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Abstract

Strontium bismuth titanate glass compositions were prepared with the conventional melt quench method in the
glass system 60[(Sr{_,Bi,)- TiO;]-39[2SiO,B,0;]-1[CeO,]. X-ray diffraction and transmission electron microscopy
analyses of the glass samples confirmed their amorphous nature. Scanning electron microscopy and contact angle
measurements were performed to study the surface morphology of the major phase crystallites. The addition of CeO,
resulted in development of well-interconnected crystallites formed as major phase of perovskite strontium titanate.
The dielectric constant (s,) and dissipation factor (tan 8) were studied as a function of temperature. The effective value
of the dielectric constant, e, was observed for glass-ceramic sample SBTCO0.0850S with composition, x = 0.0, which is

the order of 90 000 at low frequency, 1 Hz.
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I. Introduction

Ceramics are divided into fully crystalline materials,
fully amorphous materials called glass, and partially crys-
talline materials called glass-ceramics !. The unique com-
bination of the properties that can be achieved for glass-
ceramics opens up entirely new fields where no alterna-
tive material can satisfy the technical requirements. They
are truly engineered materials capable of a wide range of
microstructure and properties 2. They combine the ease
of fabrication of a glass with the generic properties such
as high strength and stiffness, etc. of a ceramic materi-
al. Strontium bismuth titanate glass-ceramic has shown
great potential with regard to energy storage capacity 34
and microwave tunable shifter applications . In these ap-
plications, control of the microstructure is necessary to
optimize the properties. The microstructure is known
to be highly sensitive to preparation conditions and the
crystallization process. Glass-ceramics based on SrTiO3
have found application in cryogenic capacitive tempera-
ture sensors 6. These glass-ceramics may also be suitable
for the applications where stability of dielectric behavior
is desired 7.

The preparation of glass-ceramics involves several
stages. First, a glass is melted and formed into the appro-
priate shape. The glass sample then undergoes heat treat-
ment to nucleate and grow crystals in its volume until a
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material with the desired amount of crystallite size is pro-
duced. The discovery of the role of nucleating agents in
initiating glass crystallization from a multitude of centres
was the major factor allowing the introduction of glass-
ceramics 8. The presence of these agents in the parent glass
is essential to promote the development of a high density
of nucleation sites. It is necessary to obtain a fine-grained
microstructure for good ceramic materials. To produce an
appropriate parent glass for crystallization, the addition
of the nucleating agents is often required. The addition
of nucleating agents enhances the nucleation and growth
during the heat treatment process. The nucleating agent is
soluble in the molten glass, but either during controlled
cooling or during reheating of the initially quenched
glass it takes part in or promotes structural change with-
in the glass® Many studies have been conducted on
the glass and glass-ceramic systems (Pb,Sr;_,)-TiO5 and
(Pb,Bij_y)-TiO5 10-21, The nucleating agent may in some
cases precipitate out by homogeneous nucleation in a
highly dispersed form. The nuclei formed in this way can
then promote heterogeneous nucleation of major crystal
phases. Certain requirements must be fulfilled in order
for the nucleating agents to function in this manner. The
rate of homogeneous nucleation must be high, requiring
alow free energy of activation for nucleation. In addition
there is a possibility that nucleating agents may serve
in the process of heterogeneous nucleation and growth.
The interfacial energy between two liquids is very small
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and may be almost zero whereas that between a crys-
talline nucleus and glass is appreciable 22. The change in
the structure and mobility of various atomic species that
result from glass phase separation may increase the prob-
ability of homogeneous nucleation within one or both of
the two phases. In this way the nuclei may serve to pro-
vide heterogeneous nucleation for other crystal phases.
Some factors that influence the properties of the major
crystalline phase in a glass-ceramic are the surrounding
glass matrix, their crystallization kinetics and nucleation
mechanism, particle size and presence of other crystalline
phases 23, 24,

Dielectric materials with improved electric energy-stor-
age performance have attracted attention to meet the ur-
gent demand of high power capacitors/multilayer capaci-
tors and compactness as well as miniaturization. Substan-
tial research and development of perovskite glass-ceram-
ics has been devoted to achieving the goal of improved
properties. Several modifications have been found with
regard to perovskite materials in the form of either sol-
id solutions or dopant additions. The recently reported
review on perovskite glass-ceramics concerning crystal-
lization behavior describes that various glass systems are
crystallized in the perovskite phase 25. The crystallization
behavior can be enhanced with the addition of certain nu-
cleating agents such as La,O3, Nb,O3, Fe,O3 and Bi,O5.
These nucleating agents promote crystallization of ma-
jor perovskite phase and reduce the amount of secondary
phase 26, Dielectric properties of strontium bismuth ti-
tanate glass-ceramics depend on crystallization, the com-
position of the glass-ceramic system and doping elements.
More recently, our group reported on the preparation,
crystallization, microstructure and dielectric properties
of lead bismuth titanate borosilicate glass-ceramics doped
with La,O; and found the maximum value of the dielec-
tric constant in the order of 1100 27. In this research pa-
per we are reporting our results on the microstructural
as well as the dielectric behavior of the strontium bis-
muth titanate glass-ceramics doped with 1 mole percent
of CeO,.

II. Experimental Procedures

The analytical reagent grade chemicals SrCO3 (Himedia
99 %), Bi,03 (Himedia 99.99 %), TiO3 (Himedia 99 %),
Si0, (Himedia 99.5 %), H3;BO3 (Himedia 99.8 %) and
CeO, (Himedia 99 %), were used for the preparation of
various glass samples. The appropriate amounts of differ-
ent reagents, as per the composition of glasses, were prop-
erly weighed and mixed in an agate mortar using acetone
as mixing medium and were then dried. The glass batch-
es weighing 20 g were melted in a high-grade alumina cru-
cible in open-air atmosphere using a programmable elec-
tric furnace having silicon carbide heating elements. The
melting temperatures for different compositions were in
the range of 1000—-1340 °C. The melt was maintained at
the casting temperature 1340 °C in the furnace for 30 min
for refining and homogenization. The melt was poured in-
toasteel mould and was pressed by a thick aluminum plate.
It was then immediately transferred into a preheated muf-
fle furnace for annealing at 450 °C for 4 h to remove the
residual stresses owing to the temperature gradient, which
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is produced as a result of the rapid cooling of the glass
melt. During the casting of the glass melt, a very high cool-
ing rate of ~400 K/min was employed. The glasses were
cooled to room temperature inside the furnace after an-
nealing. The annealed glass samples were converted into
glass-ceramicsinaccordance with a suitable heat treatment
schedule.

X-ray diffraction (XRD) of the glass and glass-ceram-
ic samples was performed on a Rigaku Miniflex-II X-ray
diffractometer, (Japan) using Cu-Ka radiation to check the
amorphous and crystalline state. The density strongly de-
pends on the composition and structure of glass-ceram-
ic samples. Transmission electron microscopy (TEM) im-
ages with diffraction pattern were employed usinga JEOL
2100 Field Emission Gun Transmission Electron Micro-
scope, (Japan) to prove the amorphous nature of the pre-
pared glass. For preparation of the TEM sample, a small
amount of powder was taken and bath-sonicated in iso-
propylalcoholfor 3 h. A few drops were then cast onto the
holey carbon grid and allowed to dry in vacuum. The TEM
sample was then leftin vacuum overnight. The glasses were
heat-treated by heating them ata rate of 5 K/min at the op-
timized temperature 850 °C and holding them for 6 h. The
samples were then cooled to room temperature at a cool-
ing rate of 10 K/min. The density of the glass-ceramic sam-
ples was determined with the liquid displacement method
based on the Archimedes principle 28. Distilled water was
used as the liquid medium. The density of the glass-ceram-
ic samples was calculated using the formula.

b= (W -Wy) (1)
(W4 -W1)- (W3- W3)

o = Density (g/cm3)

W = Weight of empty specific gravity bottle (g)

W, = Weight of specific gravity bottle with sample (g)

W 3= Weight of specific gravity bottle with sample and
distilled water (g)

W 4= Weight of specific gravity bottle with distilled wa-

ter (g)
The molar volume was calculated using the relation

Vy = > )éiMi @)

where, M; is the molecular weight of the ith component
and X; is the molar fraction of the ith component 29.
Scanning electron microscopy (SEM) (LEO 430 Cam-
bridge Instruments Ltd. UK) is one of the most versatile
instruments available for the examination and analysis of
the microstructural characteristics of solid objects. The
glass-ceramic samples were ground and polished succes-
sively using silicon carbide powders (mesh no. 120, 600,
and 800) on a flat glass plate. The final polishing was done
on a blazer cloth using diamond paste (1 micron). The
polished samples were etched for approximately 1 min
with a 30 % HNOj + 20 % HF solution to delineate the
morphology of crystallites and their distribution. The
etched samples were cleaned thoroughly with distilled
water. Samples were prepared for SEM examination by
sputtering gold films onto the etched surfaces of the glass-
ceramics to prevent charge build-up. The samples were
then examined using SEM. The glass-ceramic samples
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were mounted on the stubs with carbon tape and pho-
tographs were recorded at a magnification of 10 KX and
size was measured from the micrographs according to the
linear intercept method. A systematic comparative study
of the microstructure helps in identifying the morpholo-
gy of different crystalline phases in different glass-ceramic
samples 30. An advanced goniometer (500, Rame-Hart,
Inc. USA) was used to measure the contact angle, 6°. A sy-
ringe was used to inject deionized (DI) water slowly onto
the well-polished solid surface of the glass-ceramic sam-
ples. All the contact angle measurements were performed
under equilibrium conditions. All the experiments were
performed in similar air-conditioned laboratory environ-
ments.

For dielectric measurement of the glass-ceramic sam-
ples, both the surfaces of the glass-ceramic samples were
ground and polished using SiC powders in order to at-
tain smooth surfaces. The electrodes were made by apply-
ing silver paint to both sides of the specimen and curing at
475 °C for 10 min. The dielectric constant measurements
were performed inalocally fabricated sample holder using
an automated measurement system during heating. The
sample was mounted in the sample holder, which was kept
in a programmable heating chamber. The leads from the
sample holder were connected to a high frequency meter
(Wayne Kerr 6500 P, UK) through scanner relay boards,
which in turn was connected to a computer and a print-
er. Measurement operational controls and data recording
were done through the computer. The sample was heat-
ed in the heating chamber to the required temperature at
a rate of 2 K/min. The dielectric constant and dissipation
factor of the samples were recorded at 1, 10, 111 Hz, 1.1,
12, 130 KHz and 1.3, 10 MHz at equal intervals of time
during heating in the temperature range from room tem-
perature to 350 °C.

(1) Nomenclature of Glass and Glass-Ceramic Samples

This nomenclature is not a standard; however, it is a code
used by the author to describe the glass chemical compo-
sition and the heat treatment conditions. Five-letter glass
codes refer to the composition of the glasses. The first three
letters SBT designate the content of strontium bismuth ti-
tanate. The fourth letter C indicates that 1 wt% CeO; is
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used as an additive, while the fifth letter, i.e. 0.0, 0.1, 0.2
or 0.4, indicates the fraction of x in the glass system. For
the nomenclature of the glass-ceramic sample, the follow-
ing methodology has been adopted. The first five letters
in the codes for the glass-ceramic sample are similar to the
codes of their parent glasses and refer to the composition
of glasses, and the next three digits indicate the crystal-
lization temperature. The last letter, S, refers to the hold-
ing time at crystallization temperature for 6 h. Take the
glass-ceramic sample SBT'C0.1850S as an example: the first
three letters SBT represent the content of strontium bis-
muth titanate, the fourth letter, C, indicates that 1 wt%
CeO, is used as an additive, while 0.1 represents the val-
ue of composition (x = 0.1), 850 is the crystallization tem-
perature and Sindicates the 6 h soaking time. The codes for
the glass-ceramic samples along with the sample composi-
tions are listed in Table 1.

III. Results and Discussion

(1) Phase Composition

Transparent and thin glasses in the glass system
60[(Sr1_XB1X)TIO3J-39[ZSIOZB203]-1CCOZ Wlth com-
position (0.0<x<0.4) in molar ratio were synthesized
with a conventional melt quench technique. The XRD
patterns of the glass and glass-ceramic samples SBT'CO0.0,
SBTC0.0850S, SBTCO.1 and SBTCO0.1850S are shown in
Figs.1 (a-d) respectively. The XRD patterns of the glass
samples SBTCO0.0 and SBTCO.1 exhibit a broad diffuse
scattering at different angles instead of crystalline peaks,
confirming a long-range structural disorder characteris-
tic of an amorphous glassy network. Both the glasses
were crystallized at 850 °C for 6 h heat treatment sched-
ule and their XRD pattern shows the major phase for-
mation of perovskite strontium titanate (P) along with
secondary crystalline phases of rutile (TiO,) and stron-
tium borate (Sr,B,05) (Figs. 1b and d). As the concen-
tration of Bi3* content in the Sr2+ sites increases, the
peaks in the pattern shift towards the left side (decrease
in the 26 position), which shows the shift in 26 position
clearly. This shift is obvious because of the substitution
of smaller ionic size Bi3+ (1. 17A) in place of larger ionic
size Sr2+ (1.19 A).

Table 1: Glass-ceramics code, glass-ceramics compositions, density, molar volume and grain size of the glass-ceramic

samples of the system 60[(Sry_, Biy)-Ti03]-39[2S10, B,O;]-1[CeO,].

Glass-ceramics Composition (mole %)

Glass-ceramic samples Density  Molar volume  Grainsize
code SrCO; Bi,O; TiO, SiO, H3BO; CeO, (g/cm?) (cm3/mole) (nm)
SBTC0.0850S 38.93 0 21.07 19.25 19.75 1 2.69+0.13 37.17£1.8 817
SBTCO0.1850S 30.79 10.69 1852 19.25 19.75 1 2.92+0.14 46.27+2.3 692
SBT0.1850S 30.80 10.70 18.51 19.75 20.25 0 2.93%0.14 45.90+2.2 -
SBTCO0.2850S 2442 19.07 16,51 19.25 19.75 1 3.00£0.15 50.28+2.5 529
SBTC0.4850S 15.06 3137 13,58 19.25 19.75 1 3.04£0.15 60.70%+3.0 -
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(b) P: Perovskite strontium titanate
R: Rutile (TiO,)

Intensity (a.u.)

( d) P P: Perovsktite strontium titanate
R: Rutile (TiO,)

P
Py Py P

20 30 40 50 60 70 80
20
Fig. 1: XRD patterns of the glass and their glass-ceramic samples (a)
SBTC0.0 (b) SBTC0.08508 (c) SBTCO.1 and (d) SBTCO.1850S.

et

10 um

Fig.2: HRTEM micrograph and electron diffraction pattern of a
glass sample SBTCO.1..
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(2) Transmission electron microscopic analysis

Fig.2 shows a high-resolution transmission electron mi-
croscopy (HRTEM) and electron diffraction pattern of a
thermally quenched glass sample SBTCO.1. The diffrac-
tion pattern shows a diffusion halo and indicates the
absence of precipitation. Moreover, the absence of any
nanocrystalline phase in the diffraction pattern confirms
that this glass sample material consists of only a pure glassy
structure in amorphous phase. The HRTEM image fur-
ther shows a highly disordered structure without any sign
of nanocrystals or ordered clusters, again confirming the
fully glass nature. These results are consistent with the
XRD observations (Fig. 1a and c).

3.10 -

3.05

o0, {/ i

S

2.90 4

2.85 -

Density (g/cm®)

2.80
2.75

2.70 ¥

2.65

0 5 10 15 20 25 30 35
Bi,0, (mol %)

Fig. 3: Variation of density of glass-ceramics vs. Bi,O3 content.

(3) Density and molar volume of glass-ceramic samples

The variation in the values of density and molar vol-
ume of the glass-ceramic samples is listed in Table 1. It
is well known that density is an important tool to ex-
plore the structural compactness/softening, the change in
geometrical configurations and coordination number 31.
Thus it helps to reveal the degree of change in the struc-
ture with change in composition in any glass system. The
value of density of strontium bismuth titanate borosili-
cate glass-ceramic samples was found to be between 2.69
and 3.04 g/cm3. It increases with an increasing concentra-
tion of Bi,O3. This may be due to the high density of
Bi,03 (8.90 g/cm3). The variation of density versus bis-
muth content of the glass-ceramic samples is shown in
Fig.3 and the variation of the molar volume versus bis-
muth content in glass-ceramic samples is shown in Fig. 4;
it is clear that with an increase in Bi,Oj3, the density and
molar volume also increased. This is due to the replace-
ment of all SiO, and H3BO; (molecular weight is 60.084
and 61.83 g/mol, resp.) with Bi,O3 (molecular weight is
465.959 g/mol) 32. The molar volume which is defined as
the volume occupied by the unit mass of glass-ceramic in-
creases from 37.17 to 60.70 (cm3/mol) as the Bi,O3 con-
tent increases from 0.0 to 31.37 mol% 33. From Fig. 3, it
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is observed that the density and mol% of Bi,O3 of SBT
borosilicate glass-ceramic samples almost varied exponen-
tially while the molar volume of the glass-ceramic samples
vs Bi,O3 content varied almost linearly (Fig. 4).

65
60
55

45

V_(cm’/mole)

40

35+

0 5 10 15 20 25 30 35
H 0,
Bi, O, (mol %)
Fig. 4: Variation of molar volume of glass-ceramics vs Bi,O3 con-
tent.

Contact angle=41.76°

Contact angle= 44.56"

Contact angle= 70.35°

Fig. 5: SEM images and contact angles micrographs of glass-ceramic

samples: (a) SBTCO0.0850S, (b) SBTCO0.1850S and (c) SBTCO0.2850S.

(4) Surface morphology and contact angle analysis

Scanning electron micrographs and contact angle im-
ages of different glass-ceramic samples SBTC0.0850S,
SBTCO0.1850S and SBTCO0.2850S are shown in Fig.5(a, b
and c) respectively. Fig. 5(a) shows randomly agglomer-
ated crystallites of major phase of perovskite strontium
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titanate with some residual glassy phase. Fig.5(b) shows
well-interconnected grains of the major phase of stron-
tium bismuth titanate and the secondary phase formations
of rutile (TiO,) and strontium borate (Sr,B,05) whereas
in Fig. 5(c) the grains are loosely packed. The coexistence
of both coarse as well as fine grains is also observed in
these micrographs. The micrographs of all glass-ceramic
samples were found to be composed of interconnected
fine crystallites of SrTiO3/(SrBi)TiO5 phase, which are
dispersed in the glassy matrix. The minimum and maxi-
mum values of grain size of the glass-ceramic samples were
found to be 529 nm and 817 nm respectively. The sample
codes, compositions and grain size are listed in Table 1.
The calculated values of contact angles of the samples are
41.7°, 44.56° and 70.35° respectively. It is observed that
the values of the contact angles of these ceramic samples
are increasing owing to the increase in the concentration
of bismuth oxide, which is also responsible for increase in
the density of the samples. The increment in the values of
the contactangles reveal that the hydrophobicity increases
with the increase in the concentration of Bi,03.

90000

]/
—— 1Hz (a)/'
—@— 10Hz "
75000 A 111Hz f
—v— 1.1KHz /
& 12KHz -
i
-
/
| |

)

-

60000 - —¢— 130KHZ
1.3MHz

—@— 10MHz
45000 W

Dielectric Constant (g

30000 —

15000 " Cd

70| 1Hz (b)
@ 10Hz

—A— 111Hz
—¥— 1.1KHz
& 12KHz
50| ¢ 130KHz
1.3MHz
40 4| —@®— 10MHz

60 -|

Tan s

30

20

10

.......... MORRRNR L

bbb bA ATV VY

50 100 150 200 250 300 350

aasdadsaaaads

Temperature (°C)
Fig. 6: Variation of dielectric constant (e,) a. and dissipation factor

(tan 8) b. with temperature at different frequencies for glass-ceramic
sample SBTC0.0850S.

(5) Dielectric properties

The dielectric constant (¢,) and dissipation factor (tan
8), were measured as a function of temperature within the
temperature range of 20—350 °C at various selected fre-
quencies from 1 Hz to 10 MHz for tentative glass-ceramic
samples SBTC0.0850S, SBTCO0.1850S and SBTC0.2850S.
Fig. 6 shows the variations of ¢, and tan & with temper-
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ature for glass-ceramic sample SBTC0.0850S. The value
of e, was found to increase with the increase in tempera-
ture at low frequency range from 1 Hz to 111 Hz, while
the value of ¢, was found to be constant and revealed the
temperature-independent behaviour at the different high
frequencies. The interfacial polarization arises at the crys-
tal to glass interface, which explains the high value of the
dielectric constant. This causes the effective value of ¢, in
the order of 90 000 3. The maximum value of the dielectric
constant is found to be the order of 90 000 along with dis-
sipation factor value 41.1 at 1 Hz. Fig. 7 shows the plots of
the dielectric constant e, and tan & vs temperature for glass-
ceramic sample SBTCO0.1850S. Both plots show similar
trends but has a decrease in the value of ¢, and an increase
in the value of tan 8 as compared to the results for glass-ce-
ramic sample SBTCO0.0850S, which may be due to increase
in the electrical conduction with the increase in temper-
ature 35. The value of ¢, was found to increase with in-
creasing temperature at low frequency range from 1 Hz to
100 Hz, whereas the value of ¢, was found to be constant,
indicating the temperature-independent behaviour at high
frequencies. The maximum value of the dielectric constant
was found to be in the order of 700 along with dissipation
factor value 52.3. The difference in the value of dielectric
constant as well as dissipation factor strongly depends up-
on the compositional changes. The content of Bi,O5 plays
an important role in enhancing the dielectric constant in
comparison to the content of SrCOj. It is worthwhile
to make high energy charge storage capacitors if the
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Fig.7: Variation of dielectric constant (¢,) a. and dissipation fac-
tor (tan ) b. with temperature at different frequencies for glass-
ceramic sample SBT'C0.1850S.
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dissipation factor is lowered. Further, efforts are contin-
ued to reduce the loss in these materials. Fig. 8 shows the
plots of dielectric constant ¢, and dissipation factor tan § vs
temperature for the glass-ceramic sample SBTC0.2850S.
It is observed that the value of ¢, gradually increases up
to certain temperature and then rapidly increases with in-
creasing temperature at low frequency range from 1 Hz
to 111 Hz, while the value of tan § was found to be tem-
perature-independentup to 200 °C. Thereafter itincreased
with increasing temperature for 1 Hz and 10 Hz. The max-
imum value of dielectric constant was found to be in the
order of 575 along with dissipation factor value 26.7. This
is due to the hopping of conduction of the ions at high tem-
perature, and hence samples SBTC0.0850S, SBTCO0.1850S
and SBTCO0.2850S revealed a high value for tan 8. The high-
estvalue of e, was observed in the order of 90 000 for glass-
ceramic sample SBTC0.0850S with composition, x = 0.0,
while the loss was found to be more for glass-ceramic sam-
ple SBT'CO0.1850S with composition, x = 0.1, in the glass
system 60[(Srq_, Bi,)- TiO3]-39[2S10,-B,O3] doped with
1 mol% of CeO, crystallized at 850 °C for 6 h. The value
of tan § was observed to be much lower for glass-ceram-
ic sample SBT'C0.3850S with composition, x = 0.3, in the
system 60[(Srq_y Bi,)-Ti03]-39[2S10,-B,0O3] doped with
1 mol% of CeO, crystallized at 850 °C for 6 h.
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(tan 8) b. with temperature at different frequencies for glass-ceramic
sample SBTC0.2850S.

IV. Conclusions

Bulk glasses were prepared with the melt quench tech-
nique in the glass system 60[(Sry_, Bi,)-TiO3]-39[2SiO,
-B,0O3]doped with 1 mol% of CeO,. The XRD pattern of



March 2016

the glass samples exhibits broad diffuse scattering at differ-
ent angles instead of crystalline peaks, confirming a long-
range structural disorder characteristic of amorphous
glassy phase while the XRD pattern of the glass-ceramic
samples shows sharp polycrystalline peaks and confirms
the perovskite major phase of strontium titanate. The val-
ues for the density and molar volume of SBT borosilicate
glass-ceramic samples increased with increasing content of
Bi,O3. A scanning electron micrograph shows randomly
agglomerated crystallites of the major phase of SBT with
some residual glassy phase. The minimum and maximum
values of the grain size of the glass-ceramic samples were
found to be 529 nm and 817 nm respectively. Itis also con-
cluded that the values of the contact angles, 41.7°, 44.56°
and 70.35° of these ceramic samples increased owing to
the increasing concentration of Bi,O3. The highest value
of dielectric constant ¢, observed for glass-ceramic sample
SBTCO0.0850S (x = 0.0) is ~90 000. The loss observed was
more for glass-ceramic sample SBTCO0.1850S (x = 0.1).
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