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Abstract: This study examined the crystallinity and potential of BaTiO₃ powder, prepared by hydrothermal synthesis at 60 nm, 

as a dielectric material for automotive MLCCs under varying heat treatment temperatures. At temperatures above 850℃, the 

powder exhibited an orthorhombic structure, with crystallinity and particle size increasing as the temperature rose. In the range 

of 850~900℃, the powder displayed a uniform particle size distribution and minimal agglomeration, with particles ranging 

between 150~200 nm. Additionally, it was confirmed that the heat treatment temperature significantly impacts the properties of 

BaTiO₃ powder, which are critical for the dielectric performance required in X7R MLCCs used in automotive applications. 

Specifically, high-temperature treatment (above 850℃) was essential for enhancing the powder's crystallinity and forming a 

stable core-shell structure, which is crucial for achieving stable TCC (Temperature Coefficient of Capacitance) characteristics. 

It was confirmed that increased crystallinity at temperatures above 850℃ facilitated the development of the core-shell structure 

through interactions with additives, thereby achieving the necessary characteristics required for highly reliable automotive 

MLCCs. 
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1. INTRODUCTION 

Barium titanate (BaTiO₃) is extensively utilized as a 

fundamental ferroelectric material in a variety of electronic 

components, such as multilayer ceramic capacitors (MLCCs), 

due to its superior dielectric and ferroelectric properties. 

MLCCs are critical passive components in modern electronic 

devices, and there is a continuous push to reduce the thickness 

of the dielectric layer to accommodate both the miniaturization 

and increased capacity requirements of advanced electronic 

systems. The demand for high-performance and miniaturized 

electronic components has driven the development of chip 

components that feature thinner dielectric layers, higher 

capacity, and enhanced reliability [1-3] This trend necessitates 

the use of BaTiO₃ raw material powders and nanoparticles 

with a high degree of crystallinity, a stable tetragonal phase, 

and uniform morphology. It is well established that the crystal 

structure and dielectric properties of BaTiO₃ are significantly 

influenced by factors such as impurities, defects, particle 

shape, size, stoichiometry, and homogeneity. These factors 

largely depend on the manufacturing methods and the specific 

heat treatment conditions applied during the production 

process. For MLCCs with high-capacity characteristics, a thin 

dielectric sheet is required, making high-crystalline, ultra-fine 

BaTiO₃ essential. Methods for producing ultra-fine BaTiO₃ 
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powder include the oxalate method, hydrothermal synthesis 

method, and solid-state method [4-6].  

The solid state method has the advantage of high 

productivity, but has the disadvantages of impurities due to 

milling and high-temperature calcination processes in the 

manufacturing process, non-uniformity of particle size and 

shape, and difficulty in controlling physical and chemical 

properties. The hydrothermal synthesis method is synthesized 

through an in-situ reaction mechanism and a dissolution-

precipitation reaction mechanism by simultaneously applying 

temperature and pressure, and can control the particle size, 

shape, particle size distribution, composition and purity of the 

ultra-fine BaTiO3 powder. On the other hand, in the case of 

BaTiO3, a hydrothermal synthesis method, H2O is formed 

through a reaction between precursors containing a hydroxy 

group (-OH, hydroxy group) during the synthesis process, and 

H2O escapes from the particles to form pores in the particles 

[7,8] These intragranular pores reduce the insulation resistance 

and breakdown voltage of the MLCC, thereby deteriorating 

the reliability and lifespan characteristics. Due to this, it 

produces a pseudo-cubic rather than a tetragonal phase due to 

the OH groups present on the surface and outer layer of the 

BaTiO3 crystal. BaTiO3 powder manufactured by hydrothermal 

synthesis is known to be able to control powder size, improve 

crystallinity, control molar ratio (Ba/Ti), and reduce hydroxy 

group depending on heat treatment conditions [9]. When 

BaTiO3 produced by hydrothermal synthesis is sintered in the 

MLCC manufacturing process, the mobility of pores is low at 

temperatures below 800℃ and remains in the grains, but at 

temperatures above 800℃, grain growth is achieved by the 

Ostwald ripening mechanism and pores in grains is emitted 

The released pore moves to the vicinity of the MLCC electrode 

and causes a defect [9]. Due to this, the deterioration of the 

insulation resistance characteristics of MLCC has been 

revealed through HALT (highly accelerated life-time test) 

[10,11]. In this paper, 60 nm-sized BaTiO3 produced through 

hydrothermal synthesis is studies on the cubic–tetragonal 

structure transition and microstructure evolution for 

morphology, BET, particle size in the powder through the heat 

treatment temperature change. The dielectric and electrical 

properties suitable for automotive MLCCs with X7R 

characteristics were investigated using additives to BaTiO3 

obtained through heat treatment. 

 

2. EXPERIMENTAL 

BaTiO3 powder prepared by hydrothermal synthesis (HBT-

006p. Shandong Sinocera Functional Material Co., Ltd., 

China) was used as a starting material. The characteristics of 

the BaTiO3 powder used in the experiment were powder size: 

60 nm, BET 15.87 (m2/g), and Ba/Ti molar ratio 1.0008. The 

start materials were placed in a tube furnace with heat 

treatment at 200~950℃ for 2 h under atmosphere and then 

cooled down to ambient temperature in the furnace. To 

evaluate the potential of heat-treated BaTiO₃ as a raw material 

for MLCCs with X7R temperature characteristics (capacitance 

change within ±15% over a range of -55℃ to 125℃), an 

experiment was conducted by adding MgO, Mn₃O₄, V₂O₅, and 

rare earth elements to the heat-treated BaTiO₃. After the 

additives were incorporated into the heat-treated BaTiO₃, wet 

mixing and milling were performed using a nano mill with 0.1 

mm spherical zirconia balls and an ethanol/toluene mixture. 

The resulting mixed powder was used to prepare a slurry with 

PVB, ethanol, and toluene, which was then used to produce 

green sheets via the doctor blade method. The green sheets 

were laminated, pressed, and cut to produce chips. After 

binder removal, the chips were sintered for 2 hours at 

1,160~1,220℃ in a reducing atmosphere (with an oxygen 

partial pressure of 10⁻¹¹~10⁻¹³ atm), and silver electrodes were 

formed on both sides to create samples for dielectric property 

measurement. The heat-treated powders at various 

temperatures were analyzed using a laser diffraction particle 

size analyzer (LA960V2, HORIBA, JAPAN), and the 

microstructure was observed using a field emission electron 

microscope (FESEM, JSM-9701, JEOL, JAPAN). The 

thermal behaviours of the heat-treated powders were evaluated 

using a thermogravimetric analysis (SDT Q600, TA 

instruments) in the range of 40~1,100℃ at 10℃/min. The 

crystalline structure of BaTiO3 powder were determined using 

an X-ray diffractometer (XRD) (BRUKER AXS D4 

ENDEAVOR) with Cu–Kα radiation. The morphologies and 

sizes of the BaTiO3 powders were analyzed using a field-

emission scanning electron microscope, The dielectric 

properties of the samples were measured using an LCR meter 

(HP 4284A at 1.0 kHz and 1.0 Vrms to determine the dielectric 

constant and quality factor. Insulation resistance was 

measured using a high resistance meter (HP 4339B) after 

applying 100 V for 60 seconds. The temperature coefficient of 
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capacitance (TCC) was measured from -55℃ to 125℃ under 

temperature conditions at a measurement frequency of 1 kHz 

using an LCR meter (HP 4284A) in a temperature chamber.  

 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the thermo gravimetric analysis (TGA) 

results of BaTiO₃ powders synthesized by the hydrothermal 

method and subjected to heat treatments at 200℃ and 900℃. 

The TGA data demonstrate weight loss across three distinct 

temperature ranges. In the range of 25℃ to 200℃, the weight 

loss is primarily due to the evaporation of solvents or moisture 

used during the hydrothermal synthesis process. Between 

200℃ and 360℃, the weight loss occurs due to the 

decomposition of hydroxyl groups (-OH) formed during 

synthesis, resulting in the release of water vapor and other 

volatile substances. In the 380℃ to 1,100℃ range, the weight 

loss is mainly attributed to the decomposition of organic 

materials and the removal of bound water, which are 

associated with the formation of the BaTiO₃ crystalline 

structure. At temperatures above 850℃, the weight loss of the 

powders is less than 0.6%, indicating that the BaTiO₃ has fully 

transitioned into a stable crystalline structure and achieved 

thermal stability. 

Figure 2 shows the XRD results of BaTiO₃ powder 

synthesized by the hydrothermal method and subsequently 

heat-treated at temperatures ranging from 200℃ to 900℃. 

The powder heat-treated below 800℃ exhibits a cubic 

structure, while the powder heat-treated above 850℃ shows a 

tetragonal structure, with a noticeable decrease in the full 

width at half maximum (FWHM). In the XRD pattern, within 

the 2θ range of 44° to 46°, it is observed that, starting from 

temperatures above 850℃, the peaks split into two distinct 

peaks corresponding to the (002) and (200) planes. As the heat 

treatment temperature increases, this separation becomes more 

pronounced. These results indicate that the BaTiO₃ particles, 

initially synthesized in the cubic phase, undergo a phase 

transformation to the tetragonal phase. 

Figure 3 presents the results of crystallinity and cell volume 

as a function of heat treatment temperature, defining the ratio 

of the lattice constants (c/a) for the (002) and (200) planes as 

the tetragonality of the BaTiO₃ particles. Up to 800℃, BaTiO₃ 

crystallizes in a cubic structure, starting with a crystallinity of 

1.0. As the temperature increases, the tetragonality (c/a) also 

increases due to the elongation of the C-axis. At 850℃, the c/a 

ratio reaches 1.006, and at 900℃, it further increases to 1.01, 

indicating a high degree of crystallinity. Generally, the 

crystallinity of BaTiO₃ is known to be closely related to the 

particle size and density, with higher crystallinity being 

advantageous for the long-term lifespan characteristics of 

MLCCs [12]. 

 

Fig. 1. TGA curves of hydrothermally synthesized nano BaTiO₃

powders at various heat treatment temperature. 

 
Fig. 2. XRD patterns of hydrothermally synthesized nano BaTiO₃ 

powders at heat treatment temperature. 
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Figure 4 shows the results of measuring the specific surface 

area and particle size (D50) of powder produced by the 

hydrothermal synthesis method as a function of the heat 

treatment temperature. As the heat treatment temperature 

increases, the specific surface area decreases from 18 m²/g to 

3.8 m²/g, while the particle size (D50) increases from 80 nm to 

180 nm. This result can be attributed to the fact that, at higher 

temperatures, particles agglomerate or crystal growth occurs, 

strengthening the interparticle bonds. Additionally, the 

removal of impurities (e.g., -OH) from the powder surface and 

the alignment of the crystal structure can lead to the formation 

of new surfaces or a reduction in surface defects, resulting in 

a decreased specific surface area [13,14]. The particle size 

distribution can show a decreasing trend in the average particle 

size (D50) as the calcination temperature increases, due to the 

increased thermal energy, which causes particles to bind more 

strongly, leading to more uniform particle sizes and increased 

density. 

Figure 5 shows the microstructure of the powder according 

to the heat treatment temperature. The BaTiO₃ powder heat-

treated at 800℃ is in the early stages of grain growth, with 

individual particles not sufficiently grown and existing in an 

agglomerate form similar to the initial raw material. As the 

heat treatment temperature increases to 850℃ and 900℃, 

particle agglomeration decreases, and the powder shows a 

mono dispersed form suitable for high-capacity MLCC 

manufacturing. The BaTiO₃ particles grow in a shape close to 

spherical, with the grain growth and minimization of surface 

energy, resulting in a smoother and more uniform particle 

surface. However, at 950℃, the heat treatment promotes 

bonding between particles, leading to the formation of 

‘peanut-shaped’ agglomerates and a tendency to form irregular 

agglomerate structures. This microstructure is considered 

unsuitable for use as a raw material for high-capacity MLCCs.  

Figure 6 illustrates the dielectric constant and loss 

characteristics of samples sintered at 1,160~1,220℃, 

composed of BaTiO₃ powder with added MgO, Mn₃O₄, V₂O₅, 

and rare earth elements, according to the heat treatment 

temperature. The BaTiO₃ powder heat-treated at 800℃ was 

sintered at 1,160℃, and as the heat treatment temperature 

increased, the sintering temperature was raised to 1,220℃. 

The dielectric constant is observed to increase as the heat 

Fig. 3. Tetragonality and cell volume of hydrothermally synthesized

nano BaTiO₃ powders at various heat treatment temperature. 

 

Fig. 4. BET and particle size of hydrothermally synthesized nano 

BaTiO₃ powders at various heat treatment temperature. 

 

 

Fig. 5. SEM hydrothermally synthesized nano BaTiO₃ powders at 

various heat treatment temperature: (a) 800℃, (b) 850℃, (c) 900℃, 

and (d) 950℃. 
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treatment temperature rises. This result can be attributed to the 

fact that BaTiO₃ powder with higher crystallinity has fewer 

structural defects, and as crystallinity increases, the degree of 

polarization improves, leading to a higher dielectric constant. 

Dielectric loss is known to be influenced by the crystal 

structure and secondary phases, with impurities and defects at 

the grain boundaries being a major cause of electrical loss. Up 

to around 900℃, the increase in particle size leads to a 

reduction in the number of grain boundaries, which is believed 

to be the reason for the observed results [15-17]. 

Figure 7 illustrates the TCC of samples sintered at 

1,160~1,220℃, composed of BaTiO₃ powder with added 

MgO, Mn3O4, V2O5, and rare earth elements, according to the 

heat treatment temperature. In high-capacity BME MLCCs, 

the TCC characteristics of the X7R grade are known to arise 

from the core-shell grain structure, where the core is composed 

of pure BaTiO₃, and the shell is formed by the diffusion of 

additives into BaTiO₃. For X7R-grade MLCCs, the 

capacitance change (TCC) with temperature must be limited 

to within ±15%, which is significantly influenced by the 

microstructure of BaTiO₃, particularly the core-shell structure. 

The core consists of pure BaTiO₃, while the shell is a structure 

formed by the diffusion of additives, providing stability to the 

dielectric properties against temperature changes. BaTiO₃ 

powder heat-treated at 200℃ exhibited low crystallinity and 

small particle size, which were insufficient to achieve 

adequate sinterability, thereby hindering the formation of the 

core-shell structure. As a result, it was challenging to achieve 

a flattened temperature characteristic attributed to the core-

shell structure, and the TCC characteristics were unsuitable as 

a dielectric material for high-capacity X7R MLCCs. The cubic 

structure of BaTiO₃ powder heat-treated at 800℃ showed 

some characteristics of a core-shell structure, but it was 

significantly affected by the formation of new crystal phases 

that exhibited effects such as shifters and depressers [18-21].  

 

 

4. CONCLUSION 

This study investigated the crystallinity and characteristics 

of BaTiO₃ powder prepared by hydrothermal synthesis at 

various heat treatment temperatures. The powder exhibited an 

orthorhombic structure at temperatures above 850℃, and the 

crystallinity and particle size increased with rising 

temperatures. In the temperature range of 850~900℃, the 

powder showed excellent surface uniformity with minimal 

agglomeration, producing particles in the range of 150~200 

nm, which are suitable for the manufacture of high-capacity 

X7R MLCCs. Furthermore, it was confirmed that the heat 

treatment temperature plays a critical role in determining the 

dielectric properties for achieving X7R characteristics in high-

capacity BME MLCCs. In particular, high-temperature 

treatments (above 850℃) were essential for enhancing the 

crystallinity of the powder and forming a stable core-shell 

structure, which is crucial for achieving stable TCC 

characteristics. These findings provide important guidelines 

for establishing appropriate heat treatment conditions in the 

manufacturing process of high-performance MLCCs. At 

Fig. 6. Dielectric constant and dielectric loss according to BaTiO₃ 

powders at various heat treatment temperature. 

 

Fig. 7. TCC according to BaTiO₃ powders at various heat treatment 

temperature. 
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temperatures above 850℃, the crystallinity of the BaTiO₃ 

powder became more pronounced, leading to the formation of 

a core-shell structure due to its interaction with the additives. 

As a result, samples treated at high temperatures were found 

to meet the TCC characteristics required for X7R automotive 

MLCCs grade materials. 
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