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Abstract

The densification, crystallization, and dielectric/ferroelectric properties of a SrO-BaO-Nb,0s—SiO, glass-ceramic were investi-
gated. Glass-ceramics containing (Sr, Ba)Nb,Og tungsten bronze as the major crystalline phase can be sintered below 1000 °C. The
good sinterability is attributed to that the major crystallization process occurred after the sintering of the glass powder compact.
The variations of dielectric properties with sintering temperature and test frequency can be explained qualitatively by the amount of
SBN phase formed. The maximum dielectric constant at 1 kHz is about 351 for the glass-ceramic sintered at 1000 °C. The existence
of ferroelectricity is verified for the present glass-ceramic. The values of the remanent polarization and the coercive field are about
0.15 uC/em? and 4.5 kV/cm, respectively, for the glass-ceramic sintered at 1000 °C.
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1. Introduction

Controlled crystallization in glasses has led to the
development of glass-ceramic materials with pore-free,
fine-grained microstructure and specific properties.
Much of the work in the field of glass-ceramics has been
done on the thermal and mechanical properties. On the
other hand, fewer investigations were reported on the
high-permittivity glass-ceramics containing a ferro-
electric phase, such as BaTiO;z [1-4], PbTiO; [5-10],
LiTaO; [11], LiNbOj [12-15], NaNbO; [11,15-18],
KNbO; [11,19,20], and (Sr, Ba)Nb,Og [21,22].

In our previous paper [22], we have reported on the
crystallization of (Sr, Ba)Nb,Og tungsten-bronze phase
from SrO-BaO-Nb,Os-SiO, monolithic glasses, as well
as the dielectric properties of the resulting glass-cera-
mics. It is known that glass-ceramic materials can also
be produced by sintering and crystallization of glass
powder. The shaped powder compacts are subjected to
heat treatment leading to densification and crystal-
lization. This technology permits manufacture of small
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quantities of products with complex shapes using
ordinary ceramic-forming methods, for example, dry
pressing, slip casting, tape casting, screen printing,
extrusion, and injection molding [23].

It is well known that glass powders densify by viscous
coalescence. However, most crystallizable glass powders
are difficult to sinter because of the large surface arca
for nucleation, promoting crystal growth from the sur-
face of every glass particle toward the center and inhi-
biting effective sintering to achieve full density [24,25].
In the present study, the sinterability of the SrO-BaO—
Nb,O5-Si0, glass-ceramics containing ferroelectric (Sr,
Ba)Nb,O¢ phase has been demonstrated.

2. Experimental procedure
2.1. Sample preparation

A mixture of the mol% composition 22.55rO,
22.5Ba0, 15Nb,0s, 40Si0, was prepared from reagent-
grade SrCO3, BaCOj3, Nb,Os, and SiO». It was melted in
a platinum crucible for 6 h at 1600 °C. The melt was
quenched into frit form by being poured into deionized
water. The dried frits were crushed in an alumina-lined
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mortar grinder (model RMO, F. Kurt Retsch GmbH &
Co. KG, Germany) until the powder passed through
100 mesh. The crushed glass powder was then milled for
48 h in an yittria stabilized zirconia (YSZ)-lined mill
containing YSZ balls, poly(vinyl alcohol), and alcohol.
The resulting slurry was dried and screened (60 mesh).
The resulting particle size for the glass powder was
measured with a particle-size analyzer (model
MSEO02SM, Malvern Instruments Ltd., Worcestershire,
UK) and was about 2.5 um. The green compacts were
uniaxially pressed in a 10 mm diameter steel die lubri-
cated with a thin layer of stearic acid. The average green
density was about 2.50 g/cm?. The green compacts were
prefired at a heating rate of 10 K/min to 500 °C and
held for 2 h in air. The samples were then sintered in air
at the selected temperatures between 700 and 1000 °C
for 6 h, at a heating rate of 10 K/min, then furnace
cooled.

2.2. Characterization

The diameter shrinkages and bulk densities of the
sintered samples were measured by micrometer.
Phase identification was conducted by X-ray diffrac-
tion (XRD) analysis. Measurements were performed
on a diffractometer (Model D5000, Siemens, Karls-
ruhe, Germany) with Cuk, radiation and a Ni filter.
The operating power was 40 kV and 20 mA. A
sampling interval of 0.05° (260) was used. The sintered
samples were polished, etched with a 0.5 wt% HF
solution at 25 °C for 2 s, and then coated with a
thin film of gold for scanning electron microscopy
(SEM) observations.

Crystallized samples were gold electroded by sputter-
ing for the dielectric and ferroelectric measurements.
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Fig. 1. Bulk density and diameter shrinkage as a function of sintering
temperature.

The frequency dependencies of relative dielectric con-
stant and dielectric loss tangent were measured by an
LCR meter (HP 4284A, Hewlett-Packard, Tokyo,
Japan) at room temperature with an oscillating voltage
of 1 V in the frequency range 20 Hz to 1 MHz. The P-E
hysteresis loop was observed at room temperature using
a home-built modified Sawyer-Tower circuit with 60 Hz
sinusoidal field. The sample was dipped in silicone oil
during the measurement.

3. Results and discussion

Fig. 1 shows the diameter shrinkage and bulk density
as a function of sintering temperature for the sintered
bodies. Densification was not observed at 700-750 °C
and remarkable densification occurred when the sinter-
ing temperature was increased to 800 °C. In the range of
825 to 1000 °C, the degree of densification was satu-
rated. Curling of the sample was observed at tempera-
tures > 1100 °C.
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Fig. 2. XRD patterns of the (a) as-sintered and (b) polished surfaces for the samples sintered at various temperatures. (@: SBN, ¥: B,S;).
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Fig. 3. SEM pictures showing the microstructures of the bulk regions of the samples sintered at (a)(e) 825 °C, (b)(f) 850 °C, (c)(g) 900 °C, and (d)(h)
1000 °C.
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Fig. 2(a) and (b) shows the typical XRD patterns of
the as-sintered and polished surfaces, respectively, for
the sintered samples. It can be seen in Fig. 2(a) that the
samples were still amorphous at 850 °C. In the range of
875-1000 °C, (Sr, Ba)Nb,O¢ phase (denoted as SBN)
and a phase most likely corresponding to Ba,Si;Og
(JCPDS # 27-1035, denoted as B,S;) were observed. It
can be seen that there is a strong (410) preferred orien-
tation of SBN phase (20 ~29.6°) on the as-sintered sur-
face. After removing the free surface by polished the
sample [Fig. 2(b)], the texture was drastically vanished.
This result illustrates that a thin layer of preferred
orientation has developed on the sample surface. This
phenomenon of surface texture can usually be seen in
other glass-ceramic systems [26]. However, it is not clear
why the surface-nucleated SBN crystals exhibited the
earlier mentioned preferred orientation. Moreover,
according to Fig. 2(b), some degree of the broad scat-
tering intensity (26 ~20-35°), which is associated with
residual glass, still remained at 875 °C. However, the
broad scattering intensity disappeared at 1000 °C. The
earlier results indicate that the crystallization processes
mainly occurred at 875 °C and still proceeded at the
higher temperatures.

The microstructures of the samples with the higher
sintered densities were observed. Fig. 3(a)—(d) shows the
typical microstructures for the samples sintered at
825-1000 °C to show the pore morphology. The high
degree of densification is verified. The pores revealed a
spherical shape, which can usually be observed in vis-
cous sintering of glass powder compacts. Moreover, the
major pore-growth occurred when the temperature was
increased from 825 to 850 °C. This result can be
explained by the low total-viscosity of the sample in this
temperature range, because the remarkable crystal-
lization process has not taken place (Fig. 2). When the
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sintering temperature was increased to >875 °C, the
glass content was obviously reduced due to significant
crystallization (Fig. 2). Therefore, the pore growth pro-
cess ceased.

Fig. 3(e)—(h) are the enlarged microstructures to show
the crystal morphology. Small SBN crystals precipitated
at 825 °C and grew at 850 °C. However, the corre-
sponding XRD patterns (Fig. 2) revealed an amorphous
nature. The discrepancy between the microstructure and
the XRD patterns is possibly due to the small amount
of the SBN phase formed in this temperature range.
When the temperature was further increased (e.g. 900
and 1000 °C), a large amount of SBN phase and B,S;
phase formed. The highly etched matrix indicated that
the B,S; phase had crystallized from the residual-glass
matrix, possibly because of the increased silicon content
and decreased niobium content, which were established
during the crystallization of SBN.

It is well known that glass powders densify by viscous
coalescence. However, most crystallizable glass powders
are difficult to sinter because of the large surface arca
for nucleation, promoting crystal growth from the sur-
face of every glass particle toward the center and inhi-
biting effective sintering to achieve full density [24, 25].
In the present study, a very high degree of densification
has been achieved at 825 °C (Fig. 1) before the remark-
able crystallization from both of the surface and bulk
regions of glass particle (at 875 °C, see Fig. 2). There-
fore, SBN-containing glass-ceramics with high sintered
densities can be obtained.

The dielectric properties of the samples with the
higher sintered densities were investigated, as shown in
Fig. 4(a) and (b). It can be seen from Fig. 4(a) that the
dielectric constant (k) of the samples sintered at
800-850 °C was higher at low frequencies (<100 Hz)
and drastically reduced to smaller than 50 at frequencies
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Fig. 4. (a) Dielectric constant and (b) dielectric loss tangent as a function of frequency for the samples sintered at 800-1000 °C.
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>100 Hz. Because glass phase was the major phase in
this temperature range, the higher dielectric constant at
lower frequencies might be caused by space charge
polarization in the glass phase [27]. When the sintering
temperature was increased to 875 °C, considerable
amount of SBN phase crystallized from the glass phase.
Therefore, the characteristic of space charge effect at
lower frequencies disappeared. The dielectric constant
at higher frequencies remarkably increased, because of
the high dielectric constant of SBN phase, to above than
150. When the sintering temperature was further
increased, the dielectric constant increased, possibly due
to the previously discussed increase in the SBN content.
The maximum dielectric constant at 1 kHz is about 351
for the glass-ceramic sintered at 1000 °C.
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According to Fig. 4(b), the diclectric loss tangent
(tand) for the samples sintered at lower temperatures
(800-850 °C) was higher at lower frequencies. On the
other hand, the tand values for the samples sintered at
875-1000 °C was low at lower frequencies (e.g.,
0.7-2.7% at 1 kHz) and increased with the increasing
frequency. There might be a peak of tand caused by ion
jump relaxation [27] at frequency higher than 1 MHz.

The P—E hysteresis loop for the glass-ceramic sintered
at 1000C, which showing the highest dielectric constant
in the present study, was measured and shown in Fig. 5.
The hysteresis loop revealed slim and some non-satura-
tion, possibly because of the high coercive field which
resulted in electrical breakdown before saturation was
complete. Moreover, the existence of second phases
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Fig. 5. P-E hysteresis loop at 60 Hz for the sample sintered at 1000 °C.
Table 1
Dielectric and ferroelectric properties the present glass-ceramic and some ferroelectric materials
Materials Properties Ref.
k2 tan 82 (%) P, (uC/cm?) E, (kV/cm)

PbTiO; glass-ceramic 122 2.2 5.6 65 8
PZT glass-ceramic 61 1.3 0.94 12 8
(Sr,Ba)Nb,Og4 glass-ceramic (this study) 351 2.5 0.15 4.5
(Srg.sBag. s)Nb,Og ceramic 1100 4.4 ~2.6 3.7 28
NaNbO;5 glass-ceramic
Grain size=0.2 pm 0.2 17
Grain size=1 pm 0.8 17
BaTiO5 glass-ceramic
Prepared by a BaO-TiO,-B,0; glass 2600 1.8 ~0.8 ~5 2
Prepared by a BaO-TiO,—B,05-SiO, glass 670 0.9 ~0.2 ~12.5 2

a1 kHz.
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(B,S; and residual glass), the small SBN grain-size, and
the stresses applied by the surrounding rigid glass-
matrix are also considered to be responsible for the
observed non-saturated loop. However, the existence of
ferroelectricity, which gives the most important pre-
condition of the pyroelectricity and piezoelectricity, is
confirmed for the present glass-ceramic. The dielectric
and ferroelectric properties of the present glass-ceramic
(sintered at 1000 °C) and some ferroelectric materials
are summarized in Table 1. The value of the remanent
polarization (Pr) for the present SBN glass-ceramic
was about 0.15 uC/cm?. This value is lower than that
for lead-based perovskite glass-ceramics, and is near to
that for some lead-free glass-ceramics. The coercive
field (Ec) for the present glass-ceramic was about 4.5
kV/em.

The further objective of this work is to develop glass-
ceramics containing SBN as the single crystalline phase.

4. Conclusions

The densification, crystallization, and dielectric/ferro-
electric properties of a SrO-BaO-Nb,Os-SiO, glass-
ceramic were investigated. The following results have
emerged:

1. (Sr, Ba)Nb,Og-containing glass-ceramic which is
sinterable below 1000 °C can be obtained. The
high sinterability is attributed to that the major
crystallization process occurred after the sinter-
ing of the glass powder compact.

2. The primary and secondary crystalline phases
were (Sr, Ba)Nb,Og tungsten bronze and
Ba,Si;0g, respectively.

3. The dielectric constant increased with the
increase in sintering temperature. The maximum
dielectric constant at 1 kHz is about 351 for the
glass-ceramic sintered at 1000 °C. The variations
of dielectric properties with sintering temperature
and frequency can be explained by the degree of
SBN crystallization.

4. The existence of ferroelectricity is verified for the
present glass-ceramic. The hysteresis loop shows
slim and some non-saturation. The values of the
remanent polarization and the coercive field
were about 0.15 pC/em?> and 4.5 kV/cm,
respectively, for the glass-ceramic sintered at
1000 °C.
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