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The dielectric properties of the strontium titanate aluminosilicate glass-ceramics described in
the previous paper have been investigated over the frequency range of 10 to 1000 kHz and
temperature range of —170 to 200° C. The dielectric properties were strongly dependent on
the crystallization conditions, which determined the amounts of SrTiO; and secondary crystal-
line phases, and the microstructure of the glass-ceramics. Room temperature values of the
dielectric constant and temperature coefficient varied from 13.5 and +125p.p.m. °C™ " in
uncrystallized glass to 47 and —3600 p.p.m. °C™", respectively, in glass-ceramics crystallized

for 16 h at 1100° C.

Relatively low dielectric losses (tan 6 = 0.002 at 1 MHz) were observed in uncrystallized
glass, and the dielectric losses increased with both frequency and temperature. The dielectric
loss at temperatures below —50° C increased upon crystallization of SrTiO,, while the dielec-
tric loss at ambient temperatures (and above) decreased significantly with the crystallization of
hexacelsian SrAl,Si, 0. The crystallization of titania in glass-ceramics with high crystallization
temperatures resulted in large low frequency, high temperature losses, due to Maxwell-
Wagner-Sillars effects. In most glass and glass-ceramic samples, a temperature-independent
increase of dielectric loss was observed over the frequency range of 10 to 1000kHz from —50
to 200° C; the cause of these increased losses was not determined.

Maxima in both the dielectric constant and loss appeared at low temperatures (below
—100° C), and their magnitudes increased, as the crystallization temperature or time was
increased. In the early stages of crystallization, the dielectric constant maxima could be
explained on the basis of dielectric mixing between perovskite SrTiO, and the glassy matrix.
However, with higher crystallization temperatures, peaks in the dielectric constant and loss
were the result of ferroic effects within the SrTiO;.

1. Introduction

The dielectric properties of glass-ceramics warrant
investigation because the crystalline phases and
microstructure of glass-ceramics can be controlled by
the heat treatment conditions. The possibility thus
exists for tailoring of the dielectric properties of a
glass-ceramic to those desired for a particular appli-
cation. The crystallization behaviour and dielectric
properties of glass-ceramics with ferroelectric perov-
skite crystalline phases, such as BaTiO, [2-5], PbTiO;
[6-14], and NaNbO; [15-19], have been widely investi-
gated. These studies have demonstrated that both the
parent glass composition and heat treatment con-
ditions determine the crystalline phase constitution
and microstructure, and thus the dielectric properties
of this family of glass-ceramics. The dielectric proper-
ties of glass-ceramics with ferroelectric perovskite
phases are controlled by such factors as the crystallite
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size and morphology, the nature and amount of resi-
dual glass and secondary phases, crystal clamping,
and the connectivity of the high-permittivity perov-
skite crystals in the low-permittivity glassy matrix.
The development of glass-ceramics for dielectric
applications has been hindered by the limited amount
of published investigations into the complicated
relationships between the crystallization, microstruc-
ture, and dielectric properties of glass-ceramics.
Perovskite SrTiO; is a well characterized dielectric
material, with a large dielectric constant and extremely
low dielectric loss; this suggests that SrTiO, glass-
ceramics may be suitable for a study of the crystalliz-
ation and dielectric properties of glass-ceramics.
SrTiO; aluminosilicate glass-ceramics have found
application as cryogenic capacitive temperature sen-
sors [20-22], and have been proposed for several other
cryogenic applications [23-24]. SrTiO;-containing
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glass-ceramics have also been proposed for ambient
temperature applications requiring temperature com-
pensation of the dielectric constant, which is achieved
through an appropriate balance between the negative
temperature coefficient of SrTiO; and the positive
temperature coefficient of the parent glass [25-26].

Recently, a detailed investigation into the crystal-
lization and dielectric properties of SrTiO; alu-
minosilicate glass-ceramics was completed [27], and
the crystallization and microstructure of glass-ceramics
with a particular SrTiO; aluminosilicate composition
were described in the previous paper [1]. It is the
purpose of the present paper to report the dielectric
properties of these glass-ceramics, correlating the
dielectric results with those of the crystallization study
presented in the previous paper. It was hoped that this
investigation would lead to an increased understanding,
facilitating future efforts at utilizing glass-ceramics for
dielectric applications.

2. Experimental procedure

The glass-ceramic samples used in this investigation
were identical to those described in the previous
paper [1]. Briefly, the glass composition consisted of
nominally 65wt% of SrTiO,, 23wt % SiO,, and
12wt % Al,O;. Samples for crystallization studies
and subsequent dielectric measurements were discs,
approximately 9mm diameter and 1 mm thick. Prior
to crystallization, the glass discs were subjected to a
heat treatment at 700° C for 100 h to re-oxidize resi-
dual Ti** that formed during melting. Crystallizations
were carried out at temperatures between 800 and
1100° C for times ranging from 15min to 64 h. Perov-
skite SrTiO; was the primary crystalline phase in
the glass-ceramics, and secondary crystalline phases
included SrAl,Si,O4 (hexacelsian or anorthite) and
TiO, (anatase or rutile). The exact details of the
crystalline phase make-up and microstructure of these
glass-ceramics were given in reference [1].

Prior to electroding, the glass-ceramic discs were
polished parallel with 12 um alumina. Electrodes con-
sisted of sputtered gold with air-dried silver paint
applied to protect the gold and improve electrical
contact. Dielectric measurements were made with a
Hewlett—-Packard 4275A LCR meter at selected fre-
quencies over the range of 10 to 1000 kHz. Tempera-
ture capability from —170 to 200°C was achieved
with a liquid nitrogen system based on a Delta Design
model 2300 temperature control box. Automated
measurements spanning the above temperature and
frequency ranges were performed utilizing a HP-9816
computer system and associated interfaces. Measure-
ments of capacitance and dissipation factor were
made pseudo-continuously on cooling at a rate of
4°Cmin™".

Temperature coefficients were calculated as follows:
(1) the 1 MHz dielectric constant versus temperature
was fit to a ninth-order polynomial; (2) the slopes at
25° C were calculated from the coefficients of the poly-
nomial; and (3) the temperature coefficient was calcu-
lated by dividing the slope by the value of the dielectric
constant at 25°C. The temperature coefficient calcu-
lated in this manner actually corresponded to the

temperature coefficient of capacitance because thermal
expansion was not taken into consideration. With this
qualification, the temperature coefficients of capaci-
tance (TCC) and dielectric constant will be assumed
equivalent.

3. Results

3.1. Dielectric constant data

The room temperature dielectric constant of uncrys-
tallized glass was 13.5 witha TCC of 125 p.p.m. °C~'.
The dielectric constant increased and the TCC became
negative upon crystallization of perovskite SrTiO;
with its large dielectric constant (300) and strongly
negative TCC (—3600p.p.m.°C~!). The dielec-
tric constant of glass-ceramics crystallized for 1h
increased to a value of 35 as the crystallization tem-
perature was increased to 1000° C, and decreased as
the crystallization temperature was further increased
to 1100°C. The TCC data were consistent with the
dielectric constant data in that the glass-ceramic
crystallized at 1000°C had the most negative TCC
(—1950p.p.m.°C™"). The increased magnitudes of
the dielectric constant and TCC with crystallization
temperature up to 1000°C was due to an increased
amount of SrTiO, in the glass-ceramics. With higher
crystallization temperatures, a competition between
StrTiO; and other crystalline phases (SrAl,Si,Oq
and TiO,) decreased the yield of SrTiO; in the glass-
ceramic, and the magnitudes of the dielectric constant
and TCC decreased.

Plots of dielectric constant and TCC against crystal-
lization time at temperatures of 800, 850, and 900° C
appear in Fig. 1. These data were consistent with the
amount of SrTiO; with crystallization time, as indi-
cated by the XRD data presented in the previous
paper [1]. The dielectric constant remained constant
until SrTiO; was detected by XRD (4 h at 800° C and
20min at 850°C), and then increased gradually with
further crystallization time. A step-function increase
of the dielectric constant was observed after 16h,
corresponding to the crystallization of hexacelsian
SrAl,Si,04. At 900° C, the crystallization was almost
complete after a relatively short time; in these samples,
the dielectric constant increased with crystallization
time up to 2h, and then increased at a much slower
rate as the crystallization time was further increased.
The TCC of glass-ceramics crystallized between 800
and 900° C scaled with the magnitude the dielectric
constant, as shown by a plot of TCC against dielectric
constant for these glass-ceramics in Fig. 2. As the
dielectric constant increased, the TCC decreased as
expected. A discontinuity in this curve appeared at a
dielectric constant of about 21, corresponding to
the crystallization of hexacelsian SrAl,Si,Oq; this
feature was noted earlier with respect to the 850°C
crystallized glass-ceramics. The hexacelsian apparently
affected the dielectric mixing, resulting in increased
magnitudes of the dielectric constant and TCC.

The effect of crystallization time on the dielectric
constant as a function of temperature is shown in
Figs 3 to 5, as plots of normalized dielectric constant
(the dielectric constant divided by the value at 25° C)
against temperature for glass-ceramics crystallized for
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Figure I (a) dielectric constant and (b) TCC plotted against crystal-
lization for glass-ceramics crystallized at 800 (a), 850 (®) and 900
(m) °C.

various times at temperatures of 800, 850, and 900° C.
A maximum in the dielectric constant against tem-
perature plot was observed at about — 120° C for the
glass-ceramic crystallized at 800° C for 16 h. This peak
shifted to below — 170° C with further crystallization
time at 800° C. Similarly, dielectric constant maxima
appeared and shifted to lower temperatures as the
crystallization time was increased from 0.75 to 2h at
850° C. The dielectric constant increased with decreas-
ing temperature down to —170°C in glass-ceramics
crystallized for longer times at 850° C and at all times
at 900° C; dielectric constant peaks occurred at lower
temperatures in these samples as indicated by low
temperature measurements [28].
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Figure 2 TCC plotted against dielectric constant from dielectric
data of glass-ceramics crystallized at 800 (a), 850 (O) and 900 (v)°C.
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Figure 3 Plot of normalized dielectric constant at | MHz (the dielec-
tric constant divided by the value at 25° C) against temperature for
glass-ceramics crystallized at 800°C.

The crystallization of SrTiO, at 1000° C was essenti-
ally complete after 1 h, as suggested by room tempera-
ture dielectric constant data, and confirmed by XRD
[1]. The dielectric constant increased slightly from 33 to
35 during the first hour of crystallization time, and
remained constant with further crystallization time.
The TCC also increased over the first hour, from
—1500p.p.m.°C ! after 15min to —1950p.p.m.°C™"
after 1h. However, the TCC continued to increase
with further crystallization time, reaching a value of
—2200 p.p.m.° C™ ! after 16 h, even though room tem-
perature dielectric remained unchanged. The effect of
crystallization time at 1000°C is further shown by
plots of the normalized dielectric constant against tem-
perature in Fig. 6. Dielectric constant peaks at tem-
peratures below — 170° C were also suggested by the
shapes of these curves and confirmed by low tem-
perature measurements [28]. The increase of TCC with
crystallization time from 1 to 16 h thus resulted from
the development of these low temperature dielectric
constant peaks.

Dielectric constant and TCC data of the series of
glass-ceramics crystallized at 1100° C are presented as
plots of dielectric constant and TCC against crystal-
lization time in Fig. 7. The dielectric constant was
relatively constant (between 27 and 30) over the first
2h at this temperature. After 4 h, the diclectric con-
stant increased rapidly with further crystallization time,
reaching a plateau value of about 47 after 16 h. The
TCC data of glass-ceramics of the 1100°C series
followed a similar trend to that of the dielectric con-
stant data. The magnitudes of TCC in glass-ceramics
crystallized for 16 and 32h at 1100°C (about
— 3800 p.p.m.°C~") were larger than that measured
on a single crystal of SrTiO; (—3600p.p.m.°C™").
This would not be possible for straight dielectric
mixing beween SrTiO; and the matrix (assuming single
crystal dielectric properties are followed by the SrTiO;
in the glass-ceramic). These data strongly suggest that
the low temperature dielectric constant peak was not
the result of dielectric mixing.

The temperature dependencies of the dielectric con-
stant of glass—ceramics crystallized at 1100°C were
dominated by the presence of dielectric constant peaks
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Figure 4 As Fig. 3 for crystallization at 850°C.

below —170°C, which were indicated by low-
temperature measurements [28]. The normalized
dielectric constant plotted against temperature for
glass-ceramics crystallized at 1100° C are compared in
Fig. 8. The dielectric constants of glass-ceramics with
shorter crystallization times at 1100° C increased with
decreasing temperature, suggesting peaks at tempera-
tures much below — 170° C. With longer crystallization
times, the increase of the dielectric constant with
decreasing temperature became more pronounced.
After the longer times at 1100° C, the shapes of these
curves suggested that the temperature of dielectric
constant peaks had increased to just below —170°C;
this apparent trend was confirmed [28].

3.2. Dielectric loss data
The dielectric loss of uncrystallized glass was rela-
tively temperature-independent and incrcased with
frequency; at room temperature, dissipation factors
were 0.0007 and 0.0016 at 10 and 1000 kHz, respec-
tively. The diclectric loss behaviour of glass-ceramic
samples was similar to that of uncrystallized glass; the
temperature-independent increase of loss remained
upon crystallization. However, the magnitude of the
losses were larger and temperature dependence of the
losses were significantly different in the glass-ceramics.
The temperature dependence of the dielectric loss in
glass-ceramics crystallized at 800 and 850°C are
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shown by plots of the 1 MHz dissipation factor
against temperature in Fig. 9. Dielectric losses of the
glass-ceramics with short crystallization times gener-
ally increased with frequency and decreased with tem-
perature. As the crystallization time was further
increased, the higher temperature losses decreased and
the lower temperature losses increased. The increase
of the low temperature dielectric loss with crystalliz-
ation time was especially obvious in the glass-ceramics
crystallized at 850°C. The low temperature dissi-
pation factor (—170°C and 1 MHz) increased from
about 0.002 to 0.0045 as the crystallization time was
increased from 20 min to 64 h. The increase of the low
temperature dielectric losses with crystallization time
at 800 and 850°C correlated with the increase of the
low temperature dielectric constant and suggested a
dependence on the amount of SrTiO, in the glass-
ceramic. Another feature observed in the dielectric
losses of the 850°C series of glass-ceramics was a
sharp decrease of the higher temperature dielectric
loss as the crystallization time was increased beyond
16 h, corresponding to the crystallization of hexa-
celsian SrAl,Si,O;. This decrease was especially
obvious for the lower frequency (10 and 100 kHz)
data. These decreased losses were likely caused by a
decrease in the amount of residual glass and thus the
migrational component of the dielectric loss. However,
despite the lower loss levels, the athermal increase of
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Figure 6 As Fig. 3 for crystallization at 1000° C.
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Figure 7 (a) dielectric constant and (b) TCC plotted against crystal-
lization time for glass-ceramics crystallized at 1100°C.

loss with frequency remained intact upon crystalliz-
ation of hexacelsian.

Dielectric loss spectra of glass-ceramics crystallized
at 900 and 1000°C for 1 h are presented in Fig. 10.
These data are summarized by two observations:
(1) the high temperature dielectric losses were very
low, consistent with the presence of hexacelsian
SrAlLSi,O4; and (2) the low temperature dielectric
losses were large and increased with crystallization
temperature. The effect of crystallization time on
the dissipation factor (1MHz) as a function of
temperature (— 170 to 200° C) of glass-ceramics crystal-
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Figure 8 As Fig. 3 for crystallization at 1100°C.

lized at 900° C is shown in Fig. 11. The glass-ceramic
crystallized for 30 min displayed somewhat larger high
temperature losses, consistent with the incomplete
crystallization of hexacelsian in this sample, as indi-
cated by XRD [1]. The high temperature losses of
glass-ceramics crystallized for longer times were much
lower. The low temperature dielectric losses increased
with crystallization time, consistent with the increased
dielectric constants. The dielectric loss as a function of
temperature of glass-ceramics crystallized at 1000°C
were relatively independent of crystallization time,
even though the dielectric constant at —170°C
increased from 55 to 84 as the crystallization time was
increased from 15min to 64h. Apparently the mech-
anism respounsible for the increased magnitude of low
temperature dielectric constant peaks did not contri-
bute to the dielectric loss in this temperature range.

Glass-ceramics crystallized at 1100°C displayed
large dielectric losses at both low and high tem-
peratures. At higher temperatures, the dielectric loss
increased significantly with decreasing frequency. The
increase of these losses with crystallization time is
shown by plots of the 10kHz dissipation factor
against temperature (0 to 200°C) for glass-ceramics
with various crystallization times in Fig. 12. Increased
high temperature losses first appeared in glass-ceramics
crystallized at 1050° C and corresponded to the crys-
tallization of titania (as anatase or rutile). The titania
phase may have been more conductive than the matrix,
and thus could have caused the increased high
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Figure 9 Plot of the 1 MHz dissipation factor against temperature for glass-ceramics crystallized at (a) 800°C and (b) 850°C.
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Figure 10 Dielectric loss spectra of glass-ceramics crystallized at (a) 900° C and (b) 1000°C for 1h.

temperature losses by a Maxwell-Wagner-Sillars
mechanism [29]. The increase of these losses with
crystallization time at 1100° C was related to micro-
structure, i.e., the development of the large acicular
rutile TiO, crystals observed in the SEM micrographs
of glass-ceramics crystallized at 1100°C for greater
than 2h [1]. These rutile crystals were shown to be
defective, as evidenced by the TEM observation of
crystallographic shear planes [1]. The presence of
‘defects (Ti**) in these rutile crystals would certainly
result in high conductivity, and the increased size
of the conductive rutile crystals would increase the
Maxwell-Wagner-Sillars losses.

Lower temperature dielectric losses of glass-ceramics
crystallized at 1100° C also increased with crystalliz-
ation time, as shown by plots of the 1 MHz dissipation
factor against temperature (— 170 to —100°C), in
Fig. 13. The dielectric loss increased in magnitude
as the crystallization time was increased, and peaks
developed at about — 150° C in glass-ceramics crystal-
lized for the longer times. The development of these
loss peaks with crystallization time corresponded to a
substantial increase of the dielectric constant in the
same temperature range. These loss peaks were fre-
quency dependent and coincided with a large frequency
dispersion of the dielectric constant. This is shown in
Fig. 14 with plots of the dielectric constant at 10, 100,
and 1000 kHz and the dissipation factor at 10, 100,
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Figure 11 The effect of crystallization time on the dissipation factor
(1 MHz) as a function of temperature (— 170 to 200° C) of glass-
ceramics crystallized at 900° C.

200, 400, and 1000 kHz against temperature (— 170 to
—100° C) of the glass-ceramic crystallized at 1100°C
for 16 h. As the frequency was increased, the dielectric
loss peak decreased in magnitude and shifted to higher
temperatures. The dispersion of the dielectric constant
and the presence of frequency dependent dielectric
loss peaks suggest a relaxation type mechanism.

4. Discussion
4.1. Temperature compensation of the
dielectric constant
The development of dielectric constant maxima in
similar glass-ceramics in the early stages of crystalliz-
ation was described in an earlier paper [26]. In these
glass-ceramics with low SrTiQO, content, maxima in
the dielectric constant versus temperature can be
predicted on the basis of dielectric mixing between the
SrTiO; and the glassy matrix. This was demonstrated
by a modelling study in which the dielectric constant
as a function of temperature was calculated from data
of single crystal SrTiO, and uncrystallized glass, using
Niesel’s approximation [30], valid for high permittivity
spheres in a low permittivity matrix

ki, = 02524 — B) + 02524 — B + 8k k,)**

where 4 = vk, + vk, and B = vk, + v,k;.
In the above equation, the quantities » and %k
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Figure 12 Plot of the 10kHz dissipation factor against temperature
for glass-ceramics for various crystallization times for crystallization
at 1100°C.

4009



0.03 T T T T T T T T T T L T T
- 16 h 4
N ooz
T L
E -
w0 o
c
5001
O' 1 TR S S | L L | i t b
-i75 -150 -125 -100

TEMPERATURE (°C)

Figure 13 Plot of 1 MHz dissipation factor against temperature for
crystallization at 1100°C.

correspond to the volume fractions and dielectric con-
stants, and the subscripts 1, 2, and 12 correspond to
the matrix, SrTiO;, and mixture, respectively. This
dielectric mixing equation was used in earlier studies
of BaTiO, [1] and PbTiO, [10] glass-ceramics. The
calculated dielectric constant and TCC are plotted
against volume fraction SrTiQ, in Fig. 15. This model
predicts that the dielectric constant would increase,
and the TCC would decrease, becoming negative, as
the volume fraction of SrTiQ, was increased. This
trend is identical to that observed with both crystal-
lization temperature and time in the present glass-
ceramics. A dielectric constant of 16.4 is also predicted
for the glass-ceramic with TCC equal to zero, and
extrapolation of the data in Fig. 2 gives a similar value
of 17.5. The above model predicts that the TCC would
be equal to zero with a SrTiO; volume fraction of
0.074; the dielectric constant as a function of tem-
perature corresponding to this volume fraction, as
predicted by this model, is shown in Fig. 16. The
modelled temperature dependence gives good quali-
tative agreement with the observed results; a maxi-
mum in the dielectric constant at low temperatures
and a minimum at higher temperatures were predicted.
This demonstration indicates that the dielectric con-
stant maxima observed in the glass-ceramics with low
crystallization temperatures (low SrTiO,; contents)
were the result of dielectric mixing.
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4.2. Low temperature dielectric behaviour

Tt was clear from the dielectric measurements presented
earlier that the low temperature dielectric constant
peaks observed in glass-ceramics with high crystalliz-
ation temperatures were not the result of simple
dielectric mixing between the SrTiO, and matrix
phases, as described above. Further support for this
conclusion was obtained from low temperature dielec-
tric measurements of these same glass-ceramics [28].
The temperature range of the loss peaks was insen-
sitive to crystallization conditions and was close to
that of the known ferroelastic transition in SrTiO,
[31]. Itis possible that the extremely fine crystallite size
and/or stresses exerted on the SrTiO, crystallites by
the matrix affected the ferroelastic transition in the
SrTiO;. This may have caused the observed relaxation
type loss peaks although the nature of this interaction
cannot be inferred from the data.

The increased magnitude of the low temperature
dielectric constant and loss peaks in the glass-ceramics
crystallized for the longer times at 1100° C cannot be
related to the amount of SrTiO; in the glass-ceramic,
and must be related to microstructural features: (1) the
transformation of the major matrix phase from hexa-
celsian to anorthite SrAl,Si,Oq; (2) the development
of the large acicular rutile crystals; and (3) an increase
of the SrTiO; crystallite size. The transformation of
hexacelsian to anorthite was a gradual change and
thus cannot be responsible for the sudden increase of
dielectric constant and loss with crystallization times
greater than 2 h. The other two factors may have been
responsible, by way of the following scenario: (1) the
increased SrTiO; crystallite size may have allowed for
a greater contribution of domain wall motion to the
diclectric properties; and (2) the development of the
acicular rutile crystals, beginning after 4h at 1100°C,
may have altered the mechanical properties of the
matrix and affected the interaction of the SrTiO; with
the matrix. These low-temperature dielectric phenom-
ena have recently been described in more detail [28].

4.3. Athermal loss

An interesting feature of these glass-ceramics was the
temperature-independent (athermal) increase of dielec-
tric loss observed over the frequency range of 10kHz
to 1 MHz. The upper limit of the frequency range
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Figure 14 Plot of (a) dielectric constant and (b) 1 MHz dissipation factor against temperature for glass-ceramics crystallized at 1100°C for 16h.
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Figure 15 Modelled (a) dielectric constant and (b) TCC plotted
against volume fraction SrTiO; using Niesel’'s approximation.

of the athermal losses extended well into the micro-
wave region and was not active below 10kHz [32].
This mechanism dominated the dielectric loss behav-
iour of uncrystallized glass and certain glass-ceramics
over the temperature range of 10 to 500 K. When the
other loss mechanisms were present, the athermal loss
was obvious in temperature ranges outside of these
mechanisms.

Similar athermal increases of dielectric loss with
frequency have been observed in alkali-free alumino-
borate glasses [33-34]. In calcia-aluminoborate glasses,
the athermal loss phenomenon was observed over the
frequency range of 100 Hz to greater than 40 GHz
[33]. The electrical conductivities of these glasses were
low, so that the migrational component of the dielec-
tric loss did not prevent the observation of the ather-
mal loss mechanism at low frequencies. The athermal
loss was attributed to the low frequency tail of a
vibrational loss mechanism [33]. It was suggested that
a vibrational loss mechanism could be extended to
lower frequencies by the vibration of entire regions in
the glass, i.e., clusters rich in modifying ions [35].
The increased masses of the vibrating species would
decrease the vibrational (resonant) frequencies and
the wide variety of masses would result in a range of
resonant frequencies. Another mechanism was pro-
posed, relating the observed athermal losses to elec-
tron hopping between localized energy levels [34, 36].
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Figure 16 Modelled dielectric constant plotted against temperature
for a SrTiO; volume fraction of 0.074.

Localized energy levels may have been related to
structural groups in the glass where charge neutrality
was not maintained: (1) a bivalent cation locally associ-
ated with only one non-bridging oxygen ion would
form an acceptor level: (2) a bivalent cation associated
with three or more non-bridging oxygens would form
a donor level; and (3) these features would tend to
associate with each other and give rise to the possi-
bility of electron hopping transitions.

With regard to the SrTiO, glass-ceramics of the
present study, the insensitivity of the observed ather-
mal loss to crystallization leads to confusion with
respect to either of the above explanations. It is clear
that the athermal loss in the present glass-ceramics
originated from the glass phase. The structure of
uncrystallized glass may have been distorted by the
presence of the large strontium ions, or by the exist-
ence of titanium ion in network-forming (tetrahedral)
sites. After crystallization, the structure of residual
glass may also have been disturbed, with large com-
positional heterogeneities. However, the dielectric loss
data was insufficient to determine which, if any, of the
above mechanisms was responsible for the observed
athermal loss behaviour. A comprehensive set of
dielectric loss measurements at higher (microwave)
frequencies, in conjunction with spectroscopic struc-
tural studies, would be necessary to assign a mechan-
ism to the observed athermal loss phenomenon with
any confidence.

5. Conclusions

This resecarch has demonstrated that the dielectric
propertics of these SrTiO; aluminosilicate glass-
ceramics were strongly dependent on microstructure
and the nature of the crystalline phases. Contrasting
types of dielectric behaviour were observed in glass-
ceramics crystallized under various conditions of
temperature and time. Specific conclusions are sum-
marized below.

(1) Room temperature values of the dielectric con-
stant and TCC in these glass-ceramics varied from
13.5and + 125 p.p.m. °C~" in uncrystallized glass to 47
and — 3800 p.p.m.°C™" in the sample crystallized for
16h at 1100°C.

(2) The dielectric constant and TCC were dependent
on the SrTiO, content in glass-ceramics crystallized
below 1000°C; the dielectric constant increased and

4011



the TCC became more negative as the crystallization
temperature and time were increased.

(3) In glass-ceramics crystallized between 1000
and 1100°C, the dielectric constant and TCC were
affected by microstructure, as dielectric constant
peaks developed at low temperatures and their mag-
nitude increased with crystallization time.

(4) High temperature Maxwell-Wagner—Sillars
losses were observed in glass-ceramics crystallized at
1100° C; these losses were related to the titania phase,
and increased with crystallization time, corresponding
to the development of the acicular rutile crystals.

(5) Low temperature diclectric loss peaks were
observed and their magnitudes increased with crystal-
lization time for glass-ceramics crystallized from 800
to 900° C, suggesting a dependence on the amount of
SrTiO; in the glass-ceramics. These losses were
independent of crystallization time at 1000°C.

(6) The low temperature dielectric losses of glass-
ceramics crystallized at 1100° C increased with crystal-
lization time. The glass-ceramics crystallized for 16
and 32h displayed the highest losses, along with a
strong dispersion in the dielectric constant. The low
temperature loss behaviour was attributed to ferroic
effects within the SrTiO; crystallites.

(7) A temperature-independent (athermal) increase
of dielectric loss with frequency was also observed in
these glass-ceramics. The mechanism responsible for
the athermal loss could not be determined from the
data.
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