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PREFACE 
 

International Conference on Material Science and Technology in Cappadocia (IMSTEC’16) 
organised by Nevsehir Haci Bektas Veli University and BAYEM Ajans is held in April 6-8, 2016 in 
Nevsehir, Turkey. This symposium is aimed at bringing together academics, researchers and 
engineers, iron and steel manufacturers, exporters and importers, suppliers, technology producers 
and non-governmental organizations around the world to share and discuss their latest works and 
the new methodologies to improve the structure and properties of the materials. The topics of 
IMSTEC’16 covered are Metallurgy and materials, Casting,  Heat treatment,  Coating  and  
corrosion,  Welding  and  cutting,  Forming  and  machining, Energy and environment, Marketing 
and finance, Automation, Occupational health and safety. 

The Symposium includes invited papers of national and international academicians and the papers 
submitted by academia in all aspects of the material industries. 

Cappadocia region, the capital of Nevşehir, has one of the most interesting and spectacular 
landscapes in the World, which is the first settlements dating back to 3000 BC; The oldest name 
was "Nyssa". It is the perfect starting point to visit the area. The castle standing at the highest point 
in the city which comes from seljuks period is also one of the most intersting ruins. The Kursunlu 
Mosque has an impressive complex of buildings and a medresse surrounding it which dates back 
to 1726. The museum displays a rich collection of the local finds. Gulsehir, and Hacibektas which 
is the town where Haci Bektas Veli settled in the 14th century, and set up his own Bektas Dervish 
order which was based on love and humanism.  

We would like to express our sincere thanks to those who spend great effort to make this event 
take place. We would also like to thank to BAYEM Ajans and other sponsors of IMSTEC’16 as their 
names and company logos stated. We also express our gratitude to the members of Honorary 
Committee, Scientific Committee, Organizing Committee, Secretarial Assistance, and Students for 
their great effort to make the event successful. Lastly, we would like to thank to academicians, 
practitioners, and the experts who were joined to ımstec’16 in order to share their knowledge. 

 

With the wishes to see you all at the next International Symposium… 

 

CHAIRMAN OF IMSTEC 

Prof.Dr. Bülent KURT 
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Abstract 
 
In this study, grain growth kinetics and sintering behavior 
of SiO2 doped barium titanate based ceramic materials 
were investigated depending on sintering temperature and 
time. In this process, SiO2-doped BaTiO3 ceramic powder 
substitution was prepared by solid state mixed oxide 
technique. X-ray diffraction analysis showed that the main 
phases formed in the sintered samples are BaTiO3. Atomic 
force microscope (AFM) images were used for 
examinations of the grain structure and size of the sintered 
samples. Grain growth kinetic equation Gn=K.t.exp(-Q/RT) 
was used for determining the activation energy of the SiO2-
doped BaTiO3 ceramic materials. It was suggested that 
SiO2 is important to barium titanate ceramics not only for 
sintering, but also for modifying their properties. 
 
Keywords: Barium titanate, grain growth, kinetic, 
activation energy, sintering. 
 
1. Introduction 
 
Barium titanate-based ceramics are widely applied in high-
dielectric-constant ceramic capacitors, positive 
temperature coefficient of resistivity (PTCR) thermistors 
and lead-free ceramic piezoelectric devices. As barium 
titanate is usually sintered at temperatures around 
1300 °C, numerous researches have been devoted to the 
sintering of barium titanate-based ceramics to lower the 
sintering temperature and to optimize the properties of the 
components and devices as well [1] and [2]. Usually, the 
microstructure of such ceramics is a result of liquid phase 
sintering. The required liquid phase is formed by a reaction 
between a suitable additive and the BaTiO3 matrix powder 
[3] Some glass-based flux additions are especially 
effective for these purposes and they are generally 
adopted as sintering aids for barium titanate-based 
ceramic components and devices, among which SiO2 is 
one of the most important components. It was reported 
that there exists a ternary eutectic in the system of BaO–
TiO2–SiO2 and SiO2 addition promotes grain growth and 
lowers the sintering temperature of BaTiO3 ceramics 
through liquid phase sintering [4], though the nature of the 
working liquid phase is still under investigation. On the 
other hand, Wang et al. have pointed out that glass-based 
flux additions not only result in liquid phases at high 
temperatures, some of their components can also be 
incorporated into BaTiO3 lattice and modify the dielectric 
properties, such as the Curie temperature and the 
sharpness of the ferroelectric transition as usual 
dopants [5]. In addition to other authors, Drofenik [6] 
reported on the defect structure and grain growth in donor-
doped BaTiO3 both with SiO2 and with TiO2 as an additive. 

Drofenik showed that the oxygen partial pressure has a 
pronounced influence on the grain growth and related 
effects in donor-doped BaTiO3.  Shimanskij et al. 
investigated the grain growth in donor-doped barium 
titanate below the temperature of liquid phase formation 
[7]. The origin of the grain growth anomaly in donor-doped 
BaTiO3 was explained by Drofenik introducing an 
additional thermodynamic term, which is associated with 
energetic demands due to the release of oxygen during 
incorporation of the critical amount of the dopant [8]. In a 
previous paper, we have studied the influence of B2O3 on 
the crystallographic structure, phase transition, grain size, 
microstructure and physical properties of barium titanate 
and barium titanium zirconate ceramics when it is 
introduced as a dopant rather than a sintering aid and 
some interesting results were reported [9]. In this paper, a 
similar study has been conducted on SiO2 and grain 
growth kinetic equation Gn=K.t.exp(-Q/RT) was used for 
determining the activation energy of the SiO2-
doped BaTiO3 ceramic materials. Our result shows that 
SiO2 can have obvious influences on the grain size, 
microstructure and physical properties of barium titanate 
ceramics and attention should be paid to SiO2 not only as 
a sintering aid but also as a dopant for barium titanate 
ceramics. 
 
2. Experimental Procedure 

SiO2-doped BaTiO3 ceramics used in this study were 
prepared by the conventional ceramic processing 
techniques. Commercially available powders of BaCO3 
(Alfa Aesar A13195), SiO2 and TiO2 (GPR 30446, 98% 
purity) were used as starting materials. BaCO3, TiO2 and 
SiO2 powders were mixed as to be 0.7/1.0/0.3 molar ratio. 
The stoichiometrically weighed amounts of these powders 
were milled by ball milling technique in isopropyl alcohol 
using ZrO2 balls at 200 cycles/min for 20h and then dried 
in a pyrex pan. The dried powder was calcined at 1000 ◦C 
for 2 h.  The calcined powders were crushed using the 
planetary ball mill for a short duration and,  compacted by 
cold uniaxial pressing at 300 MPa and then sintered at 
1175°C, 1200°C and 1225°C for 1-4 h. (at a ramp of 
5°C/min.). Then, the samples were polished and thermally 
etched for metallographic examination. The density of the 
sintered samples was measured using the Archimedes’ 
method. The samples were characterized by AFM and 
XRD analysis. The AFM images were obtained using a 
Quesant AFM (Ambios Technology, Santa Cruz, CA) at 
3 Hz scanning rates. Grain size measurements were 
carried out on the AFM images of the etched samples 
using the Eq. 1:  
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LG  56.1                                                       (1) 

where, G is the average grain size, L is the average 
grain-boundary intercept length of four random lines on 
each micrographs of each sample [10-12].  AFM Quesant 
software is helpful to determine the grain-boundary 
intercept. In the grain size measurement, minimum five 
images were used as the determination of average grain 
dimensions. XRD analysis were realized using by a Rigaku 
D/MAX-2200/PC type difractometer (Tokyo, Japan) with 
Cu-Kα radiation, which has a wavelength of 1.5418 Å over 
a 2θ range of 10°–90° with 0.033° increments per second 
to analyze phases present in the produced samples. 
 
3. Result and Discussion 
 
3.1 Phase Analysis 
 
The X-ray diffraction patterns of SiO2-doped BaTiO3 
ceramics sintered at 1225°C were given in Fig. 2. In all 
cases, the diffractograms have predominantly registered 
the phase of barium titanate-(BaTiO3), matched for every 
sample (ICSD card no. 79-2265). X-ray diffraction patterns 
of SiO2 doped BaO-TiO2 powders showed that the peaks 
correspond to BaTiO3 crystalline phase, confirming that 
SiO2 is effectively incorporated into the BaTiO3 matrix. The 
figure proves that the barium titanate ceramics are 
successfully produced without noticeable undesirable 
phases. 
 
3.2 Microstructure and Grain Size Measurement  
 
Fig. 3. shows atomic force microscope (AFM) images of 
SiO2-doped BaTiO3 ceramics obtained after sintering at 
1225°C for 1-4 h. As shown from this figure that the AFM 
images give some information about grain sizes and 
structures of the ceramics. AFM micrograph presents good 
microstructure with 3D for the measurement of the grains 
produced. SiO2-doped BaTiO3 ceramics produced via 
powder metallurgy technique have an almost 
homogeneous equiaxed grain structures. As shown in this 
figure, grain size increases with increasing sintering 
temperature due to the liquid/glassy phase formation by 
SiO2. Fig. 1. shows the grain size of SiO2-doped BaTiO3 
ceramics depending on sintering time and temperature. 
The grain growth kinetics can be calculated using the 
simplified kinetic equation;        

. .expn Q
G K t

RT

 
  

 
                                                   (2) 

where G is the average grain size, n is the kinetic grain 
growth exponent value, K is a constant, t is the time, Q is 
the apparent activation energy, R is the universal gas 
constant and T is the absolute temperature [11–15]. The 

kinetic grain growth exponent value (n) in the Eq. (2) can 
be determined from the following equation; 
 

 .log( ) log( ) log( ) 0.434
Q

n G t k
RT

  
     

  
             (3)  

 
Figure 1. shows the grain size of the the SiO2-
doped BaTiO3 ceramics depending on sintering time and 
temperature. 
                                     
From the slope of the log (G) versus log t line, which is 1/n, 
the grain growth kinetic exponent is readily determined. 
Fig. 4. illustrates the isothermal grain growth of the SiO2-
doped BaTiO3 ceramics sintered at 1175°C, 1200°C, 
1225°C for 4h. The average grain size increases with 
increasing heat treatment temperature and time, as 
expected from Eq. (3).  Kinetic exponent calculated from 
the slopes of these plots were determined for the sintering 
temperatures of 1175°C, 1200°C, 1225°C are found to be 
2.67, 2.92 and 2.74, respectively. The apparent activation 
energy (Q) for the grain growth process can be calculated 
from the gradient of the Arrhenius plot (Eq. (2)) of log (Gn/t) 
versus (1/T). This plot was constructed for the studied 
system as shown in Fig. 4. The apparent activation energy 
is 192.6 kJ/mol. The relative density and open porosity of 
the sintered ceramics were determined using the 
Archimedes’ water displacement method, as specified by 
European Standard EN 99 (ISO 10545-3, 1991) [16]. 
Relative density, and open porosity of SiO2-doped BaTiO3 
ceramics, results are shown in Fig. 5. The relative density 
of sintered ceramics increases with increasing of the 
sintering temperature (from 1175°C to 1225°C) and the 
sintering time (from 1h to 4h). For all ceramics, open 
porosity decreases with sintering time and with increasing 
temperature.  
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Figure 2. X-ray diffraction patterns of SiO2-doped BaTiO3 sintered at 1225°C. (a) 1h, (b) 2h, (c) 4h. 

 

 

 
 

 
 
 
 

Figure 3. Atomic force microscope of SiO2-doped BaTiO3 sintered at a) 1175°C, b) 1200°C, c) 1225°C for 4h. 

 
Choi and Kim [15] studied the sintering behavior of barium 
titanate ceramics with SiO2 addition and reported eutectic 
temperature as 1250°C due to the liquid phase sintering. 
They explained that rapid grain growth takes place in the 

final stage of the liquid phase sintering and large pores are 
formed in grain boundaries as a result of coalescence 
phenomenon. 
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Figure 4. (a) Isothermal grain growth and (b) the Arrhenius plot for the grain growth of SiO2-doped BaTiO3 at different 

sintering temperatures. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Relative density and open porosity vs. sintering time of SiO2-doped BaTiO3 ceramics after sintering at 1225°C. 

  
Conclusions 
In the present study, the effect of sintering temperature 
and time on the grain size, microstructural evolution, 
density-open porosity, and grain growth kinetics of SiO2-
doped BaTiO3 ceramics were investigated. AFM images 
showed that the grains formed in the SiO2-doped BaTiO3 
ceramics are homogeneous equiaxed grain structure. The 
grain sizes of the ceramics are changing between 0.9 and 
2.98 µm depending on the process parameters. the higher 
the sintering temperature and the longer the sintering time, 
the coarser the grain size became. X-ray diffraction 
analysis results showed that single-phase perovskite  

structure for SiO2 doped BaTiO3 based ceramics took 
place at room temperature. The grain growth kinetics 
exponent values (n) are changing between 2.67, 2.92 and 
2.74 depending on sintering temperature and time. An 
increase in the sintering temperature causes to increase of 
n values and crystallinity degree of the ceramics.  The 
grain growth activation energy of the SiO2-doped BaTiO3 
ceramic was calculated as 192.6 kJ/mol. For all ceramics, 
it is observed that the relative density increases with 
increasing sintering temperature and time. 
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