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Lead-strontium titanate glass ceramics:
| — crystallization and microstructure
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The crystallization behaviour of glasses in the system [(Pb;_,Sry) O-TiO,]-[2SiO,-
B,03]-[K>0]-[Ba0] (0.2 < x < 0.9) have been studied. Perovskite titanate was found to be the
major phase in all the glass ceramic samples investigated. The actual composition of crystalline
phases could not be confirmed on the basis of shift in the X-ray diffraction (XRD) peak positions
because of similar effects due to solid solution formation and strain due to crystal clamping.
Comparison of the observed intensities of various XRD peaks of the perovskite titanate phase
with the calculated intensities for (Pb1_,Sr,)TiO3 with same lead/strontium ratio confirmed the
formation of lead strontium titanate solid solution. Microstructural characteristics of various
glass ceramics are also discussed. The advantages of using K,O and BaO as additives instead
of only K,O are also discussed. © 2006 Springer Science + Business Media, Inc.

1. Introduction

The development of glass ceramics containing perovskite
titanate solid solutions crystals in lieu of pure and un-
doped phase is expected to result in superior properties as
it combines the advantages of solid solution formation and
glass ceramic processing [1]. Glass ceramics containing
undoped perovskite titanate phases such as PbTiO3; [2-9]
and SrTiO;3 [10-19] have been extensively investigated.
A few attempts have been made to develop perovskite
titanate solid solution crystals in glass matrix [4, 5, 8§,
20-22] but without any success. Recently we reported
the crystallization of (Pb, Sr)TiO; solid solution phase
in borosilicate glass matrix [23, 24]. We have observed
that (Pb, Sr)TiO3 phase can be crystallized in the sys-
tem [(Pb;_,Sr,)O-TiO,]-[2Si0;-B,03]-[K,0] with suit-
able choice of composition and heat treatment schedule.
On the basis of the calculated and observed intensities
of various X-ray diffraction (XRD) peaks, the composi-
tion of the crystallites was confirmed to be (Pb, Sr)TiO3
solid solution which was further supported by Curie tem-
perature of the crystalline phases developed. However,
preparation of transparent bulk glasses thicker than a few
millimeters was very difficult. Very high cooling rate is
required to prepare thick transparent glasses. In all the
glasses prepared, K,O was present which acts as network

modifier and expected to introduce a large number of non-
bridging oxygen ions in the glass structure. This reduces
the viscosity of the melt, making it difficult to get thick
transparent glasses under ordinary conditions by conven-
tional melt-quench method. We have also observed that in
borosilicate glass system, addition of equivalent amounts
of K,O and BaO results in easy glass formation and bet-
ter crystallization of perovskite phase [19]. Therefore, in
a search for better glass ceramic systems it was consid-
ered worthwhile to prepare and study the crystallization
behaviour of glasses in the system [(Pb;_,Sr,)O-TiO,]-
[2S10,-B,05]-[K,0]-[Ba0] and the microstructural char-
acteristics of resulting glass ceramics. This paper presents
the results of our investigation. The glass and glass ceram-
ics developed in the present investigation are expected to
show superior properties than the glass and glass ceramics
prepared earlier [23, 24].

2. Experimental procedure

Glasses in the system [(Pb;_,Sr,)O-TiO;]-[2Si0,- B,0s]-
[K,0]-[BaO] were prepared with x = 0.2 to 1.0 with a
stepwise increment of 0.1. Well mixed and dried pow-
ders containing appropriate amounts of reagent grade
PbO, SrCOs;, TiO,, H3BO3, K,CO3; and BaCO; were
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melted in pure alumina crucibles. The melting tem-
perature of all the glasses was found to be in the
temperature range 1100-1300°C. The melts were kept
for 1 h at the respective melting temperatures for
homogenization. The melts were quenched by pouring
into an aluminium mould and pressing with a thick alu-
minium plate. The glasses were then annealed at 400°C
for 3 h. Differential thermal analysis (DTA) was done
using a NETZSCH Simultaneous Thermal Analyzer 409
from room temperature (~27°C) to 900°C employing a
heating rate of 10°C/min to determine glass transition and
crystallization temperatures.

On the basis of differential thermal analysis (DTA)
results, glasses were crystallized by subjecting them to
various heat treatment schedules. X-ray diffraction pat-
terns for resulting glass ceramic samples were recorded
employing a Rich-Seifert ID 3000 diffractometer using
Cu K, radiation. The crystalline phase(s) in each glass
ceramic sample was (were) identified by comparing its
XRD pattern with standard patterns of various crystalline
phases which might have formed from different con-
stituent oxides of the glass. In a typical powder X-ray
diffraction pattern, the position of XRD peaks (26), i.e.,
diffraction directions are determined solely by the shape
and size of unit cell. The intensities of diffracted beams
are determined by the positions of the atoms within the
unit cell. In perovskite solid solution ceramics such as
(Pby_,Sr,)TiO3, if there is large difference between the
atomic scattering factors of substituent and substituted
atoms in the unit cell, then the intensities of different
XRD lines change with change in concentration of sub-
stituent ions along with crystal structure and lattice param-
eter(s). The atomic scattering factors of lead and strontium
ions are quite different. Therefore, the relative intensity of
XRD peaks should change with x in (Pb;_,Sr,)TiO3 solid
solution. Hence an effort was made to calculate the inten-
sity of different XRD peaks for various compositions in
the (Pb;_,Sr,)TiO;3 solid solution series as reported ear-
lier [23]. A few glass ceramic samples were selected to
study the variation of intensity of various XRD lines of
their crystalline perovskite phase with varying Pb?*/Sr**
ratio (or x) in the initial glass composition. The observed
intensity of XRD peaks of the crystalline phase precipi-
tated in different glass ceramics was compared with cal-
culated intensity of the corresponding XRD peaks. The
glass ceramic samples were polished, etched with a so-
lution containing equal volumes of 30% HNO;3; and 20%
HF for 60 seconds and then coated with a thin film of
gold for scanning electron microscopy (SEM) observa-
tions (Model JEOL 840A).

3. Results and discussion

3.1. Differential thermal analysis (DTA)
studies

DTA traces of a few selected glasses are presented in

Fig. 1. For all the glasses there is a shift in the base

line in the temperature range 540-690°C, depending

2076

s60°c
730%

FTTETYITY INTTVTTUTI FTTTTUTEVE PRUTTIVEYS FYVTVTTIY

780°C

A.Alllll_ljl.lllllllLllllAL‘Allll_lJ_l_‘lllllllllllllJ

Aljjllllllll_lllllj_l_'_llllllllj_‘,llll,l‘lllllllll_lll

AT

x=0.7 s30°

Lilll Al.LllLLl]lllllllulllllj_lLljl]llllLll

x=0.8
650

IUVYTTTS SYUTUCTRTE IVSUIVEITTI SUUNCETTTN ITUSTATS

x=1.0

sgpo’c  900°C

ullllll_l'lllllll llll_llj_L‘lllllllllllllhullllll

o 200 400 600 800 1000

Temperature ("C)

Figure I DTA patterns of glasses in the system 65[(Pb;_,Sr,)O-TiOz] —
25[2Si0,:B,03] — 5[K,0] - 5[BaO].



TABLE I Observed DTA peaks of different glass samples in the system
[(Pb;—,S1)O-TiO;] — [2Si0,-B,03] — [K,0] — [BaO]

DTA Peaks (°C)
Composition (x) Glass code Ty Tci Tca Tcs
0.2 8P5K 540 660 730 750
0.3 7P5K 560 - 740 770
0.4 6P5K 585 - 760 780
0.5 5P5K 600 - 780 810
0.6 4P5K 610 - - 850
0.7 3P5K 630 - - 850
0.8 2P5K 650 - - 880
0.9 1P5K 660 - - 850
1.0 STSK 690 - - 900

on the composition. The shift in base line representing
change in specific heat is attributed to the glass tran-
sition. The glass transition temperature, T, of different
glasses are listed in Table I. The glass transition tem-
perature is found to increase with increasing concen-
tration of SrO. This may be due to increase of viscos-
ity of the melt with increasing SrO concentration in the
glass. For glass sample with x = 0.2 three exothermic
crystallization peaks Tcy, T, and T3 appear in DTA plot
whereas for other lead rich glass compositions (x < 0.5)
two exothermic peaks (T, and T¢3), fused together appear
in the DTA plots. For SrO rich compositions (x > 0.5), the
two peaks (T, and T¢3) merge together and give a single
exothermic peak which shifts to higher temperature with
increasing SrO concentration. Later XRD studies of the
glass ceramic samples revealed that T¢; is due to crystal-
lization of PbTizO7 phase where as T, and T3 are due to
the crystallization of the precursor perovskite phase and
transformation of the precursor perovskite phase to sta-
ble solid solution lead strontium titanate perovskite phase
respectively. From the DTA studies of glasses with only
K,O as additive [23] and the same system with K,O and
BaO as additive, in the present work, it was observed that
the glass transition temperature (T, ) of glasses with same
Pb%*/Sr?* ratio are nearly equal irrespective of whether
it has only K,O or K,0 and BaO as additives. However,
their crystallization temperatures (7¢’s) are quite differ-
ent. Crystallization temperatures are higher for glasses
with K,O and BaO as additives than that of the glasses
with only K;O. Nucleation temperature (7Ty) of a glass
is generally considered 50°C above the glass transition
temperature by glass technologists. The nucleation and
crystallization temperatures are closer for the glasses of
K, O system. Since the crystallization temperature is very
close to Ty, high cooling rate is required to avoid crys-
tallization during quenching of the melt for formation of
glasses and making of bulk glass sample is difficult. Since
T and T¢ are closer to each other, one can’t have control
over size of crystallites as nucleation and growth would be
occurring simultaneously during heat treatment of these
glasses. In case of K;O and BaO system where Ty and
crystallization temperature are widely separated, not only
transparent glasses can be formed with relatively lower

cooling rate of the melt but better control over crystallite
size can also be exercised.

3.2. X-ray diffraction (XRD) and crystallization
studies
On the basis of DTA results, glass samples were sub-
jected to various heat treatment schedules in the tem-
perature range 650 to 900°C. As the glass transition
temperature and crystallization temperature (Tc3) were
found to increase with increasing concentration of SrO
in the initial glass, the lead rich glasses were heat
treated at a few selected temperatures in the temper-
ature range 650-800°C whereas strontium rich glasses
were heat treated in the temperature range 750-900°C.
The phase development in these glass ceramics with
crystallization temperature determined from XRD data is
summarized in Table II. All the glass ceramics studied un-
der present investigation can be broadly classified into two
categories; lead rich compositions, i.e., with x < 0.5 and
strontium rich compositions, i.e., with x > 0.5. Perovskite
titanate was found to be the major phase in all the glass
ceramic samples but the crystal structure of perovskite
titanate phase was tetragonal similar to lead titanate for
lead rich compositions and was found to be cubic simi-
lar to strontium titanate for strontium rich compositions.
Powder X-ray diffraction patterns of some representative
glass ceramic samples prepared from a lead rich glass (x
= 0.2) are presented in Figs 2 and 3. Glass with x = 0.2,
i.e., 8P5 K was heat treated at 650, 700 and 750°C for
3 h each and thus three glass ceramic samples were pre-
pared. All three glass ceramic samples were found to have
perovskite titanate as the major phase (Fig. 2). A shift in
XRD peak positions from that of undoped PbTiO3 which
is reflected in the values of their lattice parameters (Ta-
ble III) was observed. This shift may be due to the for-
mation of (Pb, Sr)TiO3 solid solution crystallites and/or
strain due to crystal clamping. The only change in these
glass ceramics is in the minor phase. The glass ceramics
obtained at 650 and 700°C were found to have PbTizO5 as
minor phase. Trace amount of PbB,0O4 was also observed
in the glass ceramics obtained at 650°C. The glass ceramic
sample obtained at 750°C was found to have traces of ru-
tile (TiO;) and strontium borate (Sr,B,0s5). If one takes
into account both DTA plot (Fig. 1) and XRD patterns
of glass ceramic samples in the temperature range 650
to 750°C, it can be said that initiation of crystallization
of both PbTizO; and perovskite titanate phase has taken
place simultaneously. However, the completion of crys-
tallization of PbTi3O; phase takes place either in a short
duration of time or upto a slightly higher temperature
and perovskite titanate phase continues to crystallize with
time. This results in crystallization of desired perovskite
titanate as the major phase and PbTi;O; as the minor
phase in the resulting glass ceramic sample. When the
perovskite titanate phase starts growing the availability of
titanium ions for the crystallization of PbTi;O7 reduces
which in turn stops its crystallization. To study the effect
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TABLE II
[K20]-[BaO]

Heat treatment schedules and crystalline phases of different glass ceramic samples in the system [(Pb;_,Sr,)O-TiO;] — [2SiO,-B,03]—

Heat treatment schedules

Glass code Heating rate (°C/min) Holding temperature (°C) Holding time (h)  Crystalline phase(s) Glass ceramic code
8P5K 5 650 3 P+PT3*+PB* 8P5K650
5 700 3 P + PT3* 8P5K700
5 750 3 P+ R* +SB* 8P5K750
5 750 6 P 8P5K750S
5 750 12 P+ PT3* 8PSK750T
7P5K 5 700 3 P + PT3* 7P5K700
5 750 3 P 7P5K750
5 800 3 P + PT3* +R* 7P5K800
6P5K 5 700 3 P+ PT3* 6P5K700
5 750 3 P + PT3* +R* 6P5K750
5 750 6 P 6P5K750S
5 750 12 P 6P5K750T
5 800 3 P+ R* 6P5K800
5P5K 5 700 3 P + PT3* 5P5K700
5 750 3 P+PT3* +PB* 5P5K750
5 800 3 P+ R* 5P5K800
4P5K 5 750 3 P+PT3*+PB* 4P5K750
5 800 3 P+ R* 4P5K800
5 850 3 P 4P5K850
3P5K 5 800 3 P 3P5K800
5 850 3 P+ U* 3P5K850
2P5K 5 800 3 P+ U* 2P5K800
5 850 3 P+ U* 2P5K850
1P5K 5 800 3 P + PT3* 1P5K800
5 850 3 P+ U* 1P5K850
ST5K 5 850 3 ST + U* ST5K850
5 900 3 ST + R +U* ST5K900

P = Perovskite titanate; PT3 = PbTi307; R = TiO; (Rutile); SB = Sr,B,0s; PB = PbB,04; ST = SrTiO3; U = Unidentified phase; *Trace amount.

of holding time on phase and microstructure development,
the glass was heat treated at 750°C for 6 and 12 h. 6 and
12 h heat treatments resulted in development of perovskite
titanate as the major phase with trace amount of PbTi3;O;
(Fig. 3). The lattice parameters ‘c’, ‘a’ and c/a of the per-
ovskite titanate phase developed in glass ceramic samples
of the glass 8PSK do not change much with crystallization
temperature as the temperature is increased from 650 to
750°C (Table III). The lattice parameters were also not
affected by extended holding time, i.e., 6 and 12 h. This
indicates that a stable perovskite phase is developed with
3 h of holding time, which does not undergo any trans-
formation. The only change observed is in terms of mi-
nor phase. The observed lattice parameters, both ‘c’ and
‘a’ were found to be slightly greater than that reported
for corresponding ceramics. The axial ratio, c¢/a was also
found to be in good agreement with the reported values
of corresponding ceramics [26].

The glass ceramic samples 7P5K700, 7P5K750 and
7P5K800 were prepared by heat treatment of the glass
7P5K at 700, 750 and 800°C for 3 h respectively. The
glass ceramic 7P5K700 was found to have perovskite ti-
tanate as the major phase with a trace amount of PbTi30
along with a few low intensity lines of unidentified phase.
Perovskite titanate is the only phase observed in case of
glass ceramic sample 7P5K750. However, for the glass
ceramic sample 7P5SK800, trace amounts of PbTi;O7 and
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TABLE III  Crystal structure, lattice parameters and axial ratio of
perovskite titanate phase in different glass ceramic samples of the glass
[(Pbg.8Sr0.2)O-TiO2]-[2Si02-B203]-[K2 O]-[BaO] crystallized at different
temperatures Reported values for (Pbg g Srg 2)TiO3 ceramic are ¢ = 3.983 A,
a =3.864 A and c/a = 1.030 (Ref. [26])

Lattice parameters

Crystal Axial
Glass ceramic structure c(A) a(A) ratio (c/a)
8P5K650 Tetragonal 4.018 3.905 1.029
=+ 0.001 =+ 0.001
8P5K700 Tetragonal 4.022 3.916 1.027
=+ 0.002 =+ 0.002
8P5K750 Tetragonal 4.021 3912 1.027
=+ 0.002 =+ 0.002
8P5K750S Tetragonal 4.033 3918 1.029
=+ 0.003 =+ 0.003
8P5K750T Tetragonal 4.021 3.916 1.027
=+ 0.002 =+ 0.002

rutile are also observed besides perovskite titanate as the
major phase. Perovskite titanate is the major phase in all
the above glass ceramic samples. The crystalline phase
developed was found to have tetragonal crystal structure.
No significant variation in the values of lattice parameters
was observed with crystallization temperature. The values
of lattice parameters were found to be in good agreement
with the reported values of corresponding ceramics [26].
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Figure 2 X-ray diffraction patterns of different glass ceramic samples of

the glass 65[(Pbg.gSrp2)0-TiO2] — 25[2Si0,-B,03] — 5[K20] — 5[Ba0]
crystallized at different temperatures for 3 h.

The glass ceramics 6P5K700, 6P5SK750 and 6P5K 800
prepared by crystallizing 6P5K glass were found to have
perovskite titanate as the major phase. In addition to per-
ovskite titanate, these glass ceramic samples were found
to have a trace amount of PbTizO; and/or rutile phase.
There is shift in XRD peak positions from that of un-
doped PbTiOj3 similar to glass ceramics discussed earlier.
This is reflected in the value of their lattice parameters.
The perovskite titanate phase developed in all the above
three glass ceramic samples was found to have tetragonal
crystal structure. The glass 6P5K was also heat treated
at 750°C for 6 and 12 h. Perovskite titanate is found to
be the only phase in 6 and 12 h heat treated samples, no
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Figure 3 X-ray diffraction patterns of different glass ceramic samples of
the glass 65[(Pbg gSrp.2)0-TiO2]-25[2Si0,-B,031-5[K,0] —=5[Ba0] crys-
tallized at 750°C for 3, 6 and 12 h.

minor phase was found to be present. The lattice param-
eters were not much affected by the extended duration of
crystallization treatment. Powder XRD patterns of glass
ceramic samples of glass SPSK confirmed the formation
of perovskite titanate as the major phase. Asymmetry of
XRD peaks indicates very small tetragonality. PbTizO7,
PbB,0, and rutile (TiO;) are the minor phases present in
these glass ceramic samples.

All the glass ceramics obtained from strontium rich
glasses 4P5K, 3P5K, 2P5K and 1P5K were found to
have perovskite titanate as the major phase. The per-
ovskite titanate phase developed in all these glass ceramic
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TABLE IV  Structure, lattice parameter(s) of different glass ceramic
samples in the system [(Pb;_Sr,)O-TiO,]-[2Si0;-B203]-[K;0]-[BaO]

Lattice parameter(s)

Crystal Axial

Glass ceramic  structure c(A) a(A) ratio (c/a)
8P5K750 Tetragonal 4.021 £ 0.002 3.912 1.027

=+ 0.002
7P5K750 Tetragonal 3.984 +£0.001 3.912 1.018

=+ 0.001
6P5K750 Tetragonal 3.959 £0.005 3.917 1.011

=+ 0.005
5SP5K750 Tetragonal 3.935 £0.002 3915 1.005

=+ 0.002
4P5K850 Cubic - 3911 -

=+ 0.001
3P5K850 Cubic - 3.880 -

=+ 0.004
2P5K850 Cubic - 3.886 -

=+ 0.003
1P5K850 Cubic - 3.90 -

14+ 0.001

samples was found to have cubic crystal structure. The
details of phase constitution are given in Table II. The
lattice parameter of constituent perovskite titanate phase
(Table IV) was found to closely match with the reported
values of corresponding ceramics with same Pb?*/Sr**
ratio. To compare the magnitude of shift of XRD peak
positions from that of undoped PbTiO3 with SrO concen-
tration, XRD patterns of glass ceramic samples obtained
by heat treating lead rich glasses (x < 0.5) at 750°C for
3 h and strontium rich glasses (x > 0.5) at 850°C for 3 h
are presented in Fig. 4. Table IV lists the value of lattice
parameter(s) and axial ratio of glass ceramic samples. The
‘c’ value of the crystalline phase gradually decreases with
x. Not much variation in ‘a’ value is observed. This data
is presented graphically in Fig. 5.

Perovskite titanate was found to be the major phase
in all the glass ceramics. The glass ceramics differ only
in the nature of the minor phase (PbTiz;O7, TiO, ru-
tile, Sr,B,0s, PbB,0y4), which varies from sample to
sample. A shift of XRD peak positions for perovskite
titanate phase from that of undoped lead titanate was
observed for all the glass ceramic samples. The mag-
nitude of the shift was found to vary systematically
with composition of initial glass, i.e., with concentra-
tion of SrO. The lattice parameter(s) and crystal struc-
ture of the crystalline phase developed in glass ceramic
samples were found to be in good agreement with the
reported values of solid solution PbTiO3;—SrTiO3 ceramic
system [26]. It is known that the shift in peak positions
from that of undoped PbTiO3 could be due to two factors:
solid solution with SrTiO3; and/or strain due to crystal
clamping since both these phenomena produce similar
deviations in XRD pattern. Therefore, the effect of solid
solution can not be separated from that of strain by X-
ray diffraction technique alone. An alternative method of
determining the crystal composition was used.
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3.2.1. Variation of intensity of XRD peaks of
(Pb1_,Sry)TiO5 with Pb**/Sr?t ratio

A few glass ceramic samples were selected to study the
variation of intensity of various XRD lines of their crys-
talline perovskite phase with Pb>*/Sr?* ratio in the glass
composition and compare the observed intensity of dif-
ferent hkl planes with the calculated intensity of solid
solution (Pb;_,Sr,)TiO5; phase. It was assumed that the
crystalline phase in the glass ceramic sample approxi-
mately have the same Pb?*/Sr’>* ratio as in the initial
batch composition. The intensity for various XRD lines

Intensity (arbitrary units)

20

Figure 4 X-ray diffraction patterns of different glass ceramic samples in
the system 65[(Pb;_ Sr,)O-TiO,]-25[2Si0,-B,03]-5[K,0]-5[BaO] crys-
tallized at 750°C for 3 h.
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Figure 4 (continued.)

for different hkl planes for (Pb,_,Sr,)TiO3; was calculated
following the procedure described earlier [23]. Table Va
gives the calculated intensity of various XRD lines for dif-
ferent hkl planes for the tetragonal (Pb;_,Sr,)TiO3 solid
solution perovskite composition (x = 0.2, 0.3, 0.4 and 0.5)
along with the observed intensity of various XRD lines
for different hkl planes for different glass ceramic sam-
ples with the same value of x. Similarly Table Vb shows
the calculated intensity of various XRD lines for different
hkl planes for cubic (Pb;_,Sr,)TiO3 solid solution per-
ovskite composition (x = 0.6, 0.7, 0.8 and 0.9) along with
the observed intensity of various XRD lines for different
hkl planes for different glass ceramic samples. The calcu-
lated and observed intensity of XRD peaks corresponding
to (100) and (111) systematically decrease whereas that
for (200) increases with Pb?*/Sr?* ratio. For the remain-
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Figure 5 Variation of (a) lattice parameters and (b) axial ratio of crystalline
phase developed by the crystallization of different glasses at 750°C for 3 h
in the system 65[(Pb;_,Sr,)O-Ti02]-25[2Si0,-B,03] -5[K,0]-5[Ba0].

ing reflections, both the intensities do not vary much with
Pb2*/Sr?* ratio. From Tables Va and b it is found that the
calculated and observed intensity of different hkl planes of
various glass ceramic samples follow the same trend with
Pb2t/Sr* ratio as is observed in ceramic solid solution
(Pb_,Sr,)TiO3. There is a little difference between the
calculated and observed values and the difference is the
maximum in case of the glass ceramic samples SPSK800
and 4P5K850. This may be due to the fact that, the unit
cell of the perovskite titanate phase has been considered
as tetragonal and cubic for the glass ceramic samples
5P5K800 and 4P5K850 respectively and the indexing has
been done accordingly. It is possible that both tetragonal
and cubic phases coexist in these two samples. The calcu-
lated and the observed ratio of 111/l are found to match
and decrease with increasing Pb>*/Sr?* ratio (Table VI)
except for the glass ceramic 4P5K850. The reason may be
the same for which the calculated and observed intensity
of individual planes (111) and (200) differ.
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TABLE VA Calculated and observed intensity of XRD peaks of tetragonal (Pb;_4Sr,)TiO3 phase in different glass ceramic samples

8P5K750 (x = 0.2) 7P5K800 (x = 0.3) 6PSK800 (x = 0.4) 5P5K800 (x = 0.5)
hkl I/l (Cal) I/lo (Obs)  I/Iy (Cal) /Iy (Obs)  I/Iy (Cal) I/lo (Obs)  I/Iy (Cal) /Iy (Obs)
001 14.6 14.6 11.6 11.7 - - - -
100 274 32.1 222 25.4 19 29.4 15.6 19.2
101 100 100 100 100 100 100 100 100
110 525 43.8 48.9 57.2 - - - -

111 49.4 39.2 447 53.2 38.8 413 432 27.9
002 17.9 59 16.5 9.9 16.7 12.3 - -
200 324 21.9 30.9 325 32.1 32.7 333 225
201 - - 8.7 14.1 8.4 73 7.0 6.3
210 10.2 6.7 - - 7.8 123 - -
112 22.0 10.5 20.0 19.6 - - - -
211 42.1 28.6 38.5 44.8 38.7 324 38.7 26.9
202 20.2 9.0 18.7 8.7 19 10.1 - -
220 9.6 48 - - - - - -

TABLE VB Calculated and observed intensity of XRD peaks of cubic (Pb;_,Sr,)TiO3 phase in different glass ceramic samples

4P5K850 (x = 0.6) 3P5K850 (x = 0.7) 2P5K850 (x = 0.8) 1P5K850 (x = 0.9)
hkl 1/1y (Cal) I/ly (Obs) I/l (Cal) I/ly (Obs)  1/ly (Cal) I/ly (Obs) I/l (Cal) 1/ (Obs)
100 12.1 11.6 - - - - - -
110 100 100 100 100 100 100 100 100
111 28.2 18.8 273 20.7 26.5 21.8 254 19.7
200 34.7 14.7 36.1 29.2 37.6 30.6 39.4 32.6
210 12.2 5.4 10.2 4.2 8.0 4.0 5.7 1.8
211 38.6 19.8 38.7 24.1 38.4 26.4 37.4 26.0
220 19.8 7.8 20.6 125 21.1 13.6 21.7 12.6

TABLE VI Ratioof/i1; and Igg (calculated and observed) for different samples Of 1P5K A few representative microstructures
glass ceramic samples are presented in Figs 6-8. Fig. 6 shows the scanning

11100 electron micrographs of glass ceramic samples (§PSK700

and 8P5K750) obtained by heat treating the glass 8P5K

Glass ceramics Calculated Observed 2t 700 and 750°C for 3 h. Microstructure of glass ce-
8P5K750 1.524 1.789 ramic samples 8PSK700 shows fine crystallites of sub-
7P5K800 1.446 1.636 micrometer size of perovskite titanate phase uniformly
6P5K800 1.208 1.262 distributed in the glassy matrix. When the crystalliza-
SPSK800 1.297 1.240 tion temperature is increased to 750°C, growth of crys-
ggggg 8%2 é%g tallites occurs as in the case of 8P5SK750, where the size
2P5K850 0.704 0712 of crystallites is found to be in the range 2—4 pum. In
1P5K850 0.644 0.604 addition to spherical crystallites, a few elongated crystal-

lites are also seen. The microstructure of glass ceramic
sample 7P5K750 consists of interconnected crystallites

The systematic and similar trend in variation of cal- (Fig. 7a). Fig. 7b shows scanning electron micrograph
culated and observed intensity with composition, x of Of glaSS ceramic sample 6P5K800. The microstructure is
(Pb;_.Sr,)TiOs solid solution ceramics and the perovskite similar to that of 7P5SK750 with the difference that a few
titanate phase developed in glass ceramics indicates that crystallites are also observed with different morphology.

lead-strontium titanate solid solution phase crystallized in Thgse crystallites may be of mingr phases (PbTi307/TiO,-
the glass ceramic system. rutile). Interconnecting crystallites are also observed for

glass ceramic sample SPSK800 and 4P5K750 (Fig. 7¢
and d). The microstructural characteristics of the glass
ceramic 3P5K800 (Fig. 7e) and 2P5K800 (Fig. 7f) were
found to be similar to that of 4P5K750. Generally, inter-
connected crystallites type of microstructure is observed
in glass ceramics where glass-in-glass phase separation
takes place prior to crystallization [18]. The crystalliza-

3.3. Microstructural studies

On the basis of observed microstructural characteristics,
all the glass ceramic samples studied under present in-
vestigation can be categorized into three groups: (1) glass

ceramic samples of 8P5K, (2) glass ceramic samples of ‘ - i
7P5K, 6P5K, 4P5SK, 3P5SK, 2P5K and (3) glass ceramic tion behaviour of these glasses based on the coordination
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Figure 6 Scanning electron micrographs of chemically etched surfaces of
glass ceramic samples (a) 8P5SK700 and (b) 8P5K750.

structure of various constituent ions can be explained as
follows:

The borosilicate glass structure generally consists of
Si04, BO3 and BO4 network forming units linked through
the oxygen. B-O-B, Si—O-Si and B—O-Si bond linkages
are present in the glassy network. The presence of such
bonds is identified by Infrared spectroscopy (IR) and solid
state Nuclear Magnetic Resonance (NMR) techniques.
In borosilicate glass, with the addition of modifier alkali
(K*) or alkaline earth ions (Sr>*, Ba>*) these linkages are
broken giving rise to non-bridging oxygen (NBO) ions. In
high PbO containing glasses the coordination number of
Pb is three suggesting that PbO acts as a network former
consisting of PbOj trigonal pyramids. These pyramids are
connected to other structural units in the glassy network.
When the content of PbO is small they act as network mod-
ifier with six coordinated Pb ions [27]. TiO; is generally
present as TiOg octahedra, may also participate in the glass
structure leading to formation of Si—O-Ti, B-O-Ti and
Ti—O-Ti bonds in the glass structure. The randomness of
glass network is attributed to flexibility of Si—-O-Si bond
angles etc. The interconnected octahedrally coordinated
Ti** ions (Ti—O-Ti bond angle) lack such flexibility of
bond angles. When the concentration of these cations are
high and their coordination polyhedra is not associated

with a true network former as their nearest neighbours,
they become structurally ordered with respect to each
other. These structurally ordered regions produce micro-
heterogeneities in the glass structure which may lead to
glass-in-glass phase separation during the heat treatment
of the glass. The phase separation influences nucleation
and crystallization of glass and hence the microstructure
of resulting glass ceramics [28].

Fig. 8 shows scanning electron micrograph of
1P5K800. It shows fine crystallites of 1 wm uniformly

Figure 7 Scanning electron micrographs of chemically etched surfaces
of glass ceramic samples. (a) 7PSK750, (b) 6P5K800, (c) SP5SK800, (d)
4P5K750, (e) 3PSK800 and (f) 2P5K800.
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Figure 7 (Continued.)

distributed throughout the matrix. No interconnectivity of
the crystallites was observed. This means that degree of
phase separation is small and rate of nucleation and crys-
tal growth may be higher. This gives rise to fine grained
microstructure in this sample during the crystallization
treatment.

From the microstructural observation of these glass ce-
ramic samples, the inference may be drawn that in lead
rich and strontium rich glasses (8P5K and 1P5K) the de-
gree of phase separation is smaller and rate of crystalliza-
tion is higher during heat treatment. Hence high cooling
rate is required during the quenching of the melt to get

2084

Figure 8 Scanning electron micrographs of chemically etched surfaces of
glass ceramic sample 1PSK800.

bulk transparent glasses. This might be one of the reasons
for the difficulty in glass forming of these compositions. In
the intermediate compositions, i.e., when the Pb?*/Sr**
ratio is 1 or nearly one, glass-in-glass phase separation
takes place during the early stage of crystallization treat-
ment. This also makes the glass formation easy with a
relatively low cooling rate.

4. Conclusions

The phase development and microstructural charac-
teristics of various glass ceramic samples in the
[(Pb;_,Sr,)O-TiO;]-[2Si10,-B,03]-[K,0]-[BaO] system
have been investigated. Bulk transparent glasses in this
system could be prepared. Perovskite titanate was found
to be major phase in all the glass ceramic samples. A
shift in the XRD peak positions from that of undoped
PbTiO; was observed. Crystalline phase of all the glass
ceramic samples of glasses with x < 0.5 was found to have
tetragonal structure whereas for x > 0.5 cubic structure
was observed. The lattice parameter(s) and axial ratio
were less influenced by crystallization temperature and
time for a fixed SrO concentration in the glass. However,
a systematic variation in ‘c’, ‘a’ and c/a was observed
with increasing SrO concentration. The observed inten-
sity of different hkl planes of various glass ceramic sam-
ples and calculated intensity of (Pb;_,Sr,)TiO3; ceramics
were found to vary in a systematic way with change in
Pb?*/Sr?* ratio and similar trend was observed for both.
Thus the composition of the crystallites was confirmed to
be (Pb_,Sr,)TiOj3 solid solution. Microstructure of most
of the glass ceramics developed consists of interconnected
crystallites which are desired for better performance as ca-
pacitor material. Fine crystallites, uniformly distributed
through the glassy matrix are the characteristic feature of
microstructure of some of the glass ceramic samples.
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