. 
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Figure 4. The effect of sintering temperature on the physical properties of Ba0,6Sr0,4TiO3. 

The use of BaCO3, SrCO3, and TiO2 powder mixture, with a particle size of 0.4 µm, has been proven to produce 
Ba0.6Sr0.4TiO3 material at lower sintering temperatures with a faster duration (1 hour). This is supported by [27] and [24]  
study, which revealed that reducing the particle size of raw materials is another method that can be used to speed up 
sintering and shorten sintering time. The sintering temperature is reduced with smaller raw material particles. The smaller 
the raw material particle size, the faster the grain becomes coarse due to the high particle surface energy compared to the 
large grain size distribution in the batch under the same sintering conditions [27]. Previous research [24] mentioned raw 
materials with smaller dimensions causes a larger contact surface so that the sinterability increases due to the maximum 
diffusion process. In this study, sintering carried out at temperatures of 1000 °C and 1100 °C for 1 hour produced single-
phase Ba0.6Sr0.4TiO3. In this study, single-phase Ba0.6Sr0.4TiO3 resulted in lower sintering temperature and shorter 
sintering duration compared to the results of the study conducted by [4], [12], [14], [17], [26]. These studies’ results 
showed the single-phase formation of Ba0.6Sr0.4TiO3 was carried out in a sintering temperature range of 1100 °C-1350 °C 
with a sintering duration of ≥ 2 hours.  

In addition, [4], [12], [14], [26], [28] have clearly shown that the decrease in calcination or sintering temperature is 
due to the reduction in the small particle size of the raw materials; ranging from submicrometer or even to the nanoscale. 
The use of a smaller particle size increases the contact area and decreases the reactants contact distance, thereby increasing 
the overall reaction kinetics. The results of this study indicate that the sintering temperature greatly affects the purity, 
crystal system, and crystallite size of the material Ba0.6Sr0.4TiO3 produced. The effect of sintering temperature on the 
physical properties of Ba0.6Sr0.4TiO3 formed is shown in Table 2. The higher the sintering temperature resulted in a sharper 
peak intensity at Ba0.6Sr0.4TiO3, which indicates an increase in crystal size. Accordingly, the higher the sintering 
temperature used, the higher the crystal size of the material Ba0.6Sr0.4TiO3 formed. This is supported by the studies of [4], 
[17], [26], [29]. Thus, increasing the sintering temperature increased the atoms kinetic energy to diffuse and make the 
atoms react and bond perfectly. This finding is supported by other studies [29]–[32] that found that the crystallites 
produced have a larger size and higher crystallinity.  

Table 2. The Physical Properties in The Formation of (Ba0.6Sr0.4)TiO3. 
Sintering temperature (°C) Phase Composition phase (%) Crystal system Crystallite size (nm) 
500 BaCO3 48 Orthorhombic 54.7 
 TiO2 27 Tertragonal 125.6 
 SrCO3 25 Orthorhombic 80.3 
600 BaCO3 51.2 Orthorhombic 56.4 
 TiO2 24.2 Tertragonal 104.3 
 SrCO3 24.6 Orthorhombic 122.3 
700 BaCO3 35.2 Orthorhombic 58.1 
 TiO2 19.8 Tertragonal 19.8 
 SrCO3 22.2 Orthorhombic 65.6 
 BaTiO3 3.4 Orthorhombic 38 
 (Ba0.67Sr0.33) TiO3 19.4 Tertragonal 15.3 
800 BaCO3 47 Orthorhombic 40 
 BaTiO3 2.2 Orthorhombic 19.5 
 SrTiO3 28.3 Orthorhombic 32.6 
 (Ba0.67Sr0.33) TiO3 22.4 Tertragonal 30.3 
900 BaCO3 5.4 Orthorhombic 21.5 
 (Ba0.67Sr0.33) TiO3 94.6 Tertragonal 40.1 
1000 (Ba0.59Sr0.41) TiO3 100 Cubic 41 
1100 (Ba0.6Sr0.4) TiO3 100 Cubic 43 
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In addition, an increase in the sintering temperature in this study caused changes in the crystal system of the 
Ba0.6Sr0.4TiO3 material. At temperatures of 700 °C, 800 °C, and 900 °C, the crystal system in the material Ba0.6Sr0.4TiO3 
is tetragonal. Whereas at temperatures of 1000 °C and 1100 °C, the crystal system in the Ba0.6Sr0.4TiO3 is cubic with a 
higher peak intensity with increasing sintering temperature. The Ba0.6Sr0.4TiO3 with cubic structure increased the 
dielectric properties of the material Ba0.6Sr0.4TiO3 produced [12], [17], [33]. Besides the crystal structure, the dielectric 
properties of the Ba0.6Sr0.4TiO3 material are also influenced by the crystal size, where the dielectric property increases 
with the crystallite size [12], [29], [34]. In this study, the sintering temperature of 1100 °C produces Ba0.6Sr0.4TiO3 material 
with the best physical properties because it has a cubic-shaped crystal system and the largest crystal size. 

CONCLUSION 
The effect of sintering temperature on the physical properties of Ba0.6Sr0.4TiO3 material synthesised with 0.4 µm raw 

materials (and milled up to 58 hour) using the solid-state reaction method has been investigated. The use of raw materials, 
a mixture of BaCO3, SrCO3, and TiO2 with a particle size of 0.4 µm could produce Ba0.6Sr0.4TiO3 material at a lower 
sintering temperature of 700 °C. Moreover, the single-phase Ba0.6Sr0.4TiO3 can be produced at temperatures of 1000 °C 
and 1100 °C. Increasing the sintering temperature in this study resulted in Ba0.6Sr0.4TiO3 material with higher purity as 
marked by the disappearance of the BaTiO3, BaCO3, SrCO3, and TiO2 phases. Higher sintering temperature increased the 
crystal size and changed the crystal system from tetragonal to cubic. The sintering temperature of 1100 °C produces 
Ba0.6Sr0.4TiO3 material with the best physical properties because it has a cubic-shaped crystal system and the largest 
crystal size. 
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INTRODUCTION 
Barium Strontium Titanate (BST), Ba(x)Sr(1-x)TiO3, 0<x<1, is a ferroelectric material with a perovskite structure. This 

material composes of barium titanate (BaTiO3) and strontium titanate (SrTiO3). When SrTiO3 is added to BaTiO3, Sr ion 
replaces Ba ion to form the BST material structure. Barium strontium titanate ceramic material is widely used in electronic 
devices [1]. As bulk ceramics and thin films, this material has a unique combination of large dielectric constant. It 
demonstrates a stable operation at high temperature, high tunability, low loss tangent, low DC leakage, and alterable curie 
temperature [2]. The uniqueness of the BST material is attributed to several factors,  such as the Ba / Sr ratio, the synthesis 
method, and the particle and crystal size [3]. Ba(x)Sr(1-x)TiO3 ceramics with various compositions of x (Ba / Sr ratio) has 
been widely studied; for example x = 0.2, 0.3, 0.4, 0.5, and 0.6 [4]. X-ray diffraction (XRD) results showed BST crystals 
formation in all variations of x; after the sintering process was carried out at 1000 oC for 3 hours. However, there was still 
a secondary phase (Sr2TiO4, SrTiO10, and Sr3Ti2O7). This can be improved by increasing the sintering temperature. The 
secondary phase can be removed by increasing the sintering temperature. Increasing the concentration of x causes a 
transformation of the crystal system from tetragonal to cubic. The grain size and density of the sample decrease with 
increasing concentration x because Sr is having a smaller radius than Ba. Curie temperatures for samples with x = 0.2, 
0.3, 0.4, 0.5, and 0.6 were 70 °C, 28.7 °C, -8.4 °C, -45.5 °C, and -82.6 °C, respectively. Curie temperature decreased with 
increasing x concentration. The highest dielectric constant found in sample with x = 0.3 [4]. Furthermore, the high 
dielectric and pyroelectric properties of the composition Ba(x)Sr(1-x)TiO3 with 0.3 ≤ x ≤ 0.5 resulted in the Curie 
temperature (TC) or ferroelectric-paraelectric phase transformation temperature decrease, near to room temperature (25 
°C) [5].  

Ba(x)Sr(1-x)TiO3 materials are generally synthesised by hydrothermal method, sol-gel method, and conventional solid-
state reaction method [6]. The BST material synthesised by the hydrothermal and sol-gel method produces crystals less 
than 100 nm. Subsequently, it produces residual hydroxide ions, which resulted in the formation of intergranular pores 
[7]. The mechanochemical or solid-state method is the most used method for BST nanoparticles large-scale production 
[8]. The solid-state method has several advantages; it uses low-cost raw materials, simple synthesis processes, and the 
ability to produce fine particles [8]. During solid-state processes such as high-energy ball milling, the steps that occur 
during solid-state processes, specifically welding, deformation, and fracture of powder raw materials, are repeated [9]. 

ABSTRACT – Barium Strontium Titanate (BST) ceramic materials are widely used in electronic 
devices due to their stable operation at high temperatures, high tunability, low tangent loss, low DC 
leakage, and alterable curie temperatures. While pure BST materials are usually produced at high 
sintering temperatures (1250 °C), there are limited studies on the temperature and duration of the 
sintering process to produce pure BST, synthesised from micro or even nano-sized raw materials. 
This study aims to determine the effective sintering temperature for producing pure BST material 
using a mixture of raw materials with a mean particle size of 0.4 µm after milled for 58 hours. The 
BaCO3, SrCO3, and TiO2 materials as raw materials for Ba0.6Sr0.4TiO3 synthesis were milled for 58 
hours to produce a homogeneous mixture with a mean particle size of 0.4 µm. Sintering was carried 
out in a temperature range of 500-1100 °C for 1 hour. This study investigates the impact of sintering 
temperature on the physical properties and the purity of Ba0.6Sr0.4TiO3 powder using the x-ray 
diffraction method. The results showed that the Ba0.6Sr0.4TiO3 phase was formed at a sintering 
temperature of 700 °C. Pure BST material was formed at the sintering temperature of 1000 °C with 
a crystallite size of 41 nm. Whereas at a higher sintering temperature (1100 °C), the pure BST 
material formed produced a larger crystallite, sized at 43 nm with cubic structure. The synthesis 
temperature and duration recorded in this research are lower than recorded in the BST material 
preparation using the solid-state method. The results of this study indicate that the sintering 
temperature greatly affects the purity, crystal system and crystallite size of the Ba0.6Sr0.4TiO3 
material produced. The sintering temperature of 1100 °C produces Ba0.6Sr0.4TiO3 material with the 
best physical properties because it has a cubic-shaped crystal system and the largest crystal size. 
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The mechanical activation during solid-state reaction with mechanical milling increases the raw material specific surface 
area due to the destruction of agglomerates and particles of the initial precursors [10]. In this regard, the mechanical 
milling process can produce particles sized > 1 µm. In general, the microstructure of the particle and crystallite size of 
mechanical milling products were influenced by the characteristics of the raw materials used, duration and heating 
temperature during the mechanical milling process [11]. 

In recent years, several studies have focused on the effect of sintering temperature on the synthesis of Barium 
Strontium Titanate (BST). In general, the increase of the temperature and duration time of the sintering process affected 
the BST material’s purity and increased the crystallite size [12]. Pure BST materials are usually produced at high sintering 
temperatures [4], [12]–[18]. Sandi et al. carried out a sintering process at 1200 °C for 2 hours to produce pure BST 
material by the solid-state reaction method [8]. Yustanti et al. reported that the sintering raw materials measuring an 
average size of 2.4 μm at a temperature of 1200 °C produced pure BST material without the presence of impurities [14]. 
In the meantime, barium strontium titanate ceramic material was synthesised from fine constituent powders produced 
from high energy ball milling processes at sintering temperatures 1200-1350 °C, as reported by Mudinepalli et al. [12]. 
Budkhod et al. performed sintering at temperatures between 1050-1350 °C to produce Ba0.7Sr0.3TiO3 ceramics using a 
hybrid method between solid-state reaction and sol-gel combustion methods using urea as a fuel [15]. Meanwhile, Gate 
et al. conducted a sintering process at a temperature of 1100°C for 3 hours to produce a pure Ba0.6Sr0.4TiO3 material using 
the sol-gel method [17]. Lastly, Zhu et al. synthesised barium strontium titanate glass and ceramics using the sol-gel 
method and was sintered at temperatures between 1000 and 1150°C [18]. 

The high sintering temperature to produce pure BST material has prompted various studies to produce pure BST 
materials at lower sintering temperatures using glass, polymer and inorganic additives [19]. One way to produce BST 
material at low sintering temperatures is to add Li2O material, as reported by Zhang et al.[20]. Zhang et al. investigated 
the effect of adding Li2O on the sintering temperature of commercial BST. It was found that by adding 0.5 wt%, Li2O 
could reduce the sintering temperature to 900 °C without decreasing the ceramics performance. The sintering temperature 
of BST materials was reduced from 1350 °C to 900 °C by adding Li [21]. However, the XRD test showed two secondary 
phases as impurities caused by the addition of lithium. Besides, this research method has many limitations when applied 
to commercial production because it requires a very high cost [19], [21]. 

However, the BST material sintering ability decreased along with the broader particle size distribution [22]. 
Accordingly, reducing the particle size is another way that can be used to speed up or shorten the sintering time. The 
sintering temperature is reduced with smaller raw material particles. The smaller the raw material particle size, the faster 
the grain becomes coarse due to the high particle surface energy compared to the large grain size distribution in the batch 
under the same sintering conditions [23]. In another reference, the raw material with smaller dimensions causes a larger 
contact surface so that the sinterability increases due to the maximal diffusion process [24]. Therefore, this study uses a 
vibratory ball milling for 58 hours to mix BaCO3, SrCO3, and TiO2 to obtain a homogeneous mixture with a mean particle 
size of 0.4 µm. This research aims to determine the effective sintering temperature to produce pure BST material using a 
mixture of BaCO3, SrCO3, and TiO2 ball-milled for 58 hours. 

METHODS AND MATERIALS 
Ba0.6Sr0.4TiO3 was synthesised from BaCO3, SrCO3, and TiO2 powders using the mechanical alloying method with a 

purity level of 99%. The powers were obtained from Sigma-Aldrich. The particle size analyser (PSA) test results in Table 
1 show the BaCO3, SrCO3, and TiO2 powders average sizes. Meanwhile, the results of XRD tests on TiO2, SrCO3, and 
BaCO3 powders are shown in Figure 1(a). The diffraction patterns of TiO2, SrCO3 and BaCO3 powders are in line with 
the diffraction patterns of TiO2, SrCO3 and BaCO3 in the Inorganic Crystal Structure Database (ICSD), respectively, with 
numbers 98-009- 6946, 98-016-6088, and 98-016-6090. The Rietveld analysis using High Score Plus software shows that 
the TiO2 powder has tetragonal-shaped crystal systems while the SrCO3 and BaCO3 powders have orthorhombic crystal 
systems. 

Table 1. Average particle size of BaCO3, SrCO3 and TiO2. 
Raw materials Average particle size (μm) 
BaCO3 1.979 
SrCO3 3.182 
TiO2 0.795 

 
In this research, BaCO3, SrCO3 and TiO2 powders were subjected to a wet milling process using a vibratory ball 

milling machine with a composition of 41.63 grams each, 20.76 grams, and 28.08 grams for 58 hours. The ball to powder 
ratio (BPR) in the milling process is 10:1. After 58 hours, the mixed BaCO3, SrCO3 and TiO2 were tested for PSA and 
XRD. The PSA test results showed that the powder mixture of BaCO3, SrCO3 and TiO2 had a particle size of 0.4 µm. 
Meanwhile, according to the Rietveld analysis using the High Score Plus software, the XRD test results are shown in 
Figure 1(b). Figure 1(b) shows no change in the diffraction pattern of the powder of TiO2, SrCO3 and BaCO3. The crystal 
sizes of BaCO3, SrCO3 and TiO2 calculated using The Williamson-Hall method are 48 nm, 61 nm, and 71 nm, 
respectively. 

After characterising the mixture of milled TiO2, SrCO3, and BaCO3 powders, the next step is sintering the powder 
mixture of TiO2, SrCO3 and BaCO3. The sintering process was carried out in the electric chamber furnace (Nabertherm 
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N31/H) with temperature variations of 500 °C, 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, and 1100 °C in the air under 
atmospheric pressure up to 1 hour. After the sintering process, characterisation was carried out using the XRD methods. 
The Philips XRD was also used to analyse the resulting phase and crystallite size. The step-scan method was performed 
to record the x-ray diffraction patterns. The intensity data during the scanning was taken every 2 seconds for each step on 
the diffraction angle of 0.005°. The Rietveld analysis was conducted using the High Score Plus software. The description 
of the diffraction line profiles at Rietveld refinement was achieved using the pseudo-Voigt function. 

 

     
 

(a)       (b) 
Figure 1. X-ray diffraction patterns of TiO2, SrCO3 and BaCO3 powders (a) before and (b) after 58 hours of milling. 

RESULTS AND DISCUSSION 
Figure 2 shows the diffraction pattern of BaCO3, SrCO3, and TiO2 powder mixture at each sintering temperature. From 

the figure, the Ba0.6Sr0.4TiO3 phase was not formed in the material sintered at temperatures of 500 °C and 600 °C. 
Meanwhile, while the Ba0.6Sr0,4TiO3 phase was formed at temperatures of 700 °C, 800 °C and 900 °C, other compound 
phases, BaCO3, SrCO3, TiO2 and BaTiO3, were observed. Moreover, a single-phase Ba0.6Sr0.4TiO3 was formed at 
temperatures of 1000°C and 1100°C. 

 

 
Figure 2. X-ray diffraction patterns of the sintered samples. 

Figure 3 shows the Rietveld analysis results using the High Score Plus software based on X-ray diffraction obtained 
from the test results. Figure 3(a) shows the x-ray diffraction pattern on a powder that has been sintered at 500 °C. The x-
ray diffraction pattern shows that the Ba0.6Sr0.4TiO3 phase was not formed. In this light, the phases formed at 500 °C 
sintering temperature variations are BaCO3 (witherite), TiO2 (anatase), and SrCO3 (strontianite), with the respective 
percentage of 48.3%; 27.2%, and 24.5%. Meanwhile, the crystallite size formed in BaCO3, TiO2, and SrCO3 was 54.7 
nm, 125.6 nm, and 80.3 nm. The x-ray diffraction pattern of the sintered powder at 600 °C is shown in Figure 3(b). At 
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600 °C, Ba0.6Sr0.4TiO3 was not formed and still in the BaCO3, TiO2, and SrCO3 phases, with 51.2%; 24.2% and 24.6%, 
respectively. The sizes of the crystallites formed after sintering BaCO3, TiO2, and SrCO3 at 600°C for are 56.4 nm, 104.3 
nm, and 122.3 nm, respectively. 

Figure 3(c) shows the x-ray diffraction pattern of a mixture of BaCO3, SrCO3, and TiO2 powders sintered at 700 °C. 
At a temperature of 700 °C, the Ba0.6Sr0.4TiO3 phase was formed with a percentage of 19.4% and a crystallite size of 15.3 
nm. However, at 700 °C, the BaCO3, SrCO3 and TiO2 phases were still found at a respective percentage of 35.2%, 22.2%, 
and 19.8%, and crystallite sizes of 58.1 nm; 65.6 nm and 66.2 nm, respectively. Apart from Ba0,6Sr0,4TiO3, BaCO3, SrCO3 
and TiO2 phases, a new phase, BaTiO3 at 3.4% and crystallite size of 38 nm, was also formed.  

Figure 3(d) shows that the crystallite percentage increased to 22.4%, and its size increased to 30.3 nm at the 
Ba0.6Sr0.4TiO3 phase when sintering at 800 °C. In this variation, the crystal size of Ba0.6Sr0.4TiO3 is two times the crystallite 
size formed at 700 °C sintering temperature. Meanwhile, the BaTiO3 phase percentage decreased to 2.2%, accompanied 
by a decrease in crystal size to 19.5 nm. BaCO3 phases were still found with a composition of 47% with a crystallite size 
of 40 nm. Apart from Ba0,6Sr0,4TiO3, BaCO3, and BaTiO3 phases, a new phase, SrTiO3 was also formed at 28.3% and 
crystallite size of 32.6 nm.  

Figure 3(e) shows the x-ray diffraction pattern at a product sintering temperature of 900 °C. The Ba0,6Sr0,4TiO3 phase 
formed in this variation experienced a significant increase with a percentage of 94.6% and a crystallite size of 40.1 nm. 
Simultaneously, the other 5.4% is the BaCO3 phase with a crystallite size of 21.5 nm. The single phase of Ba0.6Sr0.4TiO3 
was formed perfectly at various sintering temperatures of 1000 °C and 1100 °C, as shown in Figure 3(f) and 3(g). 
Ba0.6Sr0.4TiO3 with crystallites size of 30 nm and 43 nm resulted in sintering temperatures of 1000 °C and 1100 °C. 

 

     
 

(a)       (b) 
 

     
 

(c)       (d) 
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(e)       (f) 
 

 
 

(g) 
Figure 3. X-ray diffraction patterns of sintered samples at (a) 500 °C, (b) 600 °C, (c) 700 °C (d) 800 °C, (e) 900 °C,  

(f) 1000 °C and (g) 1100 °C. 

The results of this study indicate that the Ba0.6Sr0.4TiO3 material has begun to form at a sintering temperature of 700 
°C. However, a secondary phase is still formed and completely into single-phase Ba0.6Sr0.4TiO3 at 1000°C and 1100°C. 
The effect of sintering temperature on the phase composition (%) and crystallite sizes of Ba0.6Sr0.4TiO3 formed is shown 
in Figure 4. The impurity phase disappears proportionately with the increase in sintering temperature. The kinetic energy 
in atoms increases due to higher sintering temperatures. The higher temperature makes it easier for the atoms to interact 
and bond with each other, causing the impurity phase to disappear [12], [17]. Besides, increasing the sintering temperature 
causes the atomic bonds to become stronger. Thus, sintering carried out at 1000oC and 1100°C resulted in forming a single 
phase of Ba0,6Sr0,4TiO3 which is more stable. Increasing the sintering temperature will result in a recrystallisation process 
in the raw materials (BaCO3, SrCO3, and TiO2) so that a more stable Ba0,6Sr0,4TiO3 phase is formed. An increase in 
sintering temperature will produce Ba0,6Sr0,4TiO3 with a higher phase composition (%). The crystallite sizes also 
increased, as reported in previous studies [12], [17], [25], [26]. 
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Figure 4. The effect of sintering temperature on the physical properties of Ba0,6Sr0,4TiO3. 

The use of BaCO3, SrCO3, and TiO2 powder mixture, with a particle size of 0.4 µm, has been proven to produce 
Ba0.6Sr0.4TiO3 material at lower sintering temperatures with a faster duration (1 hour). This is supported by [27] and [24]  
study, which revealed that reducing the particle size of raw materials is another method that can be used to speed up 
sintering and shorten sintering time. The sintering temperature is reduced with smaller raw material particles. The smaller 
the raw material particle size, the faster the grain becomes coarse due to the high particle surface energy compared to the 
large grain size distribution in the batch under the same sintering conditions [27]. Previous research [24] mentioned raw 
materials with smaller dimensions causes a larger contact surface so that the sinterability increases due to the maximum 
diffusion process. In this study, sintering carried out at temperatures of 1000 °C and 1100 °C for 1 hour produced single-
phase Ba0.6Sr0.4TiO3. In this study, single-phase Ba0.6Sr0.4TiO3 resulted in lower sintering temperature and shorter 
sintering duration compared to the results of the study conducted by [4], [12], [14], [17], [26]. These studies’ results 
showed the single-phase formation of Ba0.6Sr0.4TiO3 was carried out in a sintering temperature range of 1100 °C-1350 °C 
with a sintering duration of ≥ 2 hours.  

In addition, [4], [12], [14], [26], [28] have clearly shown that the decrease in calcination or sintering temperature is 
due to the reduction in the small particle size of the raw materials; ranging from submicrometer or even to the nanoscale. 
The use of a smaller particle size increases the contact area and decreases the reactants contact distance, thereby increasing 
the overall reaction kinetics. The results of this study indicate that the sintering temperature greatly affects the purity, 
crystal system, and crystallite size of the material Ba0.6Sr0.4TiO3 produced. The effect of sintering temperature on the 
physical properties of Ba0.6Sr0.4TiO3 formed is shown in Table 2. The higher the sintering temperature resulted in a sharper 
peak intensity at Ba0.6Sr0.4TiO3, which indicates an increase in crystal size. Accordingly, the higher the sintering 
temperature used, the higher the crystal size of the material Ba0.6Sr0.4TiO3 formed. This is supported by the studies of [4], 
[17], [26], [29]. Thus, increasing the sintering temperature increased the atoms kinetic energy to diffuse and make the 
atoms react and bond perfectly. This finding is supported by other studies [29]–[32] that found that the crystallites 
produced have a larger size and higher crystallinity.  

Table 2. The Physical Properties in The Formation of (Ba0.6Sr0.4)TiO3. 
Sintering temperature (°C) Phase Composition phase (%) Crystal system Crystallite size (nm) 
500 BaCO3 48 Orthorhombic 54.7 
 TiO2 27 Tertragonal 125.6 
 SrCO3 25 Orthorhombic 80.3 
600 BaCO3 51.2 Orthorhombic 56.4 
 TiO2 24.2 Tertragonal 104.3 
 SrCO3 24.6 Orthorhombic 122.3 
700 BaCO3 35.2 Orthorhombic 58.1 
 TiO2 19.8 Tertragonal 19.8 
 SrCO3 22.2 Orthorhombic 65.6 
 BaTiO3 3.4 Orthorhombic 38 
 (Ba0.67Sr0.33) TiO3 19.4 Tertragonal 15.3 
800 BaCO3 47 Orthorhombic 40 
 BaTiO3 2.2 Orthorhombic 19.5 
 SrTiO3 28.3 Orthorhombic 32.6 
 (Ba0.67Sr0.33) TiO3 22.4 Tertragonal 30.3 
900 BaCO3 5.4 Orthorhombic 21.5 
 (Ba0.67Sr0.33) TiO3 94.6 Tertragonal 40.1 
1000 (Ba0.59Sr0.41) TiO3 100 Cubic 41 
1100 (Ba0.6Sr0.4) TiO3 100 Cubic 43 
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In addition, an increase in the sintering temperature in this study caused changes in the crystal system of the 
Ba0.6Sr0.4TiO3 material. At temperatures of 700 °C, 800 °C, and 900 °C, the crystal system in the material Ba0.6Sr0.4TiO3 
is tetragonal. Whereas at temperatures of 1000 °C and 1100 °C, the crystal system in the Ba0.6Sr0.4TiO3 is cubic with a 
higher peak intensity with increasing sintering temperature. The Ba0.6Sr0.4TiO3 with cubic structure increased the 
dielectric properties of the material Ba0.6Sr0.4TiO3 produced [12], [17], [33]. Besides the crystal structure, the dielectric 
properties of the Ba0.6Sr0.4TiO3 material are also influenced by the crystal size, where the dielectric property increases 
with the crystallite size [12], [29], [34]. In this study, the sintering temperature of 1100 °C produces Ba0.6Sr0.4TiO3 material 
with the best physical properties because it has a cubic-shaped crystal system and the largest crystal size. 

CONCLUSION 
The effect of sintering temperature on the physical properties of Ba0.6Sr0.4TiO3 material synthesised with 0.4 µm raw 

materials (and milled up to 58 hour) using the solid-state reaction method has been investigated. The use of raw materials, 
a mixture of BaCO3, SrCO3, and TiO2 with a particle size of 0.4 µm could produce Ba0.6Sr0.4TiO3 material at a lower 
sintering temperature of 700 °C. Moreover, the single-phase Ba0.6Sr0.4TiO3 can be produced at temperatures of 1000 °C 
and 1100 °C. Increasing the sintering temperature in this study resulted in Ba0.6Sr0.4TiO3 material with higher purity as 
marked by the disappearance of the BaTiO3, BaCO3, SrCO3, and TiO2 phases. Higher sintering temperature increased the 
crystal size and changed the crystal system from tetragonal to cubic. The sintering temperature of 1100 °C produces 
Ba0.6Sr0.4TiO3 material with the best physical properties because it has a cubic-shaped crystal system and the largest 
crystal size. 
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