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Crystallization, microstructure development

and dielectric behaviour of glass ceramics
in the system [SrO - TiO,]-[2Si0O, - B,O3]-La,03
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Various glasses in the system (65 — x)[SrO - TiO,]-(35)[2SiO, - B,O3]-(x)La,03, where
x=1,5,10 (wt%) were prepared by melting in alumina crucible (1375-1575 K). Heat
treatment schedules were selected from DTA plots of respective glasses. X-ray diffraction
studies of glass ceramic samples containing different concentrations of La,03 revealed the
formation of Sr,B,0s, Sr3Ti,O; and TiO, (rutile) phases. The addition of La, O3 results in the
development of well formed, elongated crystallites of different phases. Results of the
dielectric behaviour demonstrate higher values of dielectric constant for some of the glass
ceramic samples. This can be ascribed to the relaxation polarization at the crystal-glass
interface due to conductivity differences between crystalline and glassy phases.
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1. Introduction

Soon after the pioneering work of Stookey [1] the con-
trolled crystallization of glasses resulting in so called
“glass ceramics” [2], considerable interest has devel-
oped in this field because of their interesting proper-
ties. Such glass ceramic specimens are free from pores
in contrast to conventionally sintered ceramics. Glass
ceramic bodies having intricate shapes and close toler-
ance in dimensions can be produced using commercial
methods of glass production. This is an efficient way
of producing uniform fine grains of crystalline phase
in glassy matrix that is highly desirable. These features
prompted several workers to develop glass ceramics
containing ferroelectric phases such as, BaTiO3 [3, 4],
PbTiO3 [5-7] and NaNbOs [8] etc.

Strontium titanate is a perovskite material with large
dielectric constant and low dielectric loss. Over the
last few years, efforts are also being made to precip-
itate SrTiO3; phase in a glassy matrix and investigate
corresponding dielectric and microstructure develop-
ment [9—13]. Strontium titanate glass ceramic has been
widely used in the field of cryogenics as capacitive tem-
perature sensors [14] and has been applied for several
technological applications where thermal stability of
dielectric constant is required.

One study of the crystallization behaviour of stron-
tium titanate aluminosilicate glass ceramics [15] shows

that the SrTiO3; phase precipitates along with several
unwanted phases in a complex manner. The purity of
starting raw materials and nucleation heat treatment
play a significant role in the precipitation of strontium
titanate in the glassy matrix [16]. Very little attention
has been paid to the study of the crystallization be-
haviour of glass ceramics in this system. Recently we
have investigated the crystallization and microstruc-
tural behaviour of strontium titanate borosilicate glass
ceramic system without any additive [17] and with the
addition of alkali oxide [12], CoO [13] and Bi,O3 [18].
It has been found that the addition of these oxides
significantly affects crystallization, microstructure de-
velopment and dielectric properties. Addition of alkali
oxide results in the precipitation of SrTiOs as a major
phase [12].

In the present paper we report the effect of La, O3 ad-
ditions on the dielectric, crystallization and microstruc-
ture development of the borosilicate glass ceramic
system.

2. Experimental procedure

Glasses were prepared from commercially available
AR grade chemicals SrCOs3, TiO;, SiO,, H3BO3 and
La; O3 of purity better than 99%. The ingredients in re-
quired proportions as shown in Table I were ground,
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TABLE I Glass compositions (wt%)

DTA peaks (°C)

Glass no. (SrO-TiOz) (28i02-B203) Lax03 T T.

Base 65 35 0 692 916
glass (Lo)

L1 64 35 1 687 867

L5 60 35 5 690 908

L10 55 35 10 696 913

mixed thoroughly and then melted in a high-grade
alumina crucible at 1375-1575 K for 1 hour. The molten
mass was stirred thoroughly to ensure good homogene-
ity of the melt. The molten mass was quenched by pour-
ing it on to an aluminum mould and quickly pressing by
aluminum plate to get specimens of uniform thickness.
The samples were annealed at 700 K for 3 hrs. Glasses
thus prepared were checked for their amorphous char-
acter by X-ray diffraction. Differential thermal anal-
ysis was carried out using a Model NETZSH, STA
409 before subjecting the samples to heat treatment for
crystallization. Crystalline phases were identified by
X-ray diffraction patterns using X-ray diffractometer
(Model Rich-Seifert ID 3000) using Cu-Ko radiation.
Samples were polished and etched using a solution of
2%HF + 5% HCI for 20-30 seconds. Etched samples
were coated with Au-Pd alloy using a vapor deposi-
tion technique. Micrographs of these etched samples
were recorded using a scanning electron microscope
(Model Stereoscan 250MK III, Cambridge Instruments
Ltd. UK). For the electrical measurements, silver elec-
trodes were deposited on both sides of the sample and
fired at 973 K for 5 minutes to make good electrical con-
tacts. Dielectric measurements were carried out with
the help of an Impedance Analyzer (Model HP 4192A
LF) in the frequency range 100 Hz to 1 MHz at different
temperatures.

3. Results and discussion

3.1. DTA study

Compositions of the base glass [17] and glasses con-
taining different fractions of La, O3 are given in Table 1.
Fig. 1 shows the DTA patterns for glasses L1, L5 and
L10 and base glass for comparison. Glass transition
temperatures, T, and onsets of crystallization for these
glasses were observed at around 690°C and 820°C re-
spectively. An exothermic peak appearing at 916°C for
the base glass corresponds to the crystallization temper-
ature. A single exothermic peak was observed for these
glasses similar to the base glass. Addition of 1 wt%
La;0O3 lowers the exothermic peak to 867°C. However,
with further addition of Lay O3 in the base glass (glass
L5 and L10), crystallization temperature again starts
shifting towards higher temperature. The exothermic
peak for the glass L5 and L10 appears around 908°C
and 913°C respectively. It can also be seen that the
width of exothermic peak increases with increasing
La; O3 concentration. This widening may be attributed
to the slowing down of crystallization process with in-
creasing concentration of La;O3. From X-ray diffrac-
tion analysis, it has been confirmed that the exothermic
peak in DTA plot corresponds to the crystallization of
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Figure 1 DTA pattern for glass (a) base glass, (b) L1, (¢c) L5 and (d) L10.

S12B,0s, Sr3Ti,O7 and TiO, (rutile) phases. It is ev-
ident that increasing La,;O3 additions from 0 to 1%
decrease the crystallization temperature for the glass
whilst increases of 5 and 10% have little apparent ef-
fect on the crystallization temperature of the base glass.

3.2. Crystallization behaviour

Table II lists the heat treatment temperatures and crys-
talline phase constitution of various glass ceramic sam-
ples along with their nomenclature. XRD patterns for
glass L1 crystallized at 900°C, 950°C and 1000°C
are shown in Fig. 2. When glass L1 was subjected to
heat treatment at 820°C (onset of crystallization) for
3 hrs, the resulting glass ceramic consisted of Sr,B,Os,
Sr3Ti;O7 and some unidentified phases which have not
been marked in XRD patterns. When the crystallization

TABLE
constituents

IT Heat treatment schedules and crystalline phase

Glass Heating  Heating

Glass ceramic rate time Temperature  Crystalline

no. no. (°C/min)  (hr) O phases

Lo LoA 5 3 800 SB,ST,R
LoB 5 3 860 SB.ST
LoC 5 3 900 SB,ST,R
LoD 5 3 950 SB,R,ST

L1 L1A 5 3 800 SB,ST
L1B 5 3 900 SB,ST.R
LIC 5 3 950 SB,ST,R
LID 2 6 1000 Rmax, SB,ST

L5 L5SA 5 3 800 SB,ST
L5B 5 1 860 SB,ST
L5C 5 3 900 SB,ST,R
L5D 5 3 950 SB,ST.R
LSE 5 3 1000 SB,ST,R

L10 LIOA 5 3 860 SB,ST.R
L!0B 5 3 900 SB,ST,R
L10C 5 3 950 SB,ST,R
L10D 5 3 1000 SB,R,ST

Note: SB =SrB,0s5, ST = Sr3TiO7 and R =TiO; (rutile) etc.
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Figure 2 XRD patterns for glass L1 crystallized at (a) 900°C/3 hrs, (b) 950°C/3 hrs and (c) 1000°C/6 hrs.
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Figure 3 XRD patterns for glass L5 crystallized at (a) 900°C/3 hrs, (b) 950°C/3 hrs and (c) 1000°C/3 hrs.

temperature was increased to 900°C for 3 hrs, TiO; (ru-
tile) phase started precipitating together with SrpB,05
and Sr3Ti,O7 phases. Intensities of XRD reflections for
the rutile phase increase with increasing crystallization
temperature. At 1000°C, TiO, (rutile) phase appears
as the primary constituent while other phases such as
S1,B,0s, Sr3Ti,O7 appear as secondary ones.

X-ray diffraction pattern for glass L5, heat treated
at 900°C, is shown in Fig. 3a. The pattern shows
the presence of Sr;B;0s, Sr3Ti;O7 and unidentified

phases. The unidentified phases are not marked in XRD
patterns. As the crystallization temperature raised to
950°C, the intensity of rutile phase increases (Fig. 3b).
XRD pattern of L5 crystallized at 1000°C (Fig. 3c)
shows more intense reflections of Sr3Ti,O7 along with
Sr;B,0s5 and TiO; (rutile) phases.

The glass ceramic derived from glass L10 by heat
treatment at 900°C shows the presence of Sr,B,0s and
Sr3Ti,O7 phases (Fig. 4a). A small amount of the rutile
phase was also observed for this heat treatment schedule
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Figure 4 XRD patterns for glass L10 crystallized at (a) 900°C/3 hrs, (b) 950°C/3 hrs and (c) 1000°C/3 hrs.

(®)
Figure 5 Scanning electron micrographs of base glass ceramics crystallized at (a) 900°C/3 hrs and (b) 950°C/3 hrs.
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Figure 6 Scanning electron micrographs for glass L1 crystallized at (a) 950°C/3 hrs and (b) 1000°C/6 hrs.

which increases further with increasing temperature as
shown in Fig. 4b. For this heat treatment the intensities
of Sr,B,05 and Sr;3Ti, O reflections are almost com-
parable and high. The intensities of XRD reflections for
the Sr3Ti;O7 phase seem to increase up to a crystalliza-
tion temperature of 950°C. On further increasing the
crystallization temperature to 1000°C, the intensities
corresponding to Sr3Ti;O7 decrease. Fig. 4c shows the
X-ray diffraction pattern of glass ceramic L10 crystal-
lized at 1000°C for 3 hrs.

From the above crystallization study, it may be in-
ferred that the heat treatment temperature selected from
left half region of DTA exothermic peak reveals the
precipitation of Sr;B,0s and Sr3Ti;O7 phases while
the heat treatment temperature from right half of DTA
exothermic peak promotes the crystallization of TiO,
(rutile) phase. At lower crystallization temperatures
S1B,0s, Sr3TipO7 phases precipitate at faster rate
while at higher temperatures, the crystallization of ru-
tile phase becomes more rapid. The high concentra-
tion of La;O3 in the base glass (glass L.10) at 950°C
favours the crystallization of the Sr3Ti,O; phase. This
may be inferred from the fact that the XRD peak inten-

sity of Sr,B,0s5 and Sr3TipO7 seems to be comparable
at 950°C heat treatment. At 1000°C, the corresponding
XRD peak of Sr3Ti;O7 decreases while the intensity of
TiO, peak increases.

3.3. Microstructure

A micrograph for the base glass heat treated at 900°C
for 3 hrs (Fig. 5a) reveals crystallites of Sr;B,0Os,
Sr3Ti;O7 and TiO; (rutile) phases interconnected with
each other. As the crystallization temperature is further
raised to 950°C for 3 hrs (Fig. 5b), there is no major
change observed in the morphology of the glass ceramic
sample except that a little growth occurred in crys-
tallites. The SEM micrograph of glass ceramic speci-
men L1C (Fig. 6a) depicts the distribution of Sr,B,O0s,
Sr3Ti;O7 and TiO; (rutile) phases. Fine crystallites of
TiO; (rutile) and large crystallites of Sr,B,O5 were ob-
served. As the crystallization temperature is increased
to 1000°C (Fig. 6b), further growth of Sr,B,0s crys-
tallites (acicular type) was observed. The gap between
borate crystallites is filled up by spherulitic crystals of
Sr3Ti; O7 phase. The SEM micrograph shown in Fig. 7a
for glass ceramic L5 crystallized at 860°C for 1 hr shows
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Figure 7 Scanning electron micrographs for glass L5 crystallized at (a) 860°C/1 hr and (b) 900°C/3 hrs.

fine grains of the Sr,B, 05 phase. As the crystallization
temperature is increased (Fig. 7b), the grain size of
the Sr,B,0s5 phase increases. This is accompanied by
the crystallization of the Sr3TiO; phase. Thus, with
increasing concentration of lanthanum oxide (5 wt%
La;03) resulting glass ceramics exhibit a dense, uni-
form and fine crystalline microstructure. Some black
spots visible in this micrograph for unetched samples
represent an unidentified phase which disappears dur-
ing etching along with the glassy regions.

Fig. 8 shows scanning electron micrographs of
glass ceramic samples L10, crystallized under dif-
ferent heat treatment schedules. Fig. 8a shows uni-
formly distributed and well inter-linked crystallites of
the S1,B,0Os5 phase in glass ceramic sample L10 crys-
tallized at 860°C for 3 hrs. Very fine grains of Sr3Ti, O
were seen along the edges of the borate phase and seem
to grow with increasing crystallization temperature and
longer holding times (Fig. 8b and c¢). Growth of the
borate phase was also noticed. Grain diameters of the
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borate phase fall in the range 1-2 um whereas it is
in the sub-micron range for Sr3Ti,O7 phase. Spherical
grains present in the background of the needle (rutile
phase) and plate like (Sr,B,0Os) morphology represent
Sr3Ti,O7 phase. It is observed that the space among
Sr,B,0s5 crystallites was filled up by Sr3Ti, O gran-
ules. In other words, it may be inferred that the higher
La; 03 content in base glass supports the precipitation
of Sr3Ti,O7 phase that meets in agreement with XRD
results.

3.4. Dielectric behaviour

Fig. 9a and b shows the variation of dissipation fac-
tor tan(§) and dielectric constant (¢’) with temperature
for glass ceramic specimen L1C. Dielectric constant in-
creases with temperature and decreases with increasing
frequency. The magnitude of ¢’ and tan(d) falls in the
range 200-1000 and 0.15-0.35 respectively. As shown
in Fig. 9c, maxima are observed in the variation of tan(4)



Figure 8 Scanning electron micrographs for glass L10 crystallized at (a) 860°C/3 hrs, (b) 900°C/3 hrs and (c) 950°C/3 hrs.

with respect to frequency. The dissipation peak width
decreases with increasing temperature and the peak fre-
quency shifts to higher values with increasing tempera-
ture. This may be ascribed to relaxation of space charge
polarization. The different trend of variation in dissipa-
tion factor-temperature plot (Fig. 9a) above and below
the frequency of maxima (100 kHz) can be understood

by observation of tan(§)- log(f) plots (Fig. 9c). At low
frequency dissipation factor decreases with tempera-
ture while it shows reverse trend at higher frequency
side of maxima. The activation energy calculated from
the logarithm of peak frequency vs 7! plot was found
to be 0.24 x 10~1° J for this glass ceramic specimen
L1C.
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Figure 9 Temperature variation of (a) dissipation factor, tan(s), (b) di-
electric constant (¢) and (c) frequency variation of dissipation factor for
glass L1 crystallized at 950°C for 3 hrs.

The dielectric constant and dissipation factor for
glass L5 crystallized at 860°C for 1 hr, gradually
changes with temperature (Fig. 10a and b). Both ¢’
and tan(§) show more dispersion in low frequency
range which becomes less appreciable at higher fre-
quencies. The values of ¢’ and tan(§) for this glass ce-
ramic samples are small and in the range of 30-45,
0.01-0.3 respectively. The increase in dielectric con-
stant (20-3000) and dissipation factor (0.1-1.0) of glass
ceramic L5C (Fig. 10) seems to be due to interfacial or
space charge polarization, which is thought to be arising
from the difference between the conductivity of various
phases. Broad relaxation peaks were observed for the
variation of dissipation factor with respect to temper-
ature and frequency that shows the relaxation charac-
ter of the losses. The broad peaks in these plots show
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Figure 10 Temperature variation of (a) dissipation factor, tan(s), (b)
dielectric constant (¢”) and (c) frequency variation of dissipation factor
for glass LS crystallized at 900°C for 3 hrs.

the presence of distribution of relaxation times. The
logarithmic plot of the peak frequency against recipro-
cal temperature is having average activation energy of
1.22x 107127,

The dielectric constant and dissipation factor of glass
ceramic L10 crystallized at 860°C for 3 hrs, both in-
crease very slowly with temperature and show high
dispersion in the lower frequency region. This trend
may be attributed to the very small amount of crys-
talline phase present in the glassy matrix. A further
increase in crystallization temperature (900°C for 1 hr)
enhances the value of dielectric constant, which is in
the range of 20-500. The value of &’ varies very little
up to a particular temperature, after which it levels off.
A similar trend was also observed for the temperature
variation of tan(§). The value of tan(é) is in the range
0.05-1.25 for this glass ceramic sample which seems to
be high and caused by space charge polarization. Both
&’ and tan(8) show little dispersion below the particular
temperature after which it becomes quite pronounced.
When the holding time at 900°C is increased to 3 hrs
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Figure 11 Temperature variation of (a) dissipation factor, tan(é),
(b) dielectric constant (¢”) and (c) frequency variation of dissipation
factor for glass L10 crystallized at 900°C 11 for 3 hrs.

(glass ceramic L10B), a very high value of dielectric
constant (100-12000) was observed (Fig. 11) owing
to space charge polarization [15]. The temperature and
frequency dependence of tan(§) (Fig. 11) show relaxor
behaviour. The activation energy obtained for this glass
ceramic sample is 0.93 x 107! J. The higher value of
tan(d) (0.05-2.5) may be due to high conduction loss
in the residual glassy phase. A similar behaviour of the
dielectric constant was also observed for the glass ce-
ramic sample L.10C as shown in Fig. 12. The activation
energy for this glass ceramic is 0.50 x 10717 J,

From the above study, it is thought that the presence
of La*>* ions may reduce some of the Ti** ions into Ti**
ions. Consequently, the electrical conductivity of glass,
crystallites or glass-crystal interface region or combi-
nation of these may increase due to electron hopping
between Ti** and Ti** ions. Reduction of Ti** ions
may also arise due to several factors like, higher crys-
tallization temperature, period of heat treatment, con-
centration of additives and processing schedules etc.
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Figure 12 Temperature variation of (a) dissipation factor, tan(é),
(b) dielectric constant (¢’) and (c) frequency variation of dissipation
factor for glass L10 crystallized at 950°C for 3 hrs.

4. Conclusions

(1) The heat treatment of glass L1 containing 1 wt%
La, O3 shows the formation of Sr,B,O5 and Sr3Ti, O
phases at low temperatures. Rutile (TiO,) phase ap-
pears at higher temperature heat treatment (950°C) and
crystallizes in major amount at 1000°C.

(i1) In case of glass L5 (5 wt% La;03), rutile (TiO,)
phase starts emerging from 950°C onwards as a sec-
ondary phase while Sr3Ti,O; appears as primary phase
at higher temperature (1000°C) treatments.

(iii) For glass L10 (10 wt%La;03), the XRD peak in-
tensity corresponding to Sr3Ti,O; phase increases up
to 950°C and then starts decreasing at higher temper-
ature (1000°C) treatments. This may be caused by the
decomposition of Sr3Ti;O7 at high temperature that in
turn forms TiO; (rutile) phase. The XRD peak intensity
of TiO; (rutile) phase increases at 1000°C.

(iv) From the crystallization study of this system,
it has been observed that the Sr,B,Os and Sr3Ti, O~
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phases precipitate quite faster at low temperature treat-
ments while at higher temperatures, the crystallization
of TiO, (rutile) phase becomes more rapid.

(v) The addition of La;Os; in strontium titanate
borosilicate glass ceramic system results in elongated,
interlinked and well-formed crystallites of Sr;B;Os,
Sr3Ti;O7 and TiO; phases.

(vi) Higher values of dielectric constant were ob-
served for this glass ceramic system that may be at-
tributed to the conductivity difference between differ-
ent crystallites and glassy matrix.
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