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Didlectric properties are strongly dependent on crystallization conditions, which determined the amount of SrTiO; and
secondary crystalline phases and the microstructure of the glass ceramics. Earlier reports confirm that the crystallization of
the SrTiO; phase in boroslicate (without an alkali oxide additive) as well as in aluminosilicate glassy matrix is found to be
complex and difficult. Glass ceramics with varying amounts of alkali oxide (K,0) have been prepared in the strontium titanate
boroslicate glass system. The glasses were crystallized in the temperature range 1073-1325 K. It is observed that the pure
strontium titanate (SrTiO3) phase can be crystallized at higher temperature by choosing an optimum amount of alkali oxide
(K20). Didlectric characterigtics of glass ceramic samples were measured with respect to frequency (0.1 kHz to 1 MHZz) and
temperature (300 to 500 K). The value of the dielectric constant is higher when Sr,B,Os crystallizes as a primary phase while
it decreases significantly when SrTiO; crystallizes as a major crystalline phase. The temperature coefficient of the dielectric
congtant (TCeg) becomes negative as the SrTiO; phase crystallized out in the glass ceramics and the value of the dielectric
constant increases with a higher crystallization temperature and time which finally decides the amount of the SrTiO3 phase.
Attempts have also been made to correlate the observed didlectric behavior with the electrical contribution of various
crystalline phases, residual glassy matrix, crystal-glass interface region and eectrode contribution using theimpedance
pectroscopic technique.
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Introduction and positive temperature coefficient of the residua
glassy matrix [15]. Strontium titanate glass ceramics have
Glass ceramics are polycrystalline materials produced awide scope of applications such as, cryogenic capacitive

by high-temperature, controlled nucleation and crystalli- temperature sensors [16, 17] and severa other appli-
zation of glasses [1]. This is an efficient way of cations [18-20].

producing a uniform, pore-free and fine-grained micro- An investigation into the crystallization and dielectric
structure, which is highly desirable in ferroelectric properties of strontium titanate aluminosilicate glass

materials. The dielectric properties can be tailored for a ceramics was performed [21]. A similar study has also
particular application by choosing the proper ratio of been made on the borosilicate glass system, but in both
glassy and crystdline phases in glass-ceramic specimens. the systems, it was found that the crystallization of the
Several workers have attempted to study the crystal- SITiO; phase is difficult [22]. Mogtly, it results in the
lization and dielectric behavior of perovskite glass formation of Sr,B,Os and some other phases. However,
ceramics such as BaTiO;[2-5], PbTiO; [6-9], NaNbO; it is found that the addition of Bi,O;[23] and K,0 [24]
[10, 11], CaTiO;z [12], LiTaOs [13] and PhsGe;O; in the borosilicate glass system results in the crystalli-

[14]. zation of the SITiO; phase with a suitable amount of
The dielectric properties of glass ceramics based on additive and proper heat treatment schedules.
perovskite SITiO; have aso proven to be quite inter- It is the purpose of the present paper to report on the

esting due to the ambient temperature applications dielectric properties of various glass ceramic samples
requiring temperature compensation of the dielectric in the system (SrO.TiO,)-(S0..B,0,) with K,0O additive,
constant. This is achieved by appropriate proportion correlating the dielectric results with those of the
between the negative temperature coefficient of SrTiO; crystalization study presented in the previous paper
and the impedance of the glass ceramics. It was hoped
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Experimental Procedure

Reagent grade raw materials of SrCOs;, TiO,, SO,
H3BO; and K,CO; were mixed in proportionate amounts
and melted in high grade aumina crucibles in the
temperature range 1373-1623 K. The molten glass was
guenched by pouring into cold rectangular auminum
mould and quickly pressed by another plate so as to
have a uniform thickness of glass dabs. The glass
obtained was then shifted to a preheated furnace in the
temperaure range 723-873 K for annedling. The amorph-
ous state of the glasses was confirmed by X-ray
diffraction. Differentiad therma andysis (DTA) was
carried out for the glass powder by DTA (Perkin-Elmer
700) with a heating rate of 10 Kminute ™. Glass specimens
were subjected to different heat treatment schedules as
determined from the DTA andysis. The phase com-
position of crystallized specimens was examined by X-
ray powder diffraction anaysis using Cu-Ka radiation
(Rich-Seifert Model ID 3000 diffractometer). Micro-
structures of polished and etched (etchant used was 5%
HCl + 10% HF) samples were examined by SEM
(Philips, Moddl PSEM 500)

Dielectric properties of different glass ceramic samples
were measured with an Impedance Anayzer (HP
4192A LF) as afunction of frequency (100 Hz-1 MHz)
and temperature from room temperature to 250°C.
Temperature was stabilized within £1°C before each
measurement. From the didlectric data of different glass
ceramic samples measured at various temperatures, the
complex immittance functions viz., impedance (Z*=Z'-
jZ"), admittance (), permittivity (€*) and dielectric
modulus (M*=jwCoZ*) were determined. Impedance
and modulus spectroscopic techniques were used to
find out the equivalent circuit model that represents the
electrical behavior of glass ceramic samples. Different
resistive (R's) and capacitive (C's) components of the
modeled equivalent circuit were determined by a
‘complex non linear square (CNLS)’ fitting program
using ‘IMPSPEC.BAS software developed by Pandey
[25].

Results and Discussion

Different parameters (glass transtion and crystalization
temperatures) obtained from DTA plots (Fig. 1) are
given in Table 1. Strontium titanate borosilicate glass
without alkali oxide addition (Glass A) depicts glass
transition temperature (Tg) and single exothermic peak
(crystallization peak, Tc) at about 700°C and 916°C
respectively [22]. The addition of alkali oxide (K.0) to
the base glass (Glasses B, C and D) splits the exo-
thermic peak into two or more and lowers the glass
transition temperature. Resolution and widening between
these exothermic peaks become quite pronounced at a
higher concentration of akali oxide in the base glass
composition (Glass D). In the case of glass B, the first
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Fig. 1. DTA patterns of glassesB, Cand D.

exothermic peak around 730°C shows the formation of
Sr,B,0Os and Sr3Ti,O; phases while the second peak at
885°C may be assigned to the precipitation of the TiO,
(rutile) phase. From the various heat treatment schedules,
it has been observed that at higher crystallization
temperatures, the growth of the rutile phase (TiO,)
becomes quite fast. With increasing concentration of
K0, the two exothermic peaks for the glass C come
closer. The first peak shifts to a higher temperature
(805°C) while the second peak shifts to alower temper-
ature (840°C). These crystallization peaks represent the
formation of phases similar to glass B. In the case of
glass D, these two crystallization peaks merge together
and appear at 760°C, which represents the crystallization
of Sr,B,0s, SrsTi,O; and TiO, phases. A new crystali-
zation peak at 880°C appears in this glass (glass D),
which represents the formation of the SITiO; phase.
The crydalization of SITiO; a higher temperature
may be attributed to the re-dissolution of the rutile
phase and the reaction of Sr,B,Os with TiO, (glass
phase) [26].

A preliminary study of crystallization behavior and
microstructural development of these glass ceramics
was reported earlier [23]. The phase constitution of
various glass ceramic samples, cryddlized in the
temperature range 900-1100°C, is given in Table 2. In
the strontium titanate borosilicate glass ceramic system,
mostly SroB,Os, TiO, (rutile) and SrsTi,O; phases

Table 1. Glass nomenclature and observed DTA pesks
Observed DTA peaks (°C)

Glass Name
Tg Tcl T(2 TCB
A 700 - 916 -
B 670 735 885 -
C 670 805 840 -
D 680 - 760 880
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Table 2. Heat treatment schedules, crystalline phases of different
glass ceramic samples and temperature coefficient of dielectric
constant (TCe) for some representative glass ceramic samples

Glass Heat trestment schedules TCe at
ceramic  Hegting Holding Hold- Crystalline 1 MHz
sample rate temp. ingtime  Phases  (ppm

no. (K minute® (K) (hry) K™)
B1 5 900 3 SB+ST+R +1761
B2 5 950 3 SB+ST+R  +1752
C1 5 800 3  R+SB+ST -
c2 5 840 3 SB+ST+R -
C3 5 900 3 SB+ST+R  +331
c4 5 950 3 SB+ST+R +4238
D1 5 900 3 SB+ST+R +1737
D2 5 950 0 P+R -
D3 5 950 3 P+SB*+ST* +1237
D4 5 950 12 P+R* -105
D5 10 1050 3 P+R* -344
D6 2 1050 10 P -690
D7 0.5 1050 12 P -

Note: * =trace amount, SB=Sr,B,0s, ST=Sr3Ti,O; R=TiO, (rutile)
and P=SrTiOs etc.

crystalized out during heat treatment in the temper-
ature range 800-1000°C. There is a growth of Sr,B,Os
crystalites from the central points forming “star like”
patterns in these glass ceramics. Other phases like;
Sr3Tio,O7 and TiO, grow in between these large crystals
[22]. Aninitial addition of K,O promotes the formation
of S,B,Os and Sr3Ti,O; and one obtains a similar
microstructure to that of the base glass ceramics with a
minor difference in grain size and their distribution. At
higher K,O concentration, phase separation occurs in
glasses during the early stage of heat treatment. One
region of the glassy phase may berich in SrO and B,Os
while an other region is rich in TiO, and K,O. At low
heat treatment temperature, the Sr,B,Os phase crystal-
lizes from the SrO and B,Os; -rich glassy region and
small crystalites of TiO, form in the TiO, rich glassy
region (glass ceramics sample D1). As the temperature
is increased, Sr,B.Os crystallites react with components
of the glasses and form Sr3Ti,O; and SrTiO; phases. At
higher treatment temperatures (950-1100°C), SiTiO;
remains as the mgjor crystaline phase in glass ceramics
(glass ceramic sample D3) and finaly we get a glass
ceramic product which contains only the SrTiO;
crystaline phase (glass ceramic sample D4). With the
addition of modifier (K,O) to the borosilicate glass
system, a lower temperature treatment gives Sr,B,Os
and TiO, phases, which finaly dissolved and gives
STiO; phase a a higher crystalization temperature.
This is due to the change in glass structure with the
addition of the modifier alkali oxide [23]. A typica
scanning electron micrograph of the glass ceramic
sample D5 is given in Fig. 2. As is clear from this
micrograph, sample D5 shows enhanced crystallization
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Fig. 2. Typica Scanning electron micrograph for glass ceramic
sample D5.

of glass ceramics. The micrograph contains a few big
crystals which grew with well defined angles and edges
having an approximate size of 5 um, and a very fine
dispersion of SITiO; crystals having a size less than 1
um. The detailed microstructural study has been
published elsewhere [23, 26].

Impedance and Didectric Behavior

In the present glass ceramic system, complex modulus
formalism (M*) is more suitable as it facilitates the
congtruction of equivalent circuits and easy visuaization
of various charge transfer processes. Figures 3-5 illustrate
the complex modulus plots at different temperatures for
afew representative samples B2, C4 and D5 respectively.
Two smeared and poorly resolved semicircular arcs on
the higher frequency side reveal amost similar time
constants whereas the third arc on the low frequency
side shows relatively higher values of the time constant.
It is to be noted that the data points on the locus of the
modulus plots shift towards the lower frequency side as
the temperature increases. Thus in complex plane
modulus plots (M" vs M") of different glass ceramic
samples (Figs. 3-5), three arcs appear which show the
presence of three paralledl RC networks (R1C1, R2C2
and R3C3) connected in series with a blocking elect-
rode capacitance (C4). Elements R1C1 (high frequency),
R2C2 (mid frequency) and R3C3 (low frequency) have
been assigned to crystalline phases, the glassy matrix
and the crysta-glass interface region respectively.
Approximate values of capacitance and resistance were
determined from the intercept on the real axis and the
maxima of semicircular arcs in the complex plane
modulus plots respectively. The various R, C para
meters determined by the complex non-linear square
fitting (CNLS) program are listed in Table 3. R, C
parameters calculated from the complex modulus and
permittivity plots show consistency in results that veri-
fies the proposed equivalent circuit. It is evident from
Table-l1l that the values of resistance and capacitance
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Table 3. Resigtive and capacitive parameters of modd equivalent circuit for different glass ceramic samples obtained by complex non

linear square (CNLS) fitting

Para B1 B2 Cc4 D1 D3 D5
meters Temperature (K)  Temperature (K)  Temperature (K)  Temperature (K)  Temperature (K) Temperature (K)
calculated 309 378 478 310 369 504 310 383 475 318 397 457 313 408 514 303 438 493
R1(kQ) 195 139 121 22 172 139 169 141 771313 242 12 162 25 192 2369 881 7.67
Cl(pF) 255 264 258 203 208 21 279 226 263 228 194 26 315 214 19 3359 4152 4515

R2(MQ) 021 015 015 02 017 016 019 0.1
C2(pF) 313 38 46 25 30 375 305 45
R3(MQ) 349 227 384 22 185 462 175
C3(pF) 724 89 8 67 74 56 79 135
CA(pF) 42 37 48 312 30 5412 57.3
ri(uS) 050 037 031 044 036 029 047
r2(uS) 650 590 670 50 497 600 574
r3(mS) 025 020 033 015 014 026 014

0.08 016 0.13 009 04
86 344 64 402 13 20
145 336 129
114 59

60 100 34

032 020 0.71
453 7
020 038 008 023 008 018 028 032 0.80 0316 0.229

032 028 033 0134 0.126

235 6898 6311 59.32
158 111 5 6 7 773 245 1763

145 69 37 47 49 103 129 130

43 39 2 23 25 54.62 4828 42.37
0.47 031 051 053 037 080 0366 0.346

54 83036 512 650 653 2276 846 7474

for the crystalline phase is smaler than that of the
glassy and the crystal-glass interface region.

The dielectric behavior of this glass ceramic system
shows a low value of didlectric constant and little
temperature variation which can be understood as
follows:. crystallites (low vaue of resistance) in a glass
ceramic specimen can be assumed to have impinged in
the glassy matrix (relatively higher value of resistance).
It is very clear from Table 3 that the magnitude of the
crystal-glass interface resistance (R3) is significantly
higher. As the AC signal is applied to the specimen,
more charge gets transferred through the crystallites
owing to their lower resistance, which gets stuck at the
crystal-glass interface region (high resistance). On the
other hand, ardatively small number of charges compared
with the crystallites (Ryjass>Rarystaiites) travel through the
glassy matrix and are impeded at the crystal-glass inter-
face region. Consequently, the crystal-glass interface
shows a high value of capacitance as compared to other
components. A small temperature variation of capaci-
tance (C1) for crystallites was observed which might be
responsible for the temperature- independent behavior
of the dielectric constant.

A complex plane modulus plots for the glass ceramic
sample B2 is shown in Fig. 3. It is evident from this
figure that at low temperature there is a poor resolution
between the smeared semicircular arcs, which becomes
quite distinct at higher temperature. Glass ceramic
sample B2 shows a little higher resistance (R1) for the
crystaline phase. This higher value of resistance may
be due to enhanced crystallization of Sr,B,0s, Sr3TioO;
phases with a small amount of the TiO, (rutile) phase.
The dielectric behavior for this glass ceramic sample
B2 aso shows a nearly temperature- independent
behavior.

A complex plane modulus plots for glass ceramic
sample C4 is shown in Fig. 4 at a few selected temper-
atures. The magnitude of the resistance of the crystaline
phase (R1) for glass ceramic sample C4 is lower than
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Fig. 3. Complex plane dectric modulus plots for glass ceramic
sample B2 at different temperatures.

that of B2 while the value of the capacitance (Cl) is
higher. The resistance (R1, R2) decreases with temper-
ature for crystallites and the glassy matrix while it first
decreases and then increases for the crystal-glass inter-
face region (R3). The capacitance corresponding to the
crystalites (C1) and the crystal-glass interface region
(C3) shows an opposite trend, which in turn gives a
diffuse maxima in the digectric constant vs. temper-
ature plots (Fig. 8).

From Table 3, we find that glass ceramic sample D1
shows a relatively higher value of resistance for the
crystallites (R1) as compared to other glass ceramic
samples while the resistance for the glassy matrix (R2)
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Fig. 4. Complex plane dectric modulus plots for glass ceramic
sample C4 at different temperatures.

and the crystal-glass interface region (R3) is relatively
lower. Glass ceramic sample D3 shows the precipitation
of the SrTiO; phase with traces of Sr,B,Os and Sr3TiO5.
Complex modulus plane plots as shown in Fig. 5 show
relatively low values of capacitive blocking electrode
contributions. For this sample (D3), the magnitude of
the resistance corresponding to al the electroactive
components is significantly higher as compared to other
glass ceramic samples with different compositions and
heat treatments while the capacitance shows opposite
trend. This may be attributed to the more insulating
nature of its eectroactive components, very little charge
is being accumulated at the crystal-glass interface region
which results in a lower value of the dielectric constant
for this glass ceramic specimen. The magnitude of the
capacitance increases with temperature for the glass
and the crystal-glass interface region while it decreases
for the crydalites. This behavior is also confirmed
from the earlier reports [16, 27] indicating a negative
temperature coefficient of capacitance (TCC) of the
STiO; crystalline phase and a positive temperature
coefficient of the capacitance (TCC) for the glassy
phase. It was dso suggested that such atype of behavior
can be exploited for ambient temperature applications
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Fig. 5. Complex plane dectric modulus plots for glass ceramic
sample D3 at different temperatures.

requiring temperature compensation of the dielectric
constant, which is achieved through the appropriate
balance between the negative TCC of SITiO; and the
positive TCC of the glassy phase.

The representative dielectric behavior of the various
glass ceramic samples at 405 K is shown in Fig. 6. The
value of the dielectric constant decreases with increas-
ing frequency and the dissipation factor shows a
relaxation peak. The glass ceramic samples B2 and C4
containing Sr,B,0s, Sr3Ti,O; and TiO, phases with a
lower resistance show a strong dispersion in their
dielectric behavior in comparison to glass ceramic
sample D3 which contains the highly resistive SrTiO3
phase. The observed dispersion is due to the relaxation
of the space charge polarization across the glass-crysta
interface region.

Glass ceramic sample B1 shows a diglectric constant
and a dissipation factor in the range 30-40 and 0.01-
0.15 respectively. The temperature dependence of the
dielectric constant and the dissipation factor is small at
the lower temperature, which becomes pronounced
above 400K. This may be attributed to increased
interfacia polarization at the higher temperature. The
temperature dependence of the dielectric constant and
the dissipation factor for glass ceramic sample B2 is
shown in Fig. 7 at different frequencies. Crystalization
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a higher temperature shows a relatively less temper-
ature-dependent dielectric behavior. The magnitude of
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Fig. 8. Temperature dependence of (&) dielectric constant (') and

(b) dissipation factor (tand) of glass ceramic sample C4 at different

frequencies.

the dielectric constant and the dissipation factor fallsin
the range 20-120 and 0.1-0.3 respectively. An enhanced
crystalization of of the resulting glass ceramics could
be the reason for the higher vaue of the didectric
constant and the dissipation factor.

The dielectric behavior of glass ceramic sample C3
shows a temperature-independent behavior up to a
certain temperature (400 K) and then levels off. The
same trend was observed for the dissipation factor as
well. The frequency dependence of the dielectric con-
stant and the dissipation factor shows an appreciable
dispersion in the low frequency region a higher
temperatures. This phenomenon could be ascribed to
space charge polarization. Figure 8 shows the temper-
ature variation of the dielectric constant and the dis-
sipation factor for glass ceramic sample C4. A large
temperature variation is observed in the dielectric con-
stant while the dissipation factor shows a maximum,
which shifts towards higher temperatures with increasing
frequency. This characteristic suggests that a thermally-
activated process may be involved in the polarization of
these glass ceramics.

The dielectric constant changes very little with respect
to temperature for glass ceramic sample D1 (Fig. 9)
and becomes temperature- independent a higher fre-
guencies. The value of the dissipation factor decreases
with temperature for the lower frequencies while it
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increases at higher frequencies. All these glass ceramic
samples have similar crystalline phase constitution,
containing Sr,B,0s, Sr3Ti>O; and TiO, phases, and thus
have similar dielectric behaviors. The difference in the
vaues of the didectric constant and the dissipation
factor might be attributed to the differences in their
microstructure. The temperature coefficient of the di-
electric constant (TCeg) for these glass ceramic samples
is positive and listed in Table 2.

The temperature dependence of the dielectric constant
and the dissipation factor for glass ceramic samples
containing a mgjor amount of the SITiO; phaseis shown
in Figs. 10-11. Figure 10 illustrates the temperature
dependence of the dielectric constant and the dissipation
factor for glass ceramic sample D3 at different fre-
guencies. Glass ceramic sample D3 contains perovskite
STiO; as the magjor phase followed by the Sr,B,0s and
Sr3Tio,O7 phases. The value of the dielectric constant
for this glass ceramic sample is approximately half that
of the glass ceramic sample D1, in which strontium
borate is the primary phase. The magnitude of the
didectric constant and the dissipation factor is 15-42
and 0.05-0.2 respectively. The temperature coefficient
of the dielectric constant (TCe) is positive for glass
ceramic sample D3, because at this crystallization

O.P. Thakur, Devendra Kumar, Om Parkash and Lakshman Pandey

o v Y v . v
L o O1Mz ¢ 100MHz
e o 1z o 1MMz
a s 10kHz 1
oW .

b
3
b

constant
¥ ¥ ¥ ¥ &8 & B

Dislectric

o

e w

Tempersture (K)
Fig. 10. Temperature dependence of (a) dielectric constant (€') and

(b) dissipation factor (tand) of glass ceramic sample D3 at different
frequencies.

temperature, a competition between SrTiO; and other
crysdline phases (Sr,B,Os, Sr3TioO;) decreased the
yield of SITiO; in the glass ceramic, and the TCe
became positive. Figure 11 shows the temperature
variation of the dielectric constant for glass ceramic
sample D4 in which a mgor amount of the SITiO;
phase is present. The magnitude of the dielectric
constant lies in the range 20.5-23.5. The vaue of the

Dielectric constant

Temperature (K)

Fig. 11. Temperature dependence of didlectric constant (€") of glass
ceramic sample D4 et different frequencies.
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dielectric constant decreases with an increase in temper-
ature and a negative TCe (-105 ppm K™) is observed
for this glass ceramic sample. There is no mgor change
observed in the magnitude of the TCe with respect to
frequency. The negative value of the TCe may be due
to the crystlization of large amount of the SrTiO;
phase [15]. This glass ceramic sample shows a very
low value of the dissipation factor (<107). The same
dielectric behavior was observed for glass ceramic sample
D6 which aso contains only SITiO; as a crystaline
phase in the resulting glass ceramics.

The value of TCe depends on the compensation bet-
ween the negative temperature coefficient of SITiOs;
and the positive temperature coefficient of the strontium
titanate borosilicate glass which in turn depends on the
amount of the glassy and SrTiO; phases.

For glass ceramic sample D3 in which the SITiO;
phase crystalized out along with Sr,B,0s and Sr3Ti,O;
phases, the TCe is positive because the content of
STiO; is relatively less as compared to the glassy
matrix. The TCe of the glass ceramic samples becomes
increasingly negative with increasing temperature and/
or duration of the heat trestment. This is due to the
increased amount of SrTiO; phase resulting in the glass
ceramics. These observations are well supported from
the Niesdl's approximation model [28], which predicts
that the dielectric constant would increase and the
temperature coefficient of the dielectric constant (TCe)
would decrease, becoming negative, as the volume
fraction of SrTiO; was increased. Thistrend is identical
to that observed with both the crystallization temperature
and time in the present glass ceramics. Niesdl's approxi-
mation has also been used earlier in studies of BaTiOs;
[29] and PbTiO;3[30] glass ceramics.

Conclusions

(1) For lower concentration of K,0O, Sr,B,Os appears
as the mgjor phase followed by Sr3Ti,O; and TiO,
phases similar to the base glass ceramic system. These
show higher values of the dielectric constant.

(2) A higher KO concentration in the strontium
titanate borosilicate glass system favors the crystali-
zation of SITiO; as a mgor phase with proper heat
treatment schedules, which results in lower value of the
dielectric constant and the dissipation factor. The value
of the dielectric constant increases with the amount of
the SrTiO; phase in these glass ceramics.

(3) The vaue of TCe becomes more negative as the
content of the SITiO; phase increases in the borosili-
cate glass ceramics.

(4) From impedance spectroscopy technique, it is
evident that one can correlate the negative value of TCe

with a decrease of capacitance corresponding to the
presence of the crystdline phase with increasing temper-
ature.
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