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Optimizing Dielectric Constant in Tetragonal BaTiO3 Via Densification, Tetragonality,  
and Grain Growth Kinetic with Sintering Temperature

Tetragonal BaTiO3 nanopowders with tetragonality (c/a = 1.01), compacted uniaxially at 300 MPa, underwent sintering at 
temperatures ranging from 900°C to 1200°C for 1 h. Their densification and microstructure evolution were examined to determine 
the dielectric constant as a function of temperature (25-150°C) and frequency (102-107 Hz). Increasing the sintering temperature 
enhanced the densification and grain growth of BaTiO3, demonstrating a linear relationship between them. However, the tetragonality 
remained unaffected by the sintering temperature. The densified BaTiO3 exhibited a high dielectric constant (εr) across temperatures 
and frequencies. The activation energy for grain growth varied depending on the primary mechanism of lattice and grain boundary 
diffusion, ranging approximately from 119.1 to 172.5 kJ/mol across the entire sintering range. 
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1. Introduction

Manufacturing ceramic products through conventional 
sintering processes is vital for their cost-effectiveness and the 
capability to yield materials with desirable properties. Densifica-
tion of ceramic powder stands out as a critical factor in achieving 
these desired properties. Densification, which involves reducing 
porosity and increasing material density, holds significant im-
portance as it profoundly impacts the mechanical, thermal, and 
electrical properties of the end product. Achieving optimal den-
sification necessitates precise control over sintering conditions, 
including temperature, duration, and atmosphere, to facilitate 
appropriate particle bonding and grain growth [1]. 

Barium titanate (BTO), a widely studied ceramic material 
renowned for its outstanding dielectric properties, maintains 
stable capacity across a broad temperature range at high frequen-
cies. The dielectric constant (εr) of BTO is known to correlate 
with factors such as tetragonality and powder size. Tetragonality, 
indicating the degree of distortion in the crystal lattice, directly 
influences polarization and, consequently, the material’s di-
electric behavior [2,3]. Similarly, εr is significantly influenced 
by grain size in the ferroelectric state, whereas it remains 
nearly unaffected by grain size in the paraelectric state [4-7]. 
Previous research [1-7] has demonstrated that grain growth and 
densification during sintering have a significant impact on the 

dielectric permittivity. Despite these established relationships, 
there is a noticeable scarcity of studies exploring the interplay 
among densification, tetragonality, and dielectric constant in 
BTO at various sintering temperatures.

This study examines the correlations among dielectric con-
stant, densification, tetragonality, and microstructural evolution 
in BTO ceramics sintered at various temperatures. Furthermore, 
grain growth kinetics are analyzed using Arrhenius modeling. 
The results of this investigation are expected to provide valuable 
insights into the optimization of sintering processes for tailoring 
the dielectric properties of BTO.

2. Experimental

The BaTiO3 nanopowders, possessing a mean particle size 
of 217±5.6 nm, and a purity of 99.8% (KCM Corporation Co., 
Ltd., Japan), were prepared as illustrated in Fig. 1(a), which 
displays transmission electron microscopy (TEM) images along 
with a particle size distribution in the inserted plot. The nanopo-
wders were compressed into cylindrical shapes with a diameter 
of 12.7 mm under a pressure of 300 MPa at room temperature. 
Subsequently, the samples underwent sintering at temperatures 
ranging from 900 to 1200°C for 1 h in an N2 atmosphere to 
suppress grain growth caused by oxidation. The densities of 
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samples sintered at different temperatures were determined 
using the Archimedes method. The crystal structures of the 
sintered samples were identified via X-ray diffraction (XRD) 
utilizing a Rigaku SmartLab instrument (Cu Kα, λ = 1.54059 Å, 
25 mA × 40 kV power), while their microstructure evolution 
was examined by scanning electron microscopy (SEM) at an 
accelerating voltage of 20 kV (SU5000, Hitachi, Tokyo, Japan). 
The dielectric constant (εr) was determined using a Novocontrol 
Concept 80 broadband dielectric spectrometer (Novocontrol Ltd, 
Germany), operating within the frequency range of 102-107 Hz, 
and across temperatures from room temperature to 150℃. The 
mean grain size of the samples prepared under different condi-
tions was statistically assessed based on recorded images and 
calculated using image analysis software (Image-Pro, Media 
Cybernetics Inc.). Mean grain size was determined by using the 
following Eq. (1) [8]

 G = 1.56 × L	 (1)

where G is the mean grain size, and L is the mean grain boundary 
length for approximately 100 grains.

3. Results and discussion

Figs. 1(b) and 1(c) display SEM images of surface BaTiO3 
samples sintered at 900℃ and 1100℃ for 1 h, respectively. 
In these images, both the grain size and the length of the in-
terconnected particles, known as neck growth, increased with 
annealing temperatures. Notably, in Fig. 1(c), the neck length 
is influenced by the size difference between interconnecting 
particles, which enlarges with increasing size disparity. While 
the particle size distribution in this study exhibited a unimodal 
pattern as seen in the Fig. 1(a), closer examination revealed 
a narrower distribution around 190-250 nm. Consistent with 
previous studies [9], as illustrated in Figs. 1(b) and (c), necking 
growth was more pronounced between particles of different sizes. 
Moreover, higher sintering temperatures promote increased mass 
transfer mechanisms responsible for grain growth by facilitating 
atomic movement along particle boundaries [10]. In Fig. 1(d), 
the mean grain size demonstrates a proportional relationship with 
the sintering temperature, suggesting that capillary stress, driven 
by surface energy, drives surface movement during sintering. 

Fig. 1. (a) TEM image and particle size distribution (inserted plot) of as-received BaTiO3 nanopowders, SEM images of the surface of samples 
sintered at (b) 900℃ and (c) 1100℃ for 1 h, and (d) plot of mean grain size for sintering temperatures
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Notably, particle necks exhibit significant curvature changes. The 
Laplace equation provides the stress associated with a curved 
surface as follows:

 1 2

1 1
R R

 
 

  
 

 	 (2)

where γ is the surface energy, and R1 and R2 are the radii of cur-
vature for the surface. Spheres have uiform stress, but sintering 
alters their radii, causing non-uniform stress, as seen in saddle 
surfaces. The microstructure comprises convex and concave 
surfaces, shifting from tension to compression over distances 
smaller than the particle size and removing gradients naturally, 
thereby resulting in grain growth [11].

Fig. 2(a) depicts the variation of the dielectric constant (εr) 
of BaTiO3 samples sintered at different temperatures relative to 
temperature, at a measurement frequency of 100 Hz. The εr value 
of BaTiO3 samples increased with rising sintering temperature, 
attributed to the increase in grain size in Fig. 1. Additionally, 
the sintered samples exhibit a broad peak in εr around 130℃, 
consistent with findings from previous studies [12-13], indicat-
ing a ferroelectric phase transition. Above 130℃, the εr value 
decreases with increasing in temperature, in accordance with 
the Curie-Weiss law:
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where C is the Curie-Weiss constant, T is the absolute tempera-
ture and TC–W is the Curie-Weiss temperature, which represents 
the beginning of the deviation of the dielectric constant from 
the Curie-Weiss law. Fig. 2(b) illustrates the relationship be-
tween frequency and dielectric constant in the BaTiO3 samples 
sintered at various temperatures. Within the frequency range of 
102-107 Hz, the εr value increased for samples sintered at higher 
temperatures, while it gradually decreased with increasing fre-
quency across all samples. At lower frequencies, the higher εr 
value was attributed to the presence of electronic, ionic, dipolar, 
atomic, and interfacial charge polarizations. The decrease in εr 

value at higher frequencies is attributed to the presence of space 
charge polarization, reflecting the contribution of polarons [14]. 
At low frequencies, all polarization mechanisms (electronic, 
ionic, dipolar, and interfacial) contribute to the overall dielectric 
constant. As the frequency increases, the contribution of slower 
polarization mechanisms, such as dipolar and interfacial polari-
zation, diminishes. This results in a decrease in the dielectric 
constant. At very high frequencies, only the rapid electronic 
polarization remains active, leading to a relatively constant and 
lower dielectric constant.

To investigate the factors influencing the dielectric con-
stant, we determined the tetragonality (c/a) using XRD patterns 
obtained through the powerful Rietveld refinement method soft-
ware (Crystal Impact GbR, Germany), as displayed in Fig. 3(a), 
against sintering temperature. Generally, higher tetragonality 
leads to a higher dielectric constant for BaTiO3 ceramics. Te-
tragonality in Perovskite materials is roughly proportional to the 
magnitude of spontaneous polarization (Ps), hence exhibiting a 
linear relationship with the dielectric constant [3]. The tetrago-
nality was found to remain nearly constant at 1.009-1.01 in Fig. 
3(a), even with increasing sintering temperature. Previous stud-
ies have reported an increase in tetragonality with rising temper-
ature, attributed to the elimination of OH groups present during 
BTO synthesis [15]. The absence of OH groups in the BTO used 
in this study explains the lack of variation in tetragonality with 
sintering temperature. Despite nearly consistent tetragonality 
across different sintering temperatures, the εr value exhibited 
a positive correlation with sintering temperature, as shown in 
Fig. 2(a). Therefore, in this study, tetragonality was found to 
be independent of sintering temperature and not attributable 
to an increase in εr value. Fig. 3(b) illustrates the relationship 
between relative density and grain size during the sintering 
process. Grain size increased with rising sintering tempera-
ture, leading to an increase in relative density. Both parameters 
exhibit a linear relationship (Figs. 2(b) and 3(b)). Previous 
studies [2], have reported that an increase in grain size elevates  
the tetragonality. 

Fig. 2. Dielectric constant versus (a) temperature curve ranging from 90 to 150℃, and (b) frequency curve ranging from 102 to 107 Hz for the 
sintered samples
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The grain growth kinetics can be expressed as [16]

 Gn
t – Gn

0 = Kt	 (3)

where Gt is the grain size at a given time, G0 is the initial grain 
size, n is the grain-growth exponent, K is a constant, and t is the 
sintering time. The variable n represents the grain-growth be-
havior, and its value can be divided by the diffusion mechanism 
of pore control as follows: n = 2 for grain boundary diffusion, 
and n = 3 for vapor transport and lattice diffusion [17]. The ac-
tivation energy (Q, kJ/mol) for grain growth within the sintered 
BTO samples at various temperatures was calculated based on 
the Arrhenius behavior [18].

 
0 exp QK K

RT
   
 

 	 (4)

where K0 is a constant, R is the gas constant (=8.314 J/(mol·K)), 
and T is the absolute temperature. Q is the log of both sides of 
Eq. (3) as follows:

  0 0ln ln ln /n n
tG G K t Q RT     	 (5)

Eq. (5) shows that lnG and 1/T exhibit a linear relationship 
at the same sintering time for both n values 2 and 3, as illustraed 
in Fig. 4. The slope of this line indicates the activation energy 
for grain growth. Based on the graph results, it can be inferred 
that necking between the bonded powders occurs through vapor 
transport and lattice diffusion, while at higher temperatures, grain 
growth is facilitated by grain boundary diffusion. Over a wide 
temperature range, the BTO powders used required an activa-
tion energy of approximately 119.1 to 172.5 kJ/mol for grain  
growth.

4. Conclusion

This study investigated the densification and microstruc-
ture evolution of tetragonal BaTiO3 nanopowders compacted 
uniaxially at 300 MPa and sintered at temperatures ranging from 
900℃ to 1200℃ for 1 h. Increased sintering temperatures led 
to grain growth and densification, resulting in higher relative 
density and dielectric constant. This indicates that densification is 
crucial for achieving high dielectric properties. Interestingly, the 
tetragonality (c/a) remained unaffected by changes in tempera-
ture. The densified BaTiO3 exhibited a high dielectric constant 
(εr) across a wide temperature range (25-150℃) and frequency 
range (102-107 Hz). Furthermore, the activation energy for 
grain growth, indicative of lattice and grain boundary diffusion 
mechanisms, ranged from approximately 119.1 to 172.5 kJ/mol 
throughout the entire sintering process.
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