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Abstract

Grain coarsening behavior in the 95Na, ,Bi;, TiO3—-5BaTiO; system has been studied as a function of the addition of TiO,. As the amount of added
TiO, was increased, the grain shape changed to a more faceted cube, indicating an increase in the step free energy of the facets, and hence a rise
in the critical driving force for appreciable growth of grains. Grain coarsening behavior also changed from pseudo-normal to abnormal with an
increasing TiO, concentration and thus increased faceting. The pseudo-normal behavior observed in the system without TiO, addition also changed
to quite abnormal behavior during extended sintering. These observations support our theoretical prediction based on the coupling effects between
the maximum driving force for growth and the critical driving force for appreciable growth.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Many investigations' 2% have shown a close relationship
between the coarsening behavior of grains in polycrys-
tals and the equilibrium shape of grains. Abnormal grain
coarsening (AGC) is frequently observed in faceted systems
with smooth (atomically ordered) interfaces* 2 whereas nor-
mal grain coarsening (NGC) occurs in systems with rough
(atomically disordered) interfaces.!> The NGC observed in
systems with rounded grains has been attributed to diffusion-
controlled growth due to an unlimited number of nucleation
sites for atom attachment at the rough interface.'>1620
The coarsening kinetics governed by diffusion obeys the
cubic law according to the classical theory developed by
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Lifshitz and Slyozov,”?! and Wagner.?> In contrast, the

growth of faceted grains with atomically ordered interfaces
is governed either by interface reaction or by diffusion
(mixed control) for driving forces for growth below or
above a critical value (Ag.), respectively, as schematically
shown in Fig. 1. As a result, non-normal grain coarsening
occurs, 13-19:20

Our recent calculation predicted that the type of grain coars-
ening, including nonstationary and stationary in terms of the
variation of relative grain size distribution with annealing time,
is governed by the relative value between the maximum driv-
ing force for growth, Agmax, and the critical driving force for
appreciable growth, Ag..'® The maximum driving force is gov-
erned by the grain size and distribution while the critical driving
force is controlled by the step free energy and temperature. -2
Therefore, for a given Agmax, the grain coarsening behavior is
predicted to change with the step free energy: stagnant grain
coarsening (SGC) for Ag: > Agmax, abnormal grain coarsen-
ing for Ag. < Agmax, pseudo-normal grain coarsening (PNGC)
for 0 < Age. < Agmax, and normal grain coarsening for Ag. =0.
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Fig. 1. Schematic representation showing the growth rate of a crystal as a func-
tion of the driving force for diffusion (dashed line) and mixed (diffusion and
interface reaction) control (solid lines) mechanisms. For mixed control, three
curves are plotted for undoped (0T), 0.7 mol% TiO,-doped (0.7T), and 1.5 mol%
TiO,-doped 95Nay2Bij 2 TiO3-5BaTiO3 (1.5T) samples. The dotted curve is a
schematic plot of grain size distribution with respect to the driving force for the
1.5T sample.

The grain coarsening behavior in a system with non-zero Ag,
however, can vary with the annealing time (nonstationary grain
coarsening) due to the change (in most cases, reduction) in
Agmax during annealing,!920-23

With respect to the relative value between Agmax and Ag,
the variation of the grain size distribution with annealing time is
the key factor to identify the coarsening behavior. NGC is char-
acterized by a unimodal size distribution with annealing time
while AGC is described by a bimodal distribution with some (or
afew) abnormally large grains embedded in a fine matrix. PNGC
can be defined as coarsening behavior between NGC and AGC.
It is characterized by a variable size distribution with annealing
time while maintaining a unimodal distribution.'>?>3 On the
other hand, SGC exhibits essentially no grain coarsening during
the time period of observation.

Some experimental studies have shown that the grain coars-
ening behavior was abnormal and normal for faceted and
rounded grains, respectively, in the same system by changing
temperature,'*>* adding dopants,”!1:17-25 or varying oxygen
partial pressure.®2%27 Cho et al.!* studied the effect of tempera-
ture on grain shape and grain coarsening behavior in the NbC-Co
system. They observed a change in grain shape from faceted to
rounded and also a change in coarsening behavior from abnor-
mal to (pseudo-)normal with increasing sintering temperature.
Choi et al.!” studied the effect of Ti substitution in NbC on the
grain shape and grain coarsening behavior in the Nb; _, Ti,C—Co
system. With Ti substitution, the grain shape changed from
round-edged cube to well-faceted cube and abnormal coarsen-
ing behavior became more distinctive. Chung et al.® studied
the effects of oxygen partial pressure and donor doping on the
grain shape and grain coarsening behavior in Ti-excess SrTiOs3.
When the estimated total vacancy concentration was high or low,
the grain shape was rounded or faceted, and normal or abnor-
mal coarsening occurred, respectively. These previous studies
demonstrate the correlation between grain shape and grain coars-
ening behaviors: normal for rounded grains and abnormal for
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Fig. 2. SEM micrograph of synthesized NBT-5BT powder and its size distri-
bution.

faceted grains in the same system. They, however, did not show
a detailed change in grain coarsening behavior with sintering
time for various shapes of grains.

The purpose of this study is to provide experimental support
for the predicted effect of the change in step free energy, i.e.
grain shape, on grain coarsening behavior in a partially faceted
system, 95Na»Bi; TiO3-5BaTiO3 (NBT-5BT). This system
is also of technological importance as a lead-free piezoelectric
material. The grain shape (step free energy) was systematically
varied with the addition of varying amounts of TiO;.

2. Experimental procedure

Polycrystalline 95Naj»Bij»TiO3—5BaTiO3 ceramic sam-
ples were prepared from commercial powders of Na;COj3
(Acros Organics, NJ, USA), Bi;O3 (Kojundo Chemical Lab Co.,
Saitama, Japan), BaCO3 (Sigma—Aldrich, St. Louis, USA) and
TiO, (Sigma—Aldrich, St. Louis, USA). The proportioned pow-
ders were ball-milled for 24 h in ethanol using a polypropylene
jar and 5 mm sized ZrO; balls. The dried slurry was crushed and
passed through a 150 mesh sieve. The powders were calcined in
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Fig. 3. TEM micrographs and their selected area diffraction patterns along
[100] of (a) undoped (0T), (b) 0.7 mol% (0.7T), and (c) 1.5 mol% TiO,-doped
0.95Na;»Bij» TiO3-0.05BaTiOs (1.5T) sintered at 1200 °C for 1 h.

Fig. 4. SEM micrographs of (a) undoped (0T),2* (b) 0.7mol% (0.7T), and
(c) 1.5mol% TiO,-doped 0.95Nai;;Bij;TiO3-0.05BaTiO3 (1.5T) powders
annealed at 1200 °C for 10 h.

an alumina crucible at 800 °C for 4 h in air. The calcined powder
without or with TiO; addition of 0.7 and 1.5 mol% TiO; (denoted
as 0.7T and 1.5T) was separately ball-milled for 24 h. After ball
milling, the slurry was again dried and crushed in a mortar using
a pestle. Fig. 2 shows the shape of the prepared NBT-5BT pow-
der and its size distribution measured by an image analysis (more
details follow in the next paragraph). The distribution with an
average size of 0.3 pm is quite narrow and fits a lognormal curve
(a thin red line).
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(a)oT
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Fig. 5. SEM micrographs of (a) undoped (0T),2 (b) 0.7mol% (0.7T), and (b) 1.5 mol% TiOz-doped 0.95Na;»Bij 2 TiO3-0.05BaTiO3 (1.5T) sintered at 1200 °C

for various times.

Powder compacts of 14 mm diameter and ~4 mm thickness
were prepared by hand pressing in a stainless steel die and
then cold isostatically pressed at 200 MPa. The compacts were
then sintered at 1200 °C for different duration of time intervals
(10 min, 1h, 4h, and 12h) on a Pt plate in an alumina crucible
withalidin air. The heating and cooling rates were 4 °C/min. The
grain shape was observed under a scanning electron microscope
(SEM) as well as a transmission electron microscope (TEM).
The SEM samples were prepared by sintering NBT-5BT powder
samples with and without TiO;, doping on a Pt-plate at 1200 °C
for 10h in air. The TEM samples were prepared by mechanical
grinding of sintered samples to a thickness of 100 wm, dimpling
to a thickness of less than 10 wm and ion-beam thinning for
electron transparency. The microstructures of the samples were
observed via SEM on cross-sections of the samples after pol-
ishing to a 0.25 wm finish and thermal etching at 1050 °C for
20 min in air. Grain size distributions were measured from SEM
micrographs using an image analysis program (Matrox Inspec-

tor 2.1, Matrox Electronic Systems, Ltd., Dorval, Canada). At
least 400 grains were measured for each sample and then the
two-dimensional size distributions were presented as grain size
distribution data.

3. Results and discussion

The shape of grains in a solid-liquid two-phase system with
a low volume fraction of liquid can be revealed at triple junc-
tions with liquid pockets.®>3> Fig. 3 shows TEM micrographs
of undoped (0T), 0.7 mol% TiO;-doped (0.7T), and 1.5 mol%
TiOz-doped NBT-5BT (1.5T) samples sintered at 1200 °C for
1 h. Asthe crystal structure of NBT-5BT is pseudo-cubic (rthom-
bohedral with a=b=c=3.8864A and a=p=y=89.2°)28%
the selected area diffraction patterns in the insets of the figure
indicate that the crystallographic planes of the three different
grains have (00 1) orientation.



K.-S. Moon et al. / Journal of the European Ceramic Society 31 (2011) 1915-1920 1919

(a) OT

i /|

Grain Size [um]

(b) 0.7T

2,53 um

0 5 10 15 20 2
Grain Size [um]

10 min :
5 0 20 40 60 80 100

(c) 1.5T

6.15 um

9.22 um
1 a2n

ég
‘55- I
o
& 12h

5.93 um

O
& |

| 440um

o 1h

| 285um 44 min

Grain Size [um]

Fig. 6. Grain size distributions and average grain sizes of (a) undoped (0T), (b) 0.7 mol% (0.7T), and (c) 1.5 mol% TiO,-doped NBT-5BT (1.5T) sintered at 1200 °C

for various times. The largest grain in each sample is indicated by an arrow.

The grain shapes, however, are slightly different from each
other, although they are all round-edged cubes. As the concen-
tration of added TiO; is increased, the area of rounded corners
decreases and the grains become more faceted, indicating that
the step free energy of the (1 0 0) plane increases with increasing
TiO, addition. A similar change in grain shape also occurred
at the surface of the bulk samples, as shown in Fig. 4, where
the 3-dimensional grain shape of a round-edged cube is clearly
revealed. This change in grain shape is expected to affect the
grain coarsening behavior, because the growth kinetics of round-
edged grains is governed by the growth of facet planes.?

The microstructures in Fig. 5 and their grain size distributions
in Fig. 6, indeed, show that the coarsening behavior changes
considerably with the addition of TiO;. In NBT-5BT samples,
the size distribution broadens as the sintering time increases.
Nevertheless, the size distribution is apparently unimodal for
a few hours, indicating that the coarsening behavior is pseudo-
normal. As the sintering time is increased, abnormal grains, with
sizes several times the average size, appear, showing a change
in grain coarsening behavior (Figs. 5(a) and 6(a)). This behav-
ior was already reported in our previous investigation.?? In the
case of 0.7mol% TiO;-doped samples (0.7T), however, sev-
eral large grains form at the beginning of sintering (10 min) and
these grains grow abnormally (Figs. 5(b) and 6(b)). The AGC
behavior is intensified in samples with 1.5 mol% TiO, addition
(Figs. 5(c) and 6(c)). From the beginning, a few abnormal grains
form and grow considerably as the sintering proceeds. As shown
in Figs. 5 and 6, with an increasing amount of TiO», the size
difference between the abnormal grains and the matrix grains
increases; however, the number of abnormal grains decreases.

The observed grain coarsening behavior with respect to the
amount of TiO, and the sintering time can be explained by the
nonlinear migration behavior of faceted solid/liquid interfaces
with different step free energies. Fig. 1 schematically plots the
growth rates of a grain in samples with different amounts of TiO,
addition as a function of the driving force. The critical driving
force for appreciable growth, A g, increases with increased TiO»

addition, as the grain takes on a more faceted shape with a higher
step free energy. When the maximum driving force exceeds the
critical driving force in the 1.5T samples, large grains having
driving forces greater than Agé'ST grow rapidly and become
abnormal grains, as observed in Fig. 5(c). For the 0.7T samples,
however, the number of large grains with driving forces greater
than Ag%7T exceeds that in the 1.5T samples. The number of
abnormal grains is also larger but their size is smaller than that
in the 1.5T samples after impingement of abnormal grains, as
observed in Fig. 5(b). In the case of 0T samples, the number of
grains with the driving forces larger than Ag(C)T is very high; as a
result, many grains grow considerably, initially showing PNGC
behavior. However, as Agmax decreases towards A ggT with over-
all grain coarsening, some abnormal grains form after a certain
period of time, as observed in Figs 5(a) and 6(a).2> This type of
AGC is different from the commonly observed incubated AGC
in highly faceted systems, where Agmax is smaller than Ag..
In the case of the incubated AGC, the grain growth rate is very
low, even for the largest grain, and it is expressed as an exponen-
tial function of the driving force for 2-dimensional nucleation
and growth.2%30-31 (Even in the presence of surface defects, the
growth rate can be governed by 2-dimensional nucleation and
growth with the same functional dependence.3>3%) Neverthe-
less, as the largest grain has the highest (relative) growth rate,
the size distribution broadens and the driving force of the largest
grain can increase beyond Ag. after a certain period of time,
resulting in the belated formation of abnormal grains.'>>” This
type of incubated AGC is usually not observed in systems with
moderate step free energies, as in our NBT-BT system.

The observed change in the grain shape with the addition of
TiO, and the resultant grain coarsening behavior with respect to
time experimentally confirm our previous theoretical prediction,
which is based on the coupling effect of Age and Agmax, >
regarding the effect of the step free energy on the grain coars-
ening behavior. The recently observed incubated AGC in the
BaTiO,;-Ti0,-Si0, system27 also confirms this theoretical pre-
diction.
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4. Conclusion

With the addition of TiO», grain shape and grain coarsen-
ing behavior in the 95Na;,»Bi;,, TiO,—-5BaTiO3 system change
towards more faceted and abnormal, respectively. The change in
grain shape indicates an increase in step free energy, and hence a
rise in the critical driving force for appreciable growth. This sug-
gests areduction of the number of grains that have driving forces
larger than the respective critical driving force for appreciable
growth, Ag.. This explains the increased tendency of abnormal
grain coarsening with TiO; addition. These experimental obser-
vations and explanations support the theoretical prediction based
on the coupling effects between Ag. and Agmax (the maximum
driving force for growth).
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