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Abstract

Strontium barium niobate (SBN) ceramics, synthesized through partial co-precipitation, was sintered at—6, 12 and 24 h, respectively, at 1250, 1300
and 1350 °C. Structural developments, developments in porosity, grain size, residual stress and crystallographic texture and its effect on dielectric
constants were studied at different sintering conditions. The bulk crystallographic texture was largely unaffected by the sintering conditions used,
though all other structural parameters evolved through sintering schedule. An effort was made to relate the changes in dielectric constant with the
changes in structural parameters. Normal grain growth or changes in residual stress pattern either had relatively insignificant effects on dielectric
constant or decoupling the relative effects was difficult from the present set of data. On the other hand, the strongest increase in dielectric constant
was achieved through reduced porosity/defects, while abnormal growth caused the largest drop.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Strontium barium niobate (SBN), a tetragonal tungsten
bronze (TTB) structured ferroelectric material, has received
considerable attention as a lead-free electroceramic with wide
applicability—electro-optic, photo-refractive, SAW, piezoelec-
tric and pyroelectric.l‘8 Since SBN (Sr;_,Ba,NbyOg), exists
in the ferroelectric phase for a wide composition range
(x=0.25-0.75), it is possible to obtain tailor made material
with desired property and operational temperature range through
optimized composition.’ Present day applications of SBN are
largely limited to single crystals.'%!? Even though consider-
able progress has been made in the growth of high quality SBN
single crystals,!? applications are restricted mainly due to cost-
economics.

SBN can typically be synthesized in polycrystalline form
by solid-state reaction synthesis,'*1¢ from sol-gel route,!”
hydrolysis aging,'® partial coprecipitation,'® coprecipitation,?”
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combustion’! and from EDTA complex chemical route.??

However, none of the synthesis approaches for polycrys-
talline material has been successful in bringing the ferroelec-
tric/piezoelectric values close to that of single crystal. Secondary
processing, sintering and associated grain growth, may, however,
offer possibilities of property improvements through optimized
structural development. Controlled abnormal grain growth, for
example, has been used quite successfully in obtaining absolute
control of crystallographic texture and hence magnetic proper-
ties in transformer steel.3~2 If a similar approach is conceivable
in SBN or the limits of a secondary processing like sintering in
pursuing an optimized structure property relation are not really
known. To explore this was the broad objective of the present
study.

In a polycrystalline ferroelectric material, the dielectric prop-
erty is affected by number of factors—porosity/defect, grain
size, crystallographic texture and residual stress. Elimination
of porosity/defects (and an increase in density) is expected to
improve dielectric constant,?07 while presence of compressive
residual stress is often considered to be beneficial.>®>° On the
other hand, dielectric constant is expected to increase and then
decrease with increase in grain size.>*! Existence of large
grain size, grain size being much larger than the domain size,
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however, may not restrict applications—as appropriate mechan-
ical or laser scribing?® may be used effectively for domain
refining. Since ferroelectric materials are associated with an
axis of easy polarization, it is expected to have higher dielectric
constant, when measured in this direction.3? In other words,
the crystallographic orientation in the polycrystalline materials
plays a key role on the dielectric and ferroelectric property of
the material.> It is, however, important to point out that though
the role of the individual structural parameters is relatively
well charted, their relative or combined effects in a polycrys-
talline material can be more complicated and definitely less
understood.

SBNS50 used in the present case was synthesized by par-
tial coprecipitation method and was sintered at different
temperature—time combinations. The synthesis and develop-
ments in dielectric constant with sintering was described in a
previous study.! The present study reports the structural devel-
opments during sintering and makes an attempt to relate the
changes in dielectric constant with the structural developments.

2. Experimental

The synthesis of SBNS50 by partial coprecipitation,
microstructural studies by SEM, measurements of density and
dielectric property are described in a previous study.!” As
mentioned in the previous study the partially coprecipitated
powder was calcined at 1200°C to obtain single phase of
SBNS50. Further, this single phase powder was sintered at 1250,
1300 and 1350°C for 6, 12 and 24h, respectively. During
the sintering process the heating and cooling rate was main-
tained at 3 °C/min. A brief microstructural description is also
discussed in this paper. The present study involved detailed
characterization of residual stress, bulk crystallographic tex-
ture and the microtexture; and these are described in the
present section. PANalytical X’pert MRD system was used
for measurements of bulk crystallographic texture and resid-
ual stress. In the absence of single crystal stiffness con-
stant data for SBN50 (X-ray elastic constants), the values
of the slope of d (interplanar distance) versus sin® ¥ are
taken as indicative of stress. For bulk crystallographic tex-
ture measurement, four incomplete pole figures were mea-
sured. X-ray ODFs (orientation distribution functions) were
calculated from the pole figures using a commercial ODF
program—Labosoft, which uses the ADC algorithm.>* Micro-
texture measurements were obtained on the samples polished
through diamond and colloidal silica, the latter involving simul-
taneous etch-polish action. The samples were gold coated
(10-20 nm thick) and then analyzed by OIM (Orientation Imag-
ing Microscopy)—using a commercial TSL system on a FEI
Quanta 200 HV SEM.

3. Results
3.1. Microstructural study

The microstructural studies of the sintered pellets were car-
ried out using a CAMECA SU30 scanning electron microscope

in the SE mode. Fig. 1(a)-(i), are the respective micrographs
at the sintering temperature of 1250, 1300 and 1350°C for
6, 12 and 24h each. A considerable amount of porosity is
observed for 1250 °C for 6 h with the grain size varying from
2 to 8 wm. The micrograph also reflects that the sintering stage
is at its initial stage because of presence of neck formation in
between the grains. A relatively better compacted microstruc-
ture is observed for the sintering condition of 1250 °C for 12h
and 1250 °C for 24 h with grain size varying between 7-15 and
10-15 pm, respectively. For 1300 °C for 6 h, with average grain
size of 8§ wm. On close observation, presence of some resid-
ual pores can also be observed in this micrograph. Except for
the marginal improvement in average grain size (10 wm) in
1300 °C for 12 h, there is not much difference in microstruc-
ture in comparison to 1300 °C for 6 h. However, the residual
surface pores are absent in this case. For 1300°C for 24h,
more number of elongated grains with tetragonal morphol-
ogy can be seen having some grains higher than 30 wm. For
1350°C for 6h, the average grain size increased to 10 wm.
For 1350°C for 12h and 1350°C for 24h the presence of
some large grains can be seen. These are having uniaxial grain
growth (>50 wm) and can be termed as abnormality in the grain
growth.

Here, the effect of these uniaxial elongated grains on the
dielectric properties is of our interest and wish to correlate with
texture/microtexture and observation of residual stress in the
material.

3.2. Dielectric constant and density measurements

The variation of dielectric constant with temperature for
SBNS50 sintered at different time—temperature combinations is
summarized in Fig. 2. As shown in the figure, three distinct
trends were observed for the respective sintering temperatures.
At 1250 °C a steady increase (from 574 to 1283) in dielectric
constant with increase in sintering time was observed, while
at 1350°C a steady drop (from 1406 to 968) was noted. At
1300°C, however, the dielectric constant was not affected
noticeably (remaining nearly at ~1100) by the sintering time.
The rationale for changes in the dielectric property should
exist in the structural developments, developments in crystallo-
graphic texture, relative density, microstructure and/or stresses;
and these were systematically characterized. The results from
density measurements are included in this section, while
other structural characterizations are elaborated in the next
sections.

The variation of experimentally measured density with tem-
perature for different sintering combinations is given in Fig. 3.
As shown in Fig. 3, there was a noticeable increase in density
from 4.18 to 4.93 g/cm? with increase in sintering time (from 6
to 12 h) at 1250 °C. The density, however, did not change signif-
icantly between 12 and 24 h. A steady, though less significant,
decrease in density (from 4.94 to 4.62 g/cm®) was observed for
sintering at 1350 °C; while at 1300 °C the density was more or
less constant at 4.95 g/cm?>. It is to be noted that the theoreti-
cal density of the SBN50 is 5.42 g/cm?® and the lower values of
experimental densities indicate presence of porosities.
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Fig. 1. Scanning electron micrograph of SBN50 sintered at different temperatures and durations.

3.3. Observations on residual stress

As discussed in Section 2, estimation of exact values of
residual stress would involve a database on at least the elas-
tic modulus and the Poisson’s ratio values, which are difficult
to estimate in a typical electro-ceramics. The peak-shifts, the
index of elastic residual stress, have been measured at dif-

ferent ¢ (0 to £45) and the data were plotted as d versus
sin? ¢ plots. The slopes of such plots are included in Fig. 4.
It is to be noted that a negative and positive slope, respec-
tively, stand for compressive and tensile stresses, while the
numerical values are an estimate of the amount of the stress.
Stresses after 6h sintering at all sintering temperatures were
compressive (see Fig. 4). The trends of stress developments
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Fig. 2. Variation of dielectric constant with sintering time for different sintering
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Fig. 3. Variation of density (experimental—with error bars indicating scatter in
experimental data) with sintering time for different sintering temperatures.

were, however, different subsequently. At 1250 °C the compres-
sive stress increased, while at 1350 °C it decreased. At 1300 °C
the compressive stress first increased and then decreased
significantly.
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Fig. 4. Slopes of d vs. sin? ¥ plots for different sintering conditions. The positive
and negative values represent, respectively, the tensile and compressive resid-
ual stresses, while the numerical values are expected to scale with the stress
magnitude.

Table 1
Maximum ODF intensity and the average intensity of the (334) fiber, the
strongest fiber present, are given for different sintering conditions

Sample Maximum ODF intensity {334} fiber intensity
1250°C for 6 h 14.2 7.0
1250°C for 12h 10.7 7.2
1250°C for 24h 11.7 7.4
1300°C for 6h 10.5 7.0
1300°C for 12h 16.0 6.8
1300°C for 24 h 11.3 6.9
1350°C for 6 h 11.6 7.0
1350°C for 12h 9.7 6.8
1350°C for 24 h 12 7.5

3.4. Bulk crystallographic texture

As the sintering process can be considered as an axi-
symmetric process, inverse pole figures (IPFs) were used to
represent developments in bulk crystallographic texture with
respect to sintering conditions (see Fig. 5). Table 1 summarizes
the maximum ODF intensity values and average intensity values
for (3 34) fiber, strongest fiber present. As shown in the IPFs,
as in Fig. 5, the crystallographic texture did not change qualita-
tively with sintering conditions. Though there were changes in
the extent of texturing (as given by the ODF maximum intensity
values, Table 1), the strongest fiber present (3 3 4) did not change
noticeably, see Table 1. As (00 1) is the axis of easy polariza-
tion for SBN,32:33 changes in (00 1) fiber were also monitored.
It is important to point out that the average intensity (remain-
ing around 2) or volume fraction of the (00 1) fiber did not
show any significant changes with sintering conditions. In other
words, though changes in relative texturing were observed, bulk
crystallographic texture (including presence of (0 0 1) fiber) was
otherwise unaffected by the sintering conditions.

3.5. Orientation imaging microscopy

Orientation imaging microscopy (OIM) is finding increasing
applications in electro-ceramics,> largely because of its ability
to bring the orientation effects in a mesoscopic structure. In the
present study, OIM was considered necessary to bring out exact
grain sizes and also to provide trends in grain size distributions
and distributions in low angle grain boundary (LAGB) concen-
trations at different sintering conditions. Fig. 6 shows the OIMs
(representative areas—as the total area covered at each sintering
stage was at least ] mm x 1 mm) and Fig. 7 provides grain size
distributions. The relative concentrations of LAGBs are given
in Table 2. It is to be noted that 1250 °C for 6 h sintered sam-
ple did not give indexable Kikuchis, possible because of large
concentration of defects (including porosities) present.

As shown in Figs. 6 and 7, sintering at 1350 °C led to the
so-called abnormal grain growth.?? Though the mechanisms of
normal and abnormal grain growth are considered®® to be the
same, appearance of ‘visible’ abnormal growth (1350°C for
12 h) led to a noticeable drop in LAGB. Normal grain growth, on
the other hand, was associated with an increase in LAGB con-
centration. The grain sizes distribution, in general, and abnormal
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Fig. 5. Inverse pole figures (IPF) obtained for different sintering conditions. The contour levels used for the IPFs are indicated.
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grain growth, in particular, had a strong effect on the dielectric
constant—subject of the subsequent discussion, Section 4.

It is clear from the micrographs and OIM images (see
Figs. 1 and 6) that the AGG appeared at 1350 °C. The signature
of AGG is growth of few grains, while majority of the grains
actually do shrink. Samples undergoing 1300 °C sintering, on
the other hand, showed normal grain growth. It needs to be
pointed out that the mechanism(s) of both normal and abnormal
grain growth are the same>*—the differences in microstructural
evolution is caused by relative growth advantage for selected
few or by growth disadvantage for the majority. It is clear that
1350 °C sintering could bring such advantage or disadvantage,

though exact rationale (normally AGG is caused by differences
in grain boundary pinning—either orientation pinning or pin-
ning through second phase®*) behind that remains unresolved.

4. Discussion

It is well known that the dielectric constant depends on
structural parameters—crystallographic texture,>3%3 residual
stress,”®2% porosity/defects’®>” and grain size distribution.?’
Decoupling all these factors is difficult theoretically. The present
set of experimental results may provide some hints at such
decoupling. Before doing so, it is necessary to highlight the

Table 2
Orientation imaging microscopy (OIM) estimated low angle grain boundary concentrations at different sintering conditions

1-5° 5-10° 10-15° 15-20° Total
1250°C for 6 h - - - - -
1250°C for 12h 0.135675 0.009341 0.056116 0.056991 0.258123
1250°C for 24 h 0.174731 0.008217 0.062789 0.064919 0.310656
1300°C for 6 h 0.141096 0.007409 0.039707 0.037813 0.226025
1300°C for 12h 0.174767 0.006423 0.068617 0.081316 0.331123
1300°C for 24 h 0.21862 0.009698 0.061409 0.065345 0.355072
1350°C for 6 h 0.129574 0.007136 0.069986 0.055283 0.261979
1350°C for 12h 0.116639 0.007672 0.013575 0.010441 0.148327
1350°C for 24 h 0.187503 0.008256 0.007204 0.015081 0.218044

It is to be noted that O—1° boundaries were considered within the experimental tolerance of the OIM measurements.
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Fig. 6. Orientation imaging microscopy (OIM) images for SBN50 at different sintering conditions. Boundaries of more than 20° are marked along with the black
patches indicating porosities.
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Fig. 7. Grain size distributions for sintering at (a) 1250 °C, (b) 1300 °C and (c) 1350 °C. The distributions were obtained from scans of at least | mm x 1 mm area.

dielectric constant changes along with the estimated changes in
structural parameters. This is given in Table 3. It is important
to point out, as indicated earlier in Section 3.3, that changes
in bulk crystallographic texture were insignificant and hence

Table 3

Changes in dielectric constant (¢), experimental density (o in g/cm?), slope of d
vs. sin® ¥ (indicating residual stress changes, as in Fig. 4) and average grain size
d (as in Fig. 7) between two time intervals (6—12 and 12-24 h) at three different
sintering temperatures

Sintering temperature Sintering time

6-12h 12-24h
1250°C
e 572 137
p 0.75 0.05
N —0.00036 —0.00211
d - 1.48
1300°C
€ =7 5
p 0.05 0.12
S —0.00235 0.005198
d 19.75 15.25
1350°C
e —107 —331
P —0.04 —0.28
S 0.004411 0.000241
d 17.6 (abnormal grain 18.1 (abnormal grain
growth) growth)

Significant changes, in dielectric constant and in structural parameters, are given
in ‘italics’. Initiation of noticeable abnormal grain growth is also indicated.

are not listed in Table 3. The density, an effective measure for
porosity, increased substantially between 6 and 12h sintering
at 1250 °C. At all other sintering conditions, however, the esti-
mated density changes did fall within the scatter of experimental
data.

Changes in dielectric constant at three sintering temperatures
can be related to the changes in structural parameter and a com-
parison is summarized below (also given in details in Table 3):

e 1250°C: Substantial increase in dielectric constant between
6 and 12h sintering was clearly related to reduced
porosity/defects.?®® Between 12 and 24h the increase in
dielectric constant was relatively less significant, an increase
possibly associated with both increase in grain size and com-
pressive residual stress.

e 1300°C: Almost no change in dielectric constant for both
time intervals was estimated, though a monotonic increase in
grain size (through normal grain growth) and small increase
followed by a substantial drop in compressive residual stresses
were observed. It is possible that changes in grain size dis-
tribution and compressive residual stress had counterbalanc-
ing effects. Decoupling their relative contributions is rather
impossible from this set of data points.

e 1350°C: A slight drop in dielectric constant between 6 and
12 h was followed by a substantial decrease between 12 and
24 h. Though compressive residual stress dropped signifi-

b Possible role of grain size changes could not be indexed.
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cantly in the first stage, it remained nearly the same at the
second stage of time interval. The substantial drop in dielec-
tric constant is clearly related to shifting grain size and grain
size distribution caused by the abnormal grain growth.

To summarize, the present set of results do highlight clearly
the role of two structural parameters on the dielectric constant.
Elimination of porosity and defects led to substantial increase in
dielectric constant (1250 °C), while substantial abnormal grain
growth led to a significant drop in dielectric constant (1350 °C).
The role of compressive residual stress, at least in the range of
stresses observed, seems to be relatively minor.

5. Conclusions

Based on the results and discussion above, following conclu-
sions have been drawn:

e The crystallographic texture did not change noticeably with
sintering conditions.

e Effects of normal grain growth and residual stress pattern on
the dielectric constant could not be established convincingly
from the present set of experimental data.

e Intherange of sintering conditions used, elimination of poros-
ity/defects seems to have the strongest effect on the increase
in dielectric constant.

e Significant abnormal grain growth (and associated shift in
grain size distributions) decreased the dielectric constant sig-
nificantly.
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