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Abstract

The effect of Nb,Os content on the microstructure evolution of strontium barium niobate Sry7Bag3;Nb,Og (SBN70) ceramic was
examined from a viewpoint of abnormal grain growth generation. The compositions of stoichiometry, Nb,Os-deficient and Nb,Os-
excess SBN70 were prepared and sintered in the temperature range of 1250-1400 °C for 2 h. The sample with Nb,Os-excess com-
position showed a duplex microstructure with abnormally large grains and fine grains, while the Nb,Os-deficient sample showed a
homogeneous and fine-grained microstructure. X-ray diffraction analysis of the Nb,Os-excess and Nb,Os-deficient compositions
revealed second phases of BazNb;(Og s.s. (B3Ns) and SrpNb,O; s.s. (SoN), respectively. Because the B;Ns phase has a low melting
point of 1320 °C, it is believed that the abnormal grain growth generated in the Nb,Os-excess composition originates from the
inhomogeneous distribution of the B3N liquid phase. These second phases also influence the dielectric characteristics of ceramics
such as the Curie temperature, the maximum dielectric constant and diffuse phase transition behavior. © 2002 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Sr.Ba;_Nb>Og (SBN, where 0.25<x<0.75) cera-
mics are ferroelectric materials with tungsten
bronze structures, which have excellent electro-optic,' 3
pyroelectric,*® photorefractive,”® and piezoelectric?
properties. Even though single crystal SBN has superior
properties to polycrystalline SBN, high costs and the
difficult fabrication process of a single crystal have lim-
ited its application. Therefore, the achievement of full
densification with a uniform microstructure of poly-
crystalline SBN ceramics is greatly desired, which is
advantageous with respect to cost and the easier fabri-
cation process. In particular, for optical applications,
SBN ceramics should have near theoretical densities.

* Corresponding author. Tel.: +82-53-950-5635; fax: + 82-53-950-
5645.
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However, considerable difficulties in sintering highly-
dense SBN ceramics have been reported and abnormal
grain growth often occurs during sintering, which is
assumed to be due to the formation of a liquid phase
caused by local compositional deviation from
stoichiometry.!0-14

Takahashi et al.' proposed that abnormal grain
growth in SBN ceramics is due to a small amount of
liquid phase which forms due to an incomplete reaction
during calcination. Lee et al.'>!3 reported the composi-
tion of the liquid phase at the grain boundary of stoi-
chiometric SBN being Nb-rich but Ba-deficient. On the
other hand, Fang et al.!* asserted that the second phase
of SrNb,Og, which is the origin of the abnormal grain
growth, decomposed from stoichiometric SBN during
ball milling after calcinations. Even though different
opinions have been proposed in the literature on the
generation of abnormal grain growth in SBN ceramics,
there is common agreement that the abnormal grain
growth is caused by the Nb-rich liquid phase. However,
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there is still no accepted mechanism to explain the ori-
gin of extraordinary microstructure development, such
as abnormal grain growth and duplex structures in SBN
ceramics.

In this study, therefore, the effect of Nb,Os content
on the microstructural evolution in tungsten bronze
structured Srg;Bay3Nb,Og ceramics was examined.
Dielectric properties of the ferroelectric SBN70 were
also investigated. The experimental phenomena on the
generation of abnormal grain growth and resultant
change in dielectric characteristics of the samples are
explained and discussed in terms of the second phases
produced.

2. Experimental

Samples of Sry;,Bag3;Nb,Og (SBN70) were prepared
from the raw materials BaC0O5(99.6%), SrC0O3(99.4%),
and Nb>05(99.9%), which have mean particle sizes of
1.40, 1.40 and 0.83 pum, respectively. Different composi-
tions of stoichiometric SBN70, x mol% Nb,Os-excess
SBN70 and x mol% Nb,Os-deficient SBN70 were pre-
pared using the mixed oxide route, where x=1, 3, 5.
The compositions are denoted as SBN70 and SBN70+ x
hereafter. The weighed powders were wet mixed for 24 h
in a plastic jar with zirconia balls and ethanol.

After drying in an oven, the powders were calcined at
1300 °C for 6 h, then ball milled again for 24 h for
crushing. 5 wt.% of aqueous PVA solution was mixed
with the powders and sieved to form granules. Green
pellets of 10 mm diameter were cold isostatically pressed
at a pressure of 100 MPa. Binder burnout of the pellets
was carried out at 600 °C for 4 h in air. Samples were
sintered at temperatures in the range of 1250-1400 °C
for 2 h with a heating rate of 5 °C/min.

Shrinkage and the shrinkage rate of samples during
heating were measured using a vertical-loading dilat-
ometer (Rigaku Thermoflex, TMA 8140). X-ray dif-
fraction (XRD; Mac Science, M03XHF) studies were
conducted on the sintered specimens to identify the
phases. The densities of the sintered samples were mea-
sured using an immersion technique. For the micro-
structural observation of the samples, surfaces were
polished and thermally etched. A scanning electron
microscopy (SEM; Jeol, JSM-5400) was used for the
microstructure observation. Grain sizes of sintered
samples were determined using a linear intercept
method.!> SEM micrographs were taken in randomly
selected areas of each specimen. Ag electrodes were
screen-printed on both surfaces of the sintered samples
and fired at 600 °C for 10 min. Dielectric properties
were analyzed by an impedance gain phase analyzer
(HP4194A) with a frequency swept in steps from 1 kHz
to 1 MHz as a function of temperature from —80 to
350 °C in 2 °C increment.

3. Results and discussion
3.1. Microstructure evolution

Fig. 1 shows the densification behavior of shrinkage
and the shrinkage rate of the samples as a function of
Nb,Os5 content. The densification behavior of the sam-
ples was clearly influenced by the Nb,Os content. Most
of the densification for the stoichiometric and Nb,Ojs
deficient samples occurred in the high sintering tem-
perature range of 1360-1400 °C. A small amount of
excess Nb,Os significantly enhanced densification at the
relatively low sintering temperature of 1320 °C; another
shrinkage peak around 1370 °C was also observed. The
first shrinkage around 1320 °C is believed to have been
due to a liquid phase, which accelerates densification at
low temperatures. Another peak in densification at
around 1370 °C also occurred between solid grains as
observed in the stoichiometric and Nb,Os-deficient
samples. The phase diagram'® of SBN ceramics also
supports the formation of a liquid phase above 1320 °C.

Fig. 2 shows the bulk density of samples as functions
of sintering temperature and Nb,Os content. The
samples were sintered at individual temperatures for 2 h.
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Fig. 1. Densification behavior of samples: (a) shrinkage and (b)
shrinkage rate.
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In the low sintering temperature region of 1250-1300 °C,
the density of the samples with excess Nb,Os was higher
than that of the Nb,Os-deficient samples. However in
the high sintering temperature region of 1350-1400 °C,
the density was lower than that of the Nb,Os-deficient
samples.

Fig. 3 shows the microstructures of samples as func-
tions of Nb,Os content and sintering temperature.
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Fig. 2. Bulk densities of samples as functions of Nb,Os content and
sintering temperature.

When samples with different Nb,Os content were sin-
tered at 1300 °C [Fig. 3 (a)—(c)], the bulk densities of the
samples were 89.940.1, 96.0+0.2 and 96.24+0.2% for
SBN70-5, SBN70 and SBN70+5, respectively. The
respective grain sizes were 2.8, 5.7 and 4.9 um. These
results show a deficiency of Nb,Oj5 retards densification
and grain growth. When the samples were sintered at
1325 °C, densification improved to 93.740.02 and
96.2+0.2% for SBN70-5 and SBN70, respectively,
while little grain growth occurred. However, in the case
of SBN70+ 5, the density decreased to 94.64+0.1% and
a duplex microstructure with small grains less than 3 um
and abnormally large grains in the range of 30-40 um
coexisted. The sample shrinkage with respect to the sin-
tering temperature shown in Fig. 1 supports the forma-
tion of a liquid phase above 1320 °C in the samples
containing excess Nb>Os. Among the samples of
Fig. 3(d)—(f), which were sintered at 1325 °C, abnormal
grain growth was observed in SBN70+ 5. Therefore, it
is believed that the excess Nb,Os provided the source of
the liquid phase, which is the origin of the abnormal
grain growth in SBN ceramics. Because abnormal grain
growth frequently yields pore isolation, pore agglom-
eration and crack generation,!”!® the decreased density
in the SBN70+5 is believed to be related to abnormal
grain growth. On the other hand, when the sintering

Fig. 3. SEM photographs of SBN70-5 (a, d, g), SBN70 (b, ¢, h) and SBN70+ 5 (c, f, i) samples sintered at different sintering temperatures of 1300 °C

(a, b, ¢), 1325 °C (d, e, ) and 1350 °C (g, h, i) for 2 h.
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temperature was elevated to 1350 °C, the duplex micro-
structure disappeared; instead, a large but much more
homogeneous distribution of grain size was observed in
SBN70+35, as shown in Fig. 3(i). When the sintering
temperature was eclevated, the volume of the liquid
phase increased. Because the liquid phase provides the
origin of abnormal grain growth in SBN ceramics, it is
believed that an increased volume of the liquid phase
produces many nucleation sites for abnormal grain
growth at once, which then finally led to a homogeneous
microstructure distribution.!?-2° However, severe abnor-
mal grain growth was observed in the SBN70 stoichio-
metric composition (h). The origin of the abnormal grain
growth in stoichiometric SBN ceramics has been repor-
ted to be the inhomogeneous distribution of the Nb-rich
liquid phase.!% Lee et al.!> proposed that a liquid
phase is the origin of localized abnormal grain growth
in SBN ceramics. They observed a liquid phase by using
a TEM and reported the composition of the liquid
phase being Nb-rich but Ba-deficient. They further sug-
gested that the origin of the liquid phase resulted from
locally inhomogeneous compositions due to a partially
uncompleted calcination process. Further studies on the
effect of excess BaO and deficiency of Nb,Os on sinter-
ing behavior and microstructural development provided
evidence for the existence of a liquid phase which assists
abnormal grain growth.!?® Takahashi et al.!° proposed
the reason of the abnormal grain growth that the small
amount of liquid phase, which was formed due to an
incomplete reaction during calcination is the reason of
the abnormal grain growth. On the other hand, Fang et
al.'# asserted that the SrNb,Og second phase is decom-
posed from SBN during ball milling after calcination
and the second phase is the origin of the abnormal grain
growth. Even though different authors have different
opinions on the generation of abnormal grain growth,
there is a common point in that abnormal grain growth
is caused by the Nb-rich liquid phase.

Fig. 4 shows the powder X-ray diffraction spectra of
the samples with 5 mol% Nb,Os-deficient, stoichio-
metry and 5 mol% Nb,Os-excess sintered at 1350 °C for
2 h. Fig. 4(a) shows a typical diffraction spectrum for
SBN ceramics. However, a magnified view of a selected
diffraction range shows traces of second phases Sr,
Nb207 S.S. (SzN) and Ba3Nb10028 S.S. (B;Ns) in 5 mol%
Nb,Os-deficient and 5 mol% Nb,Os-excess samples,
respectively. As seen in the microstructure Fig. 3(i),
when 5 mol% excess Nb,Os is added, a second phase
was observed along grain boundaries. The EDX line
scanning across the grain boundary shows that the sec-
ond phase is a Ba- and Nb-rich phase, as expected from
the phase diagram of the 25% BaO isopleth as a func-
tion of Nb,Os. However, a second phase in the 5 mol%
Nb,Os-deficient samples was not observed in the
microstructure. This might be due to the small amount
of the second phase with a similar morphology to the
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Fig. 4. Powder X-ray diffraction patterns of SBN70-5, SBN70 and
SBN70+ 5 specimens sintered at 1350 °C for 2 h.

matrix. According to the phase diagram,!® S;N has a
eutectic temperature of>1420 °C, while that of the
B3;Ns phase is around 1320 °C. Therefore, when the
Nb,Os-excess sample is sintered around or over 1320 °C,
the second phase of B3;Ns will form a liquid phase,
which seems to play a major role in abnormal grain
growth in the system.
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3.2. Dielectric characteristics

Fig. 5 shows the temperature dependence of the
dielectric constant and dielectric loss in a range of fre-
quencies for samples with different Nb,Os content. The
dielectric characteristics show diffuse phase transition
(DPT) phenomena (i.e., they exhibit a broad Curie peak
in the phase transition range). The positions of the
maxima in the dielectric constant (and loss factor)
curves versus temperature are frequency dependent and
are shifted toward higher temperatures as the frequency
increases. SBN ceramics are well-known DPT relaxor
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Fig. 5. Temperature dependence of dielectric constant and dielectric
loss for (a) SBN70-5 (b) SBN70 and (c) SBN70 + 5 sintered at 1350 °C
for 2 h.

Fig. 6(a) shows the maximum dielectric constant of
the samples sintered at 1350 °C for 2 h as functions of
Nb,Os content and measurement frequency. The max-
imum dielectric constants show the highest value at the
stoichiometry composition and decreased as the com-
position went away from the stoichiometry. This is
believed to be due to the second phases in the matrix.
Because the dielectric constant of the Sr,Nb,O5 is below
100 at the temperature range measured,”® the second
phase of Sr,Nb,05 s.s. seems to have a lower dielectric
constant than the ferroelectric matrix. Even a specific
dielectric constant of the Bas;Nb;(O,g s.s. phase could
not present here, though, the decreased dielectric con-
stant in the Nb,Os-excess sample implies that the
BasNb;gOyg s.s. phase has a lower dielectric constant
than the matrix. Based on this assumption, because the
second phase of B;Ns forms a liquid phase during sin-
tering due to its low melting point, the non-ferroelectric
liquid phase at the grain boundaries surrounds the fer-
roelectric grains as seen in Fig. 3(i). Therefore, the
dielectric constant degraded more in the Nb,Os-excess
samples than in the Nb,Os-deficient samples in which

x 3500 - —m— 1kHz
o / —e— 10kHz
o —a— 100kHz

—v— 1MH
§ 3000- o / z
(/]
c
o / /
o -/'
£ 2500- ,/./ /
°
Q
°
S 20001 Y
£
=
E
;é 1500 -
6 -4 2 0 2 4 6
Nb,O, content
60
. 50+ Y
o M N\ v v—Y
2’ /A v/
+° 404 4 A °
g S a A, —4
=] ./ \A
£ 30-
Iy
2 o—¢ ° °
g 20+
- I\ /.
0 —a— 1kHz u
5 104 _¢— 10kHz \l
0O —a— 100kHz
0 —v— 1MHz
6 4 2 0 2 4 6
Nb,O, content

Fig. 6. Variations of (a) maximum dielectric constant and (b) the
Curie temperature of samples sintered at 1350 °C for 2 h as function of
Nb,O5 content and frequency.
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the second phase of S,N solid grains are scattered in the
matrix. Fig. 6(b) shows the Curie temperatures of the
samples derived from dielectric constant curves as func-
tions of Nb,Os content and measurement frequency.
Note that the Curie temperatures of the samples in
Nb,Os-deficient area are higher than in the Nb,Os-
excess area. The shift of the Curie temperatures implies
a change in the Sr/Ba ratio of the matrix. Hence, it is
necessary to confirm the composition change of the
matrix due to the formation of second phases. The sec-
ond phase of B3;Ns formed in the Nb,Os-excess area
that contains Ba, while the second phase of S,N formed
in the Nb,Os-deficient area that contains Sr. This natu-
rally affects the Sr/Ba ratio of the matrix, which is
directly connected to the Curie temperature; in other
words, the lower the Sr/Ba ratio, the higher the Curie
temperature.*?* The difference of the Curie temperature
(AT,) at different frequencies, for example 1 kHz and 1
MHz, indicates the frequency dependence of the Curie
temperature.>> According to the measured data in
Fig. 6(b), AT, for the Nb,Os-deficient, stoichiometry
and Nb,Os-excess compositions show 12, 28 and 38 °C,
respectively, which suggests that the Nb,Os-excess sam-
ple shows more diffused phase transition as revealed in
Fig. 5. It is reported that the degree of DPT increases
when the Sr/Ba ratio increased.*?*2¢ From this point of
view, therefore, the greater DPT phenomena in the
Nb,Os excess composition probably reflects the forma-
tion of a Ba3;Nb;(O,g second phase, which increased the
Sr/Ba ratio of the matrix. On the other hand, the con-
nectivity between the ferroelectric and non-ferroelectric
phases in a sample composed of ferroelectric and non-
ferroelectric mixtures might play a role in dielectric
behavior.?’

4. Conclusions

Excess Nb,Os in SBN ceramics promotes densifica-
tion at low sintering temperatures. However, when
samples are sintered above 1320 °C, which is the eutec-
tic temperature of a Nb-excess liquid phase, abnormal
grain growth is generated. In Nb,Os-deficient samples,
homogeneous, small grains were observed in the high
density microstructure, even when they were sintered at
high sintering temperatures. Second phases of
Ba;Nb;(O»5 and Sr,Nb,O; were found in the Nb,Os-
excess and Nb,Os-deficient samples, respectively. Since
the second phase of BazNb;gO,s transforms into a
liquid phase during sintering, it is believed that the
excess Nb,Os is the reason for the abnormal grain
growth in SBN ceramics. The second phases of
Ba;Nb;(,O»5 and Sr,Nb,O5 also changed the Sr/Ba ratio
of the matrix. It was found that the Curie temperature
shifted and the dielectric constants, as well as DPT
behavior, were influenced accordingly.
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