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ABSTRACT 

Perovskite [(Ba0.6Sr0.4)TiO3]-[2SiO2-B2O3]-[K2O]-La2O3 glass was prepared by conventional melt quench method. The 
differential thermal analysis (DTA) was performed on glass sample in the temperature range from 100˚C to 1000˚C by 
different heating rate to study the crystallization kinematics. The kinetic parameters characterizing the crystallization 
have been determined using an Arrhenius model. Glass samples were subjected to appropriate heat treatment schedules 
for their suitable crystallization. X-ray diffraction analysis (XRD) of glass and glass ceramic samples were done to 
check the amorphous state and crystalline nature. XRD of glass ceramic sample shows the major perovskite phase of 
BaTiO3 (BT) along with the formation of secondary phases Ba2TiSi2O8 (BTS) and Ba2Ti2B2O9 (BTB). Scanning elec- 
tron microscopy (SEM) is also studied to see the morphology of the grains of major and secondary phase formation in 
BST glass ceramic samples. La2O3 is played an important role to increase the nucleation of the crystallites in the glassy 
matrix. The addition of La2O3 results in development of well interconnected crystallites formed as major phase of BST. 
In this paper, we are reporting the crystallization behavior of BST borosilicate glass system and high temperature di- 
electric characteristics of their glass ceramics. 
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1. Introduction 

Glass ceramics are polycrystalline materials produced by 
high-temperature, controlled nucleation and crystalliza- 
tion of glasses. Glass ceramics have become established 
as commercially important materials in the fields such as 
consumer products, vacuum tube envelops, telescope 
mirror blanks, radomes for the aerospace industry and 
protective coating for metals [1]. Glasses are thermody- 
namically unstable as compared with the isochemical 
crystals due to glass formation, which was reported by 
Tammann [2], among others. Their study showed that 
crystallization processes occur by nucleation and growth 
and it depends on the temperature and the substance, 
either step may determine the rate of spontaneous crys- 
tallization. Therefore, at least two free energy barriers are 
involved in the metastability of the supercooled liquid. 
The first process is the free energy of crystal nucleus 
formation which is arising primarily because of the 
melting point of small crystals is lower than that of large 
crystals. The second barrier is due to impeded molecular 
motion at the crystal to liquid interface in going from a 
liquid to a crystal-like position. Extensive studies have 

been reported on the crystallization and dielectric be- 
haveior of ferroelectric glass ceramics, specifically 
PbTiO3 and NaNbO3 [3]. The paraelectric and ferroelec- 
tric phase transition in BaTiO3 disappears below a criti- 
cal size [4]. There are some factors that influence the 
properties of the major crystalline phase in a glass ce- 
ramic are the surrounding glass matrix, their crystalliza- 
tion kinetics and nucleation mechanism, particle size and 
presence of other crystalline phases. Crystallization and 
properties of BaTiO3 in the system BaO-TiO2-Al2O3-SiO2 
have been reported [5-8]. BST is a dielectric material 
with excellent dielectric properties such as high dielectric 
constant, small dielectric loss, low leakage current, large 
dielectric breakdown strength. It is thought to be the 
most promising dielectric material for the memory cell 
capacitors in dynamic random access memory (DRAM) 
with very large scale integration (VLSI) [9,10]. BST is 
the solid solution of BaTiO3 and SrTiO3 with effective 
dielectric properties, which has been used in electronic, 
electrooptical, optical, acoustic, and microwave devices 
[11-13]. Doping of La2O3 in [SrO·TiO2]-[SiO2·B2O3] 
influences the crystallization of the glass as well as di-
electric properties of the glass ceramic samples in the 
present system. Dielectric constant of these glass ceram- *Corresponding author. 

Copyright © 2012 SciRes.                                                                                NJGC 



Crystallization Kinematics and Dielectric Behavior of (Ba,Sr)TiO3 Borosilicate Glass Ceramics 127

ics is high of the order of thousands unlike that of glass 
ceramics obtained from glasses without La2O3 and it dif- 
fuses into the crystalline phase and make it to semi- 
conducting during the crystallization of the different 
glass samples at high temperature [14-16]. The study of 
glass ceramics system  
[(PbxSr1–x)O·TiO2]-[2SiO2-B2O3]-[K2O]-[BaO]-[La2O3], 
shows dispersion of semiconducting perovskite phase in 
insulating glassy matrix and may lead to space charge 
polarization around crystal glass interface, imparting 
high value of effective dielectric constant. These glass 
ceramics may be used for capacitor applications [17]. 
Recently, investigated system was crystallization beh- 
avior and microstructural analysis of lead and strontium 
rich (PbxSr1−x)TiO3 glass ceramics in presence of La2O3. 
The doping of La2O3 in the (PbSr)TiO3 borosilicate glass 
ceramic system enhances the crystallization and retards 
the minor phase [18,19]. 

2. Experimental Procedure 

The AR grade chemicals BaCO3 (Himedia 99%), SrCO3 

(Himedia 99%), TiO2 (Himedia 99%), SiO2 (Himedia 
99.5%), H3BO3 (Himedia 99.8%), K2CO3 (Himedia 
99.9%) and La2O3 (Himedia 99.9%) were used for the 
preparation of glass composition 

[(Ba0.6Sr0.4)TiO3]-[2SiO2-B2O3]-[K2O]-La2O3. 

The appropriate amounts of these ingredients were mixed 
in a mortar using acetone as a grinding medium. The well 
mixed and dried powder was transfered in to a high 
alumina content crucible and then crucible is replaced 
inside the high temperature SiC programmable electric 
furnace. The melt was poured into an aluminum mould 
and pressed by a thick aluminum plate then immediately 
transferred in to a preheated muffle furnace for annealing 
at temperature 450˚C for 3 hours. DTA was done on the 
coarse powdered glass samples at heating rate 5˚C, 10˚C, 
15˚C, 20˚C and 25˚C. On the basis of DTA results, vari- 
ous glass samples were subjected regulated heat treat- 
ment schedules at 820˚C and 853˚C with heating rate of 
2˚C/min for 3 hours soaking time for the crystallization. 
The crystallized samples were then cooled to room tem- 
perature with cooling rate of 5˚C/min. The nomenclature 
of glass ceramic samples includes the code of their parent 
glass composition followed by heat treatment tempera- 
ture by a letter “T” for 3 hours heat treatment schedule. 
XRD of glass ceramic samples were carried out using a 
Rigaku Miniflex-II X-ray diffractometer using Cu-K 
radiation. XRD patterns were compared with standard 
d-values from JCPDS files for different constituting 
phases. Glass ceramic samples were polished and etched 
using a solution of 30% HNO3 + 20% HF. Gold-Palladium 
coating were done by sputtering method (Poraton Sc- 
7640 Sputter) on the etched surface of various glass ce- 

ramic samples for SEM. SEM images were recorded by 
using (model LEO 430 Camridge Instruments Ltd. UK) 
to study the morphology of different crystalline phases. 
For dielectric measurement of glass ceramic samples, 
both the surfaces of these samples were ground and poli- 
shed using SiC powders of 100, 600 and 800 mesh to 
attain the smooth surfaces to get desired thickness of the 
samples (0.5 to 1 mm). These smooth glass ceramic sam- 
ples were further polished by emery paper of different 
grades 1/0, 2/0, 3/0 and 4/0 and thereafter polished by 
diamond paste with Hifin fluid “OS”. The well polished 
glass samples were electroded by applying the silver 
paint (Code No. 1337-A, Elteck Corporation, India) on 
both sides of the specimen and curing at 700˚C for 5 
minutes. The capacitance, C, measurements were made in 
a well fabricated sample holder using an automated mea- 
surement system during heating. The leads from the sam- 
ple holder were connected to Wayne Kerr 6500 P (high 
frequency LCR Meter, Frequency: 20 Hz - 5 MHz) 
through scanner relay boards and HPIB bus, which in 
turn was connected to a computer and printer. Measure- 
ment operational controls and data recording are done 
through the computer. C and dissipation factor, tan δ, of 
the glass ceramic samples were recorded with 60 Hz, 0.1, 
10, 100 kHz, 1, 2 and 5 MHz in equal intervals of time 
during heating in the temperature range 60˚C - 700˚C. 
Dielectric constant, r, was calculated from the measured, 
C using the following equation: 

r
o

C d

A





                 (1) 

where, C is the capacitance in farad, F, o is the permit- 
tivity of free space (8.85  10–12 F/m), d is the thickness 
(m) and A is the area (m2) of the samples. The r and tan 
δ, were plotted as a function of temperature, T, at a few 
selected frequencies to show the variation of r, with T, 
and frequency of applied electric field. tanδ was noted 
directly or calculated by using the following relation: 

tan 
G

C



                (2) 

where  = 2f, f is the frequency and G is the conduc-
tance. 

3. Results and Discussion 

3.1. Differential Thermal Analysis (DTA) 

The crystallization temperature, Tc, of BST in the glass 
matrix at different heating rates (φ) was studied through 
DTA. DTA pattern of glass sample BST5K1L0.4 for 
different heating rate are shown in Figure 1. The heating 
rate and crystallization temperatures (Tc) of glass sample 
are listed in Table 1. This pattern shows the evolution of 
crystallization exotherms as a function of heating rate, φ, 
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for the glass sample. DTA pattern of this glass sample 
shows two exothermic peaks at 820˚C and 853˚C with 
heating rate of 2˚C/min. Kinetics of the crystallization of 
BST glass ceramics were evaluated from the measure- 
ments by which the crystallized fraction of BST phase at 
a given temperature. It is observed from the DTA pat- 
terns that Tc increases with φ along with an increase in 
intensity of the peaks which indicates the activation con- 
trolled crystallization. Therefore, the method reported by 
Kissinger [20-23] was employed to determine the kinetic 
parameters associated with the crystallization of the BST 
phase. The Kissinger equation is given as: 

2

1
ln lna

m am

AE
R T E RT

             (3) 

where φ is the heating rate, Ea is the activation energy of 
crystallization, R is the universal gas constant, A is the 
preexponential frequency factor and Tc is the crystalliza- 
tion temperature. The curve is plotted  21n cT   versus 
1 cT  (Figure 2). The slope of this plot gives aE R . 
The activation energy, Ea for crystallization of BST is 
estimated as 762 kJ/mol, which greater that reported 
value 705 kJ/mol [24]. This indicates the sluggishness of 
the crystallization in glass matrix due to 1 mole percent 
doping of La2O3. The preexponential frequency factor, A 
is determined by yintercept and which is found to be 1.93 
× 1036 sec–1 and the reaction rate constant, k determined  

by Arrhenius equation  k
Ea RTAe


  at temperature 

820˚C is 1.932 sec–1, this indicates that a rapid transition 
from activated state to crystalline state. Thus La2O3 

serves as nucleating agent for the crystallization of the 
glass. In general, surface and volume crystallization oc-
cur in glass ceramics. The dominant nucleation mecha- 
nism was determined from the peak profile analysis of 
crystallization exotherms. If FWHMT  is the full width at 
half maximum of the crystallization peak, the crystal 
growth dimension “n” can be estimated, as reported ear-
lier [25], from the relation, 

2

2.5 m

a FWHM

TR
n

E T

  
     

           (4) 

The value of FWHM  is estimated from Figure 1 as 20 
at 835˚C and “n” come out to be 1.7. A value of n = 1 
indicates dominant surface nucleation and n = 3 indicates 
dominant internal nucleation. Thus, simultaneous surface 
and internal crystallization occurs from the glass matrix 
[26-28]. 

T

3.2. X-Ray Diffraction Analysis 

XRD patterns of BST borosilicate glass and glass ce- 
ramic samples are shown in Figure 3. The XRD pattern 
of glass sample BST5K1L0.4 shows diffuse pattern and  

Table 1. Heating rate and crystallization temperatures (Tc) 
of glass sample. 

Crystallization Temperature (Tc) Heating Rate  
(˚C/minute) Tc1 Tc2 

5 820 853 
10 827 860 
15 835 868 
20 841 874 
25 848 881 

 

 

Figure 1. DTA pattern of glass samples with different heating 
rate. 

 

 

Figure 2. Plot of ln( 2 cT ) versus 1 cT . 

 

 

Figure 3. X-ray diffraction patterns of glass and glass ce-
ramic samples (a) BST5K1L0.4; (b) BST5K1L0.4T820; and 
(c) BST5K1L0.4T853. 
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no clear peak is observed (Figure 3(a)) which indicates 
amorphous nature of the glass. XRD patterns of glass 
ceramic samples show BST is the major crystalline phase 
whereas BTS and BTB are the secondary phases. Fig-
ures 3(b) and (c) depicts the XRD patterns of BST5- 
K1L0.4T820 and BST5K1L0.4T853. The crystallization 
at low temperature peak, Tc1, corresponds to crystalliza- 
tion of perovskite major phase of BST, while the high 
temperature peak, Tc2, corresponds to the crystallization 
of secondary phase. The crystallite size was calculated by 
using Scherer formula [29]. 

Crystallite size
cosp

K
D


 

          (5) 

where, K is the shape factor (0.94), λ is wavelength of 
Cu-Kα line (1.54 Å) and β is full width at half maximum. 
The crystallite size of glass ceramic sample BST5K1- 
L0.4T853 is 35.6 nm. This sample shows the cubic crys-
tal structure and having the value of lattice parameters, a 
= b = c = 3.9 Å [30]. 

3.3. Scanning Electron Microscopic Analysis 

SEM of different glass ceramic samples BST5K1L0.4T820 
and BST5K1L0.4S853 are shown in Figures 4(a) and (b). 
Figure 4(a) shows randomly agglomerated crystallites of 
major phase of BST with some residual glassy phase. 
Figure 4(b) shows well interconnect grains of major 
phase of BST and secondary phase formations are also 
present as BTS and BTB. It is also confirmed by their 
XRD pattern. The coexistence of both coarse as well as 
fine grains are also observed in these micrographs. Well 
developed and interconnected grains of major phase of 
BST are distributed inside the micrographs. The grain 
size is 667 nm were observed for glass ceramic sample 
BST5K1L0.4T853 while for micrograph of glass ceramic 
sample BST5K1L0.4T820 is 500 nm. The crystal growth 
of the crystallites is not perfect and uniform. It is con- 
cluded that the heat treatment schedule at 853˚C is not 
suitable for good crystallization in comparison to heat 
treatment schedule 820˚C. 

3.4. Dielectric Behavior 

Dielectric constant, εr, and dissipation factor tanδ, were 
measured as a function of temperature within the tem- 
perature range 60˚C to 650˚C at a few selected frequen- 
cies such as 60 Hz, 0.1, 10, 100 KHz, 1, 2 and 5 MHz for 
the glass ceramic samples BST5K1L0.4T820 and 
BST5K1L0.4T853. Figures 5 and 6 show the dielectric 
constant and dissipation factor (tanδ) versus temperature. 
This shows εr, and tanδ remains constant up to 300˚C and 
thereafter both increases with increasing temperature. εr, 
and tanδ are all most independent with temperature at  

 
 

 

Figure 4. Scanning electron micrographs of glass ceramic 
sample (a) BST5K1L0.4T820 and (b) BST5K1L0.4 T853. 

 

 

Figure 5. Variation of (a) dielectric constant, r and (b) Dis-
sipation factor, tanδ with temperature at different frequen-
cies for the glass ceramic sample BST5K1L0.4T820. 
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Figure 6. Variation of (a) dielectric constant, r and (b) Dis-
sipation factor, tanδ with temperature at different frequen-
cies for the glass ceramic sample BST5K1L0.4T853. 

 
higher frequencies 100 kHz, 1 MHz, 2 MHz and 5 MHz 
while it increases at lower frequencies, 60 Hz and 0.1 
kHz. The value of εr, at 650˚C, is found to be 350 at 60 
Hz for glass ceramic sample BST5K1L0.4T820 while its 
value for glass ceramic sample BST5K1L0.4T853 is 
found to be 266. This high value of εr is occurring due to 
these reasons: 1) Glass ceramic sample crystallized at 
820˚C shows better crystallization in comparison to glass 
crystallized at 853˚C, which also confirmed from the 
XRD analysis as well as SEM images; 2) Addition ef-
fects of 1 mole% donor dopant La2O3. During the crystal-
lization of glasses La2O3 to stuck with perovskite BST 
crystalline phase and makes the semiconducting nature to 
the glass ceramic samples; and 3) Crystallization tem-
perature is one of the important parameters which are 
described in the part of the DTA results. A conductivity 
difference is produce between semiconducting crystalline 
phase of BST and residual glass interface. Therefore, due 
to this conductivity difference the interfacial polarization 
is produced, along with the application of the electric 
field on the glass ceramic samples. Eventually the addi-
tion of donar dopant La2O3 acts as a nucleating agent for 
better crystallization of the glass samples. 

4. Conclusion 

It is concluded as: 1) Bulk transparent glass of BST 
borosilicate was prepared; 2) The sluggish crystallization 
is obtained in the glassy matrix due to addition of 1 
mole% of La2O3; 3) A rapid transition was found from 
activated state to crystalline state of glass sample; 4) 
XRD patterns of these glass ceramic samples confirmed 
the major perovskite phase of BaTiO3 along with second- 
dary phases of Ba2TiSi2O8 and Ba2Ti2B2O9; 5) High 

value of εr is attributed to interfacial polarization; 6) 
La2O3 serves as nucleating agent for the crystallization of 
the glass sample. 
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