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This is the first in a series of two papers describing the crystallization and dielectric properties
of glass-ceramics derived from a particular strontium titanium aluminosilicate glass com-
position. This first paper concerns the development of crystalline phases and microstructure of
glass—ceramics prepared under various crystallization conditions. In the following paper, the
dielectric properties of these glass—-ceramics are described and correlated with the characteriza-
tion results.

Perovskite strontium titanate (SrTiO;) was the primary crystalline phase in glass—-ceramics
crystallized over the temperature range of 800 to 1100° C. At crystallization temperatures
below 950° C, SrTiO,; formed with a spherulitic or dendritic growth habit. X-ray diffraction
suggested that the SrTiO, crystallized in a perovskite-like “precursor’” phase which trans-
formed to perovskite SrTiO; with further crystallization time. However, electron diffraction
indicated that this “precursor” phase was cubic perovskite SrTiO;. At higher crystallization
temperatures, perovskite SrTiO; was present as individual crystallites without evidence of the
spherulitic habit. The crystallization of SrTiO; was followed by that of other phases, the hexa-
celsian and anorthite forms of SrAl,Si,Og, and the rutile and anatase forms of TiO,. The crys-

tallization sequence and microstructure of the glass—ceramics were determined by the com-
petition for strontium and titanium between the crystallizing phases, SrTiO; and SrAl,Si, Og,

and TiO,.

1. Introduction

Several studies into the crystallization of glass—
ceramics containing ferroelectric perovskite phases
have been reported. Specifically, both the BaTiO,
[1-3] and the PbTiO; [4-6] glass—ceramic systems have
received considerable attention. These studies have
demonstrated the importance of the relationship
between microstructure and dielectric properties of
glass—ceramics. No detailed investigation into the
crystallization and dielectric properties of SrTiO;
glass—ceramics has appeared in the literature, although
these materials have been studied with respect to
several low temperature applications, such as cryo-
genic temperature sensors [7-8].

A microstructural study has been performed on
SrTiO, containing glass—ceramics, as part of a larger
investigation into their dielectric properties [9]. Glass-
ceramics were prepared from a glass of a particular
SrO-Ti0,-Si0,-Al, 0, composition by crystallization
over a wide range of temperature and time. The
crystalline phases that occurred with the various crys-
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tallization conditions were identified by X-ray diffrac-
tion, and the resulting glass—ceramic microstructures
were examined by scanning and transmission electron
microscopy. In this paper, the results of this crystal-
lization study will be described.

2. Glass composition and crystallization
The glass—ceramics were derived from a glass with
nominal composition: 65wt % of SrTiO; and 35% of
SiO, and Al,O,. The amounts of SiO, and Al,O, were
such that the weight ratio of the silica to alumina was
2:1. Other glass compositions were investigated, and
it was found that the crystallization behaviour was
sensitive to factors such as the silica~alumina ratio
and the amount of SrTiO; in the parent glass [9-10].
In this paper, only the results of this particular glass
composition will be reported.

The glass was melted in platinum crucibles at
1650°C for 2h. The molten glass was poured into
copper moulds, so that glass slabs of 10 x 5 x lcm
were obtained; the glass was then annealed at 760° C
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Figure 1 A typical DTA trace. (A annealing point, B SrTiO;, C
SrAl,8i,0; (hexacelsian), D TiO, (anatase), E SrAl,Si, O,
(anorthite)).

for 17h. Chemical analyses of the glass were per-
formed, and this information appears in Table I; the
glass composition is given in both weight and mole per
cent, with trace element concentrations given in parts
per million. These data verified that the final glass
composition was close to that of the batched com-
position, and that no appreciable amount of impuri-
ties were introduced during the melting operation.

Samples for the crystallization studies were cut
from the glass slabs by sectioning with a diamond saw
and core drilling discs, 9mm in diameter by 1 mm
thick, with an ultrasonic cutting tool. The presence of
reduced titanium (Ti**), caused by the incorporation
of hydroxyl ions during melting, was indicated from
dielectric measurements of as-annealed glass [9]. For
this reason, prior to crystallization, glass samples were
subjected to a heat treatment at 700° C for 100 h, to
re-oxidize the Ti**; this heat treatment schedule was
determined from the results of an earlier study [11]. A
brown to clear colouration change in the glass samples
was observed with this heat treatment, consistent with
the results of earlier work [11].

Crystallization of the glass was studied by DTA,
and by X-ray diffraction, TEM, and SEM of crystal-
lized glass—ceramic samples. Crystallization conditions
were isothermal; glass samples were immersed in a
furnace at temperatures from 800 to 1100°C, and
removed after various times (0.25 to 64 h). With crys-
tallization temperatures of 800 and 850° C, crystalliza-
tion occurred somewhat slowly, as evidenced by a
colouration change from clear to opaque white. The
onset of crystallization as determined by this coloura-
tion change occurred after four hours at 800°C,
20min at 850°C, and almost immediately at higher
temperatures.

TABLE I Chemical analyses of SrO-TiO,-Al,0,-Si0, glass

Wt % Mol % Impurities (p.p.m.)

SrO 379 304 B 30

TiO, 26.6 27.7 Ta <100
SiO, 23.1 31.8 Fe 20 °

Al O, 12.4 10.1 Zr <10

Ba 100

Ca 50
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Figure 2 X-ray diffraction data for glass—ceramics crystallized for
1h at (a) 850°C, (b) 900°C, (c) 1000°C and (d) 1100°C.

3. Results

3.1. Differential thermal analysis

Differential thermal analysis (DTA) scans were run
with a Perkin-Elmer thermal analysis system from
room temperature to 1200°C with a heating rate of
10°Cmin~'. A typical DTA trace is presented in
Fig. 1. An endothermic peak was observed at 780°C,
due to the glass transition. Two large exothermic
peaks were observed at about 890 and 980° C. Later
X-ray diffraction studies confirmed that the exother-
mic peak at 890° C was due to the crystallization of
perovskite SrTiO;, and the exothermic peak at 980° C
corresponded to the crystallization of hexacelsian
SrALSi, Og. Two minor peaks were observed at 1070
and 1160°C; X-ray diffraction suggested that these
peaks corresponded to the crystallization of anatase
TiO, and the transformation of the SrAl,Si, O phase
from hexacelsian to anorthite.

3.2. X-ray diffraction

Crystalline phases were identified by the use of a
Phillips APD-3600 automated X-ray diffraction sys-
tem. XRD scans were taken on powdered glass-
ceramic samples for 20 at a rate of approximately
2°min "' (CuKo radiation). The phase progression in
these glass—ceramics with crystallization temperature
and time, derived from the XRD data, is summarized in
Table II. X-ray diffraction data are presented as a
series of XRD patterns of glass-ceramics given 1h
crystallizations at temperatures of 850, 900, 1000, and
1100°C, in Fig. 2.

At low crystallization temperatures (< 950°C),
XRD data suggested that perovskite SrTiO, did not
crystallize directly from the glass, but formed via a
“precursor” phase, with a structure slightly different
from perovskite. It was impossible to determine the
exact structure of this precursor phase from the XRD
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Figure 3 XRD patterns of glass—ceramics crystallized at 850° C for
(a) Th (b) 4h (c) 16h and (d) 64h.

data, because of line broadening due to fine crystallite
size. The d-spacings corresponding to the precursor
phase (0.281, 0.225, 0.204, 0.190, and 0.162 nm) were
close to those of perovskite SrTiO; (0.276, 0.225,
0.195, and 0.159nm). Most of the major perovskite
peaks appeared in the XRD patterns, although they
were shifted somewhat in position and intensity.
However, in these XRD patterns, a major peak was
observed at 0.204 nm, which could not be attributed to
perovskite SrTiO;.

The precursor phase first appeared after 4h at
800° C, 20 min at 850°C, and almost immediately at
900° C, consistent with the visual observations of the
clear to opaque white colouration change. The trans-
formation of the precursor phase to perovskite SrTiO;
is shown by a series of XRD patterns of glass—ceramics
crystallized at 850°C, in Fig. 3. With increasing crys-
tallization time, the positions of XRD peaks shifted
slightly, toward the d-spacings expected for perovskite
SrTiO,, and the anomalous peak at 0.204 nm decreased
in intensity. At low crystallization temperatures (800
to 900° C), this apparent transformation was sluggish,

TABLE II Progression of crystalline phases occurring with
crystallization temperature and time

800°C precursor phase (X) — perovskite SrTiO,
850°C (X) — perovskite SrTiO; hexacelsian SrAl, Si, Og
(after 16h)
900°C (X) — perovskite SrTiO, hexacelsian SrAl, Si, Og
(after 30 min)
1000°C perovskite SrTiO, SrAl,Si, Oy
(hexacelsian — trace anorthite) trace anatase
TiO, (after 2h)
1100°C perovskite SrTiO; SrAl, Si, O

(hexacelsian — anorthite)
TiO, (anatase — trace rutile)

as the XRD peak at 0.204 nm was present, even after
the longest crystallization times investigated. This
peak was also observed with low intensity in the XRD
patterns of glass—ceramics crystallized at 950°C for
1h and up to 30 min at 1000° C, although the perov-
skite SrTiO, phase was well established in these glass—
ceramics. With higher crystallization temperatures
(1000 to 1100°C), the crystallization of perovskite
SrTiO,; was rapid, and the amount of SrTiO; in the
glass—ceramics did not appear to increase appreciably
with crystallization time. Quantitative XRD analysis
was inconclusive because of the large differences in
XRD peak profiles and the presence of a significant
amount of residual glass in the glass—ceramics.

Estimates of the SrTiO; crystallite sizes by XRD
line broadening were made using the Scherer equation
[12]. This method was not conclusive for the study of
these glass—ceramics because of several complicating
factors: (1) the coexistence of the precursor and perov-
skite SrTiO, phases; (2) a large proportion of residual
glass at low crystallization temperatures; and (3) the
effect of strain on the SrTiO; crystallites due to clamp-
ing by the glass—ceramic matrix [6]. Nonetheless,
XRD line broadening indicated SrTiO, crystallite
sizes of less than 20 nm for glass—ceramics crystallized
below 1000°C, increasing to about 30nm in glass—
ceramics crystallized at 1000° C. The crystallite sizes
increased slightly with crystallization time. Only mini-
mal line broadening was observed in glass—ceramics
crystallized at 1100° C, indicating a much larger crys-
tallite size.

As the crystallization temperature was increased,
the formation of SrTiO, was followed by that of other
phases from the glass matrix. The first secondary
phase to crystallize from the matrix was hexacelsian
SrALSi,Oq; this phase first appeared after 16h at
850° C, 30 min at 900°C, and almost immediately at
higher temperatures. The XRD peaks corresponding
to this phase were much narrower than those of
SrTiO,, indicating a larger crystallite size of the hexa-
celsian phase. Unlike the low temperature (< 950°C)
crystallization of SrTiO;, the crystallization of hexa-
celsian SrAlLSi,O; was complete after a relatively
short time, as evidenced by the fact that once the
hexacelsian phase was formed, XRD peak intensities
were unaffected by a further increase of crystallization
time.

The hexacelsian SrAl,Si, Oy phase transformed to
anorthite, a triclinic feldspar, at crystallization tem-
peratures of 1000 and 1100° C. Traces of the anorthite
phase were first detected in glass—ceramics crystal-
lized for the longer times at 1000°C, and at 1050°C
for 1h. At 1100° C, the hexacelsian phase crystallized
first, and was followed by the gradual transformation
to anorthite; the transformation was complete after
8 h. The crystallization of titania also occurred at high
crystallization temperatures. For crystallization times
of greater than two hours at a temperature of 1000°C,
a trace amount of anatase TiO, was detected. The
amount of anatase increased for glass-ceramics crys-
tallized at 1050 and 1100°C. In the glass—ceramics
crystallized for longer times at 1100° C, some of the
TiO, was present as rutile.
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3.3. Microstructure

Microstructural and analytical techniques were applied
to the glass—ceramics crystallized between 850 and
1100° C with a Phillips EM-420 TEM and a Joel 200-
CX TEM, both of them fitted with energy dispersive
spectrometers. The TEM samples were prepared by
mechanical polishing of thin sections, followed by ion
beam milling. Further microstructural information
was obtained for glass—ceramics crystallized at 1100°C
by scanning electron microscopy with an ISI DS-
130 SEM equipped with KEVEX system 7000 EDS
(energy dispersive spectroscopy). The SEM analysis
was performed on glass—ceramic surfaces which were
polished with cerium oxide and etched for 10 sec with
a 5% solution of HF.

The microstructural development in the early stages
of crystallization is shown by TEM data of glass—
ceramics crystallized at 850°C, in Fig. 4. Initial
crystallization at 850°C occurred after 20 min. The
microstructure of this sample (Fig. 4a) consists of
isolated spherulites of up to 0.5 um in diameter, com-
posed of radiating dendrites. These dendrites appeared
to be composed of individual crystallites of about
20nm in size. A selected area electron diffraction
(SAED) pattern of one of these spherulites in the
sample crystallized for 20min at 850°C (Fig. 5),
corresponds to a {0 10) zone axis diffraction pattern
of perovskite SrTiO;. The fine structural spot splitting
of the reflections in this pattern was caused by mis-
orientations within the SrTiO; crystal. These data
indicate that the crystalline phase present during the
early stages of crystallization was perovskite SrTiO;,
even though XRD data suggested a precursor phase
with a slightly different structure. Continuous growth

4000

Figure 4 TEM micrographs of glass-
ceramics crystallized for various times at
850°C (a) 20 min, (b) 1 h, (¢) 4h, (d) 16h
and (¢) 64h. H denotes hexaceisian
SrAl, Si, 0.

of the SrTiO; spherulites from the glassy matrix was
observed with increasing crystallization time (1 and
41), as the microstructure became a network of inter-
locking dendritic crystals (Figs 4b and 4c). The hexa-
celsian SrAl,Si,O; phase was observed in glass~
ceramics crystallized at 850°C for 16 and 64h, in
agreement with XRD results. The development of this
phase is shown by the microstructure of these samples,
in Figs 4d and 4e. The hexacelsian phase grew inter-
stitially around the dendritic SrTiO, crystals, and was
present as equiaxed crystals of about 50 nm in size.

TEM microstructures of glass—ceramics crystallized
for 1h at 900 and 1000° C are shown in Fig. 6. The
development of the perovskite SrTiO; and hexacelsian
SrAl; Si,Oq phases proceeded differently than at lower
temperatures. In the sample crystallized at 900° C for

Figure 5 SAED pattern of dendritic crystal cluster from glass—
ceramic crystallized at 850° C for 20 min.



1h (Fig. 6a), dispersed crystallites of SrTiO, were
observed, and the dendritic nature was almost com-
pletely absent. Also, oblong crystals (about 100 nm) of
the hexacelsian phase were apparent. In the glass—
ceramic crystallized at 1000°C for 1h (Fig. 6b), a
more pronounced dispersion of SrTiO; crystallites was
observed. The hexacelsian crystals were larger in size
and more oblong. The crystallite size of SrTiO, in
glass—ceramics crystallized at 900 and 1000° C was less
than 25nm, in agreement with XRD data.

The microstructures of glass-ceramics crystallized at
1100° C were very different from those with lower
crystallization temperatures, consistent with the XRD
observation of multiple crystalline phases. SEM
micrographs of glass-ceramics crystallized at 1100°C
for 2, 4, and 8 h appear in Fig. 7. A dispersed phase of
less than 1um (presumably SrTiO,) was vaguely
apparent in these micrographs; however, the most
striking feature was the development of large, acicular
crystals appearing after a crystallization time of 4 h.

Figure 6 TEM micrographs of glass—
ceramics crystallized for 1h at (a) 900°C
and (b) 1000°C.

With further crystallization time, these acicular crys-
tals increased in size, from up to 10 um in length after
4 h to 80 um in length after 16 h. An SEM micrograph
of the 16h sample appears in Fig. 8, along with a
corresponding EDS-derived titanium map. Titanium
was evenly distributed throughout the microstructure
(corresponding to the dispersed SrTiO; phase). How-
ever, an increased density of titanium was observed in
the regions of the acicular crystals, indicating that the
acicular phase was titania.

Further microstructural information was obtained
by TEM of the glass—ceramic crystallized at 1100°C
for 4h (Fig. 9). A TEM micrograph of an area
between the acicular titania crystals appears in Fig. 9a.
The SrTiO, crystals were much larger (500 nm) and
displayed a faceted growth habit. The interstitial
SrAlL Si, Oq phase was identified by SAED as anorthite
in this sample, in agreement with XRD data. Heavy
“twinning” was also observed within the anorthite
crystals. No evidence of the hexacelsian phase was
found, although XRD suggested that at least some of
the silicate phase was present in this form. Both the
anatase and rutile forms of titania were observed,
again as suggested by XRD. The acicular titania phase
was identified as rutile, whereas the anatase was
present in lesser quantity as smaller (200 nm), equi-
axed crystals. A TEM micrograph of one of the
acicular rutile crystals is shown in Fig. 9b. Crys-
tallographic shear planes (a) and anti-phase bound-
aries (b) within the rutile crystal are indicated.

Figure 7 SEM micrographs of glass—ceramics crystallized at 1100°C
for (a) 2h, (b) 4h and (c) 8h.




Figure 8 SEM micrograph and (b) corresponding EDS titanium map of glass—ceramic crystallized at 1100°C for 16 h.

4. Discussion

In the early stages of crystallization, the XRD patterns
were difficult to interpret due to the extremely fine
crystallite sizes in the glass—ceramics, preventing a
non-ambiguous structural determination of the pre-
cursor phase by XRD. However, structural informa-
tion obtained by TEM indicated that the precursor
phase was perovskite SrTiO;. Perhaps, the anomalous
XRD data was a result of short-range ordering in the
very initial stages of SrTiO, crystallization.

The complex crystallization sequence of these glass—
ceramics can be summarized as follows: (1) the crystal-
lization of perovskite SrTiQ;; (2) the crystallization of
SrAl, Si,Oq (as hexacelsian or anorthite); and (3) the
crystallization of TiO, (as anatase or rutile). A com-
petition for SrO existed between the SrTiO, and
SrAl, Si, O, phases during crystallization of the glass—
ceramic. The crystallization of SrTiO; could not be
taken to completion before the crystallization of
SrAl, Si, O occurred, thereby decreasing the yield of
SrTiO,. This was likely caused by a depletion of SrO
and TiO, in the region of the nucleating SrTiO; crys-
tals. The residual glass in these depleted regions
apparently was of a composition more conducive to
the crystallization of SrAl,Si,Oy.

The appearance of titania in the glass—ceramics
with the higher crystallization temperatures was not
unexpected on the basis of the initial glass com-

position. The molar ratio of strontium to titanium was
close to unity, so that excess TiO, would have been
present in the residual glass after the crystallization of
SrTiO; and SrALSi,O,. The balance between the
SrTiO, and SrAl,Si, O, phases determined the amount
of TiO, available to crystallize. The glass composition
also dictated that a residual glass existed after the
crystallization of SrTiO;, SrAl,Si, Oy, and TiO,. The
residual glass consisted of SiO, and Al,O,; its exact
composition was determined by the relative amounts
of the crystalline phases.

It is interesting to note that the hexacelsian SrAl,
Si,O4 is metastable at temperatures below its melting
point of 1650°C [13], although the same hexacelsian
phase has been observed in analogous BaO-TiO,-
Si0,~Al,O; glass—ceramics [1-2]. The densities of
hexacelsian and anorthite are 2.99 and 3.17gem ™3,
respectively. The crystallization of hexacelsian in
preference to anorthite was likely related to the den-
sity of the residual glass prior to crystallization of
hexacelsian. The density of uncrystallized glass
was 3.20gem™>; after crystallization of SrTiO,
(5.12gcm™?), the density of the residual glass would
be much lower. Since deformation or a significant
density change during crystallization did not occur,
stresses would have been exerted by the residual glass
matrix on the SrAl,Si,Og crystals as they formed;
these stresses would have favoured crystallization of

200_nm

Figure 9 TEM micrographs taken on the glass—ceramic crystallized at 1100°C for 4h (a) area showing SrTiO, (S), anorthite (ANO)
and anatasr (ANA) crystal phases and (b) potion of acicular rutile crystal, showing crystallographic shear planes (A) and anti-phase

boundaries (B).
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the lower density phase (hexacelsian). The transforma-
tion of the hexacelsian phase to its anorthite poly-
morph occurred at higher crystallization temperatures
were deformation of the glass allowed the associated
stresses to be relieved. Similarly, the first titania
phase to form in these glass—ceramics was anatase
(3.89 gcm?), which was followed by the formation of
rutile (4.25 gem ™). These structural phenomena were
observed over a wide range of SrO-Ti0,-Si0,-Al, 0,
compositions and crystallization conditions [9].

At low crystallization temperatures (850 and 900° C),
the formation of SrTiO; resulted in a spherulitic
growth texture, in which dendrites radiated from
nucleation sites. These textures are typical of glass-
ceramics prepared under conditions in which the
nucleation and growth of crystalline phases are dif-
ficult [14-15). This type of microstructure was aiso
observed in glass—ceramics of the analogous PbO-
Ti0,-S10,~Al, 05 system [5]. The fine structural spot
splitting, observed by SAED, was likely caused by
tilt-boundaries as the SrTiO; crystals grew. As the
crystallization temperature (or time) was increased,
interstitial growth of hexacelsian SrAl, Si, O, inhibited
the further growth of SrTiO;, as evidenced by the
TEM observation of interrupted dendritic growth.
The growth of the hexacelsian phase mainly inhibited
the growth of the secondary branches (nodes) of the
dendritic crystals of SrTiQ,. In glass—ceramics crystal-
lized at 1000°C, the interstitial crystallization of the
hexacelsian phase was rapid enough to prevent the
dendritic growth of SrTiO,, resulting in dispersed
SrTiO, crystals. As the crystallization temperature
was increased to 1100°C, the morphology of the
SrTiO; crystals changed dramatically; the SrTiO,
crystals were much larger and faceted. This indicates
that the nucleation and growth kinetics were much
improved at this temperature.

The presence of large acicular rutile crystals was the
dominant microstructural feature in glass—ceramic
samples crystallized for longer times at 1100° C. This
is an apparent contradiction with XRD data, which
suggested that the rutile was only a minor phase
in these glass—ceramics. The crystallographic shear
planes (CSP) and anti-phase boundaries, observed
within the rutile crystals, were similar to microstruc-
tural features in rutile crystals as reported by other
workers [16-17]. Rapid growth of the rutile crystals
may have made it difficult for the crystals to maintain
stoichiometry, and the CSP may have formed to
accommodate non-stoichiometric regions within the
rutile crystals by edge sharing of octahedra.

5. Conclusions

In this SrO-TiO,-Si0,-Al, 0, glass—ceramic system,
the crystalline phases observed and the final micro-
structures were strongly dependent on the crystalliza-
tion conditions, and the following observations were
made.

(1) At low crystallization temperatures (800 to
900° C), the initial crystallization of perovskite SrTiO;
occurred via a spherulitic crystal growth mechanism,
resulting in dendritic SrTiO; crystal clusters, com-

posed of 20 nm crystallites. As the crystallization time
was increased, hexacelsian SrAl,Si,Oy crystallized
interstitially, interrupting the dendritic growth of the
SrTiO;.

(2) At higher temperatures (900 to 1000°C), a
competition for strontium occurred between the SrTiO,
and SrAl,Si,0, hexacelsian phases. The microstruc-
ture consisted of dispersed SrTiO; crystallites (50 nm)
and larger (200 nm) hexacelsian crystals.

(3) At a crystallization temperature of 1100°C, the
morphology of the SrTiO, phase consisted of larger
(500 nm) faceted crystals, and hexacelsian SrAl, Si, O
transformed gradually with time to its anorthite poly-
morph. Also at 1100°C, titania crystallized, first as
small (300 nm) crystals, and then as large acicular
rutile crystals which grew to 80 um in length after 16 h.
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