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I N T R O D U C T I O N

Doped barium titanate (BaTiO3) is an attractive
material for various microelectronic applications.
The most widely investigated dopants are Sn [1],[2]
Sr[3], La[4]-[6], Zr [7]-[8] Ce [9]-[13] and Y[14]-[15].
The dielectric properties of ferroelectric materials
depend on both the crystal structure as well as the
microstructures. The microstructures can be altered
by using various synthesis and processing routes.
The effect of grain size on ferroelectric properties
has been widely studied, but there are contradictory
opinions on how it may influence the nature of
transition and dielectric constant [16]-[20]. Further,
to correlate microstructures and properties, variation
of grain boundary distribution and its effect on
properties as a function of processing conditions
must be established. A control of grain boundary
characteristics with optimum processing may lead to
precise control of microstructure and consequently
its properties [21]. Recently, the effect of grain
boundary distribution, especially Σ3 grain boundary
on the domain structure, anomalous grain growth
and ferroelectric properties was studied. The Σ3
twin boundary is also observed in other perovskite
materials like lead zirconate and strontium titanate
[22]. In BaTiO3, Σ3  grain boundary has been correlated
with hexagonal BaTiO3 ordering, Ti non-stoichiometry
and anomalous grain growth. The effect of the grain
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boundary characteristics on the positive temperature
coefficient (PTC) of resistance was examined and it
was shown that Σ3 special boundary was PTC
inactive and its fraction needs to be minimized. The
percentage of these special grain boundaries was
reported to remain constant with change in sintering
time and also not to be affected significantly by grain
growth.[23]-[24] The {111} twins that cause abnormal
grain growth, form around the second phase -
Ba6Ti17O40. [25]. The BaTiO3 seed grains with double
twins were observed to grow to a very large size,
resulting in secondary anomalous grain growth
(SAGG). SAGG has been explained in terms of
favorable nucleation at the reentrant edges formed
by the double twins [26]. Two-dimensional nucleation
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on a twin-plane reentrant edge facilitates the grain
growth in the absence of liquid phase as a result of
higher nucleation rate as compared to a flat surface
[27]. At sintering temperature, the grains possessing
a double twin were observed to exhibit anomalous
grain growth [28]. Further, the faceted twin
boundaries are believed to result in anomalous
grain growth (AGG). A titanium rich BaTiO3 exhibits
anomalous grain growth and this has been
correlated with the presence of second phase [29].
Normal grain growth (NGG) occurs with excess
barium, whereas AGG with equiaxial grain occurs
with excess titanium between 0 and 0.3 at.%. The
double twin assisted AGG has been reported to
occurs with excess titanium >0.3 at.%.[30]. The AGG
occurs when the grain boundaries are singular with
faceted hill-and-valley or flat shapes. Similar work
based on Sr doped BaTiO3, in Ti excess region has
established the presence of {111} twin formation
which is in line with the formation of second phase
assisted twin growth observed in pure BaTiO3 [31].

In order to correlate and predict dependence of
property on the grain boundary distribution, the
effect of dopants on the grain boundaries and
properties needs to be studied thoroughly and this
has been the motivation for the present investigation.
Microstructure in metals is widely studies using
electron back scattered diffraction (EBSD). In this
investigation, we have studied microstructure using
EBSD. In this work, we report preparation of sintered
ceramic materials for study of microstructure using
EBSD.  Furthermore, we report analysis of the grain
boundary distribution in pure BaTiO3 (BT) and
Strontium doped BaTiO3 (BST) sintered using two
different techniques (conventional and microwave).

E X P E R I M E N TA L

The compositions corresponding to Ba1-xSrxTiO3

(x = 0, 0.1, 0.2, 0.25) were prepared by using
conventional solid-state reaction.  The starting
materials, BaCO3, SrCO3 and TiO2 were procured
from Aldrich Chemicals. Stoichiometric amounts of
the starting materials were mixed in a ball-mill with
zirconia as a grinding media in ethanol. The powder
was calcined at 1100 oC for 12 h, followed by
repetitive stages of ball milling and calcinations.
The powder was characterized by X-Ray diffraction
(XRD) using Cu Ka radiation and slow scan rate
(0.01o/10s) at room temperature to confirm the
perovskite phase. The lattice parameters were
extracted from the diffraction patterns by indexing

the data using the tetragonal space group P4/mmm
with FULLPROF software [32]. The powder was ball-
milled for 24 h in a Teflon jar using partially stabilized
zirconia as a milling media in ethyl alcohol. Further,
the resultant powder was dried, pelletized using
tungsten carbide die and sintered at 1350oC by two
different techniques, namely, conventional
sintering and microwave sintering. Conventionally
sintered samples were heated at 5oC/minute for
two different time duration; 1 hour and 4 hours
labeled as CS1h and CS4h respectively. For the
microwave sintered samples, the first (MW1) was
heated at 5 oC/minute, identical to the heating rate
for CS1h and CS4h, while the other (MW2) was heated
at a faster rate of 20oC/minute. The dielectric
measurements were done in the temperature range
between ambient and 300oC at different
frequencies using a HP impedance analyzer (4192A).
A flat face of sintered cylindrical pellet was polished
using SiC abrasive papers, successively using finer
abrasive papers. Further, final polishing is carried
out using colloidal sil ica using polishing cloth
mounted on a rotating wheel. The microstructures
were studied by electron backscattered diffraction
(EBSD) with a commercial TexSem Laboratories Ltd.,
USA (TSL) system attached to a FEI Quanta 200 HV
scanning electron microscope (SEM).  The EBSD data
was acquired on a polished flat face of a cylindrically
sintered pellet. The EBSD patterns were indexed
using cubic space group symmetry, since the
tetragonality was less than 1% for all compositions
studied in the present investigation.

R E S U LT S  A N D  D I S C U S S I O N S

XRD and Dielectric Characterization

The XRD patterns for all calcined compositions are
shown in Figure 1(a). The XRD patterns showed that
all the compositions exhibited a single phase. The
secondary phases namely Ba6Ti17O40 and Ba4Ti13O30

are usually observed in pure BaTiO3, exhibit high
intensity peaks between 20o to 35o 2q [JCPDF file
number 01-083-1875]. The expanded view of XRD
patterns (2q between 20o to 35o) is shown in Fig 1(b)
for all  the compositions. F ig 1 confirms the
formation of perovskite phase and absence of any
other secondary phases that are believed to be
related with formation of twin boundaries. The
tetragonality decreased with an increase in Sr
dopant concentration, which is in good agreement
with the corresponding change in Goldsmith
tolerance factor (see Figure 1(c)). The dielectric
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constant for all  compositions as a function of
temperature is plotted in Figure 2. No variation in
the dielectric properties between conventionally
sintered and Microwave sintered BaTiO3 was
observed in the present study. The transition
temperature decreased and the diffuseness of the
phase transition increased with the increase in
strontium dopant concentration. The change in
dielectric properties as a function of strontium dopant
concentration is in agreement with that reported in
the literature [33].

Twin Boundary in Pure and Strontium Doped Barium Titanate

Figure 1: XRD pattern for Ba
1-x

Sr
x
TiO

3
 compositions

(a); extrapolated in between 20 and 35 o (b);
tetragonality as a function of dopant concentration (c).

Figure 2: Dielectric constant as a function of
temperature for Ba

1-x
Sr

x
TiO

3

Microstructures of pure BaTiO3 and BST

The image quality map for solid state sintered
(CS4h) BaTiO3 is shown in Figure 3. Few twin
boundaries are highlighted with arrow. The
conventionally sintered (CS4h) BaTiO3 exhibited ~
100 μm sized grains, with few anomalously grown
grains [34]. The grain misorientation distribution
was compared with the random Mackenzie
distribution [35]. From the grain boundary
misorientation distribution, it was observed that
Barium titanate exhibits a  peak at 60°
misorientation as compared to random distribution
(Mackenzie).  This is indicative of a preferred grain
boundary type. The coincident site lattice (CSL)
model defines a grain boundary using a fraction of
atoms in the grain boundary plane which are
coincident to both lattices sharing the grain
boundary. The Σ value denotes the fraction of
atoms in coincidence, for e.g. Σ3 boundary has 1 in
3 atoms in coincidence. The Σ3 boundary is 60o <111>
(misorientation-axis pair) twin boundary. In
practice, the CSL grain boundary deviates from ideal
CSL orientation. Therefore, in the present
investigation, special grain boundary exhibiting
deviation less than K/Σn was considered as CSL
boundary. In the Brandon criterion, 15° for K and ½
for n is generally used; this is considered as a broad
criterion of classification [36]. Therefore, the
allowed deviation from exact CSL is 8.66o for Σ3 grain
boundary. The percentage of Σ3 grain boundary in
conventionally sintered composition was ~12 % and
a large fraction of Σ3 grain boundary exhibited
deviation less than 1o. Further, the twin boundaries
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and coherent twins were calculated using reconstructed
boundaries using TSL software. In addition to the
misorientation (angle/axis) criterion, the boundary
plane {111} must coincide with the twinning plane.
However, complete information is not available in
two dimensional EBSD scans and serial sectioning
or three dimensional sampling techniques are
required to confirm whether the boundary is really
coherent. By examining the three dimensional
characters of many twin boundaries, Randle et
al.[37] established that when the traces are aligned,
the boundary and twinning planes were also
aligned. Therefore, the coherent twin fraction was
calculated on the basis of alignment between the
trace of boundary plane and twining plane using
the TSL software [38]. The Σ3 twin boundary and
coherent twin fraction is provided in Table-1.  The
twin fraction for CS1h and CS4h was almost in
agreement with each other and exhibited similar
values (see Table-1 and 2). The minor difference
between the Σ3 twin boundary and coherent twin
fraction is due to the difference in the grain size of
the two samples. The CS1h has an average grain size
of 66 m, while the CS4h has an average grain size
of 120 m.

Figure3: Microstructure of sintered BaTiO
3

The average grain size and fraction of special grain
boundary is given in Table-1. The fraction of
coherent twins in MW1 and MW2 were less relative
to those for CS samples. The MW2 sintered samples
with a higher heating rate exhibited a finer grain
size relative to that for CS or MW1(heating rate same
as that of CS). The grain growth was suppressed due
to higher heating rate and is a well observed
sintering phenomenon [39]. The fraction of low
angle grain boundaries in CS1h (0.05) was less
relative to that for the microwave sintered BT (0.02).
Also, the fraction of CSL boundaries in CS was 0.21,
whereas it was 0.17 for the MW processed sample
(see Table-2). In other words, the density of low
angle and CSL special low energy grain boundary
was less in MW processed sample. The decrease in
grain size in MW was followed by a decrease in twin
fraction of CSL boundary, in comparison to the
conventionally processed sample. Additionally,
microwave sintered BT did not showed anomalously
grown grains, unlike conventionally sintered BT
samples. This lack of exaggerated grain growth is in
agreement with lower fractions of twin boundary.
Further, the OIM scans were divided in two parts
namely, grains exhibiting twin and grains without
twins. Figure 4 shows that the grain size distribution
for grains with and without twins is similar. However,
grains exhibiting twins displayed a higher average
grain size. The twin length and corresponding grain
size diameter is plotted in Figure 5. The grain size
increased with an increase in length of twin boundary
implying that growth of twin boundary resulted in
grain growth. Aspect ratio (ratio of length of minor
axis to major axis) was also calculated by fitting
grains with ellipse using TSL software. The aspect
ratio for grains with and without twin boundary is
plotted in Figure 6. Aspect ratio distribution between
grains with and without twins was almost similar.
The aspect ratio of majority of grains exhibiting twins
was more than 0.5 i.e. implying equiaxial grains. The
microstructure of conventionally sintered BST
compositions at 1350oC for 4 h was also studied. The
average grain size for all BST compositions is provided
in Table-2. Barium titanate exhibited abnormally large
grains which were not observed in BST compositions.
The grain size decreased with increase in Sr dopant
concentration, this corroborates with reported
literature [40]. The percentage of CSL grain boundary
decreased with an increase in the strontium
concentration. The fraction of Σ3 grain boundary was
maximum amongst all other CSL boundaries. Also,
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deviation of the Σ3 grain boundary was similar to
that observed for pure BaTiO3; large fraction
exhibited deviation below 1o. The Σ3 grain boundary
was related with grain growth and/or anomalous
grain growth. The higher Sr doped compositions
(Ba1-xSrxTiO3, x=0.2 and 0.25) does not exhibited
exaggerated grain growth, unlike pure BaTiO3, which
is in agreement with lower percentage of Σ3 grain
boundary.

Two different types of twins (growth and deformation)
are reported in barium titanate. Both growth and

BaTiO3 Σ3 Coherent Σ3 
fraction

Avg. Grain 
size (μm)

CS 1h 0.16 0.06 66

MW1 0.09 0.01 40

MW2 0.11 0.02 37

Table-1: The fraction of  Σ3,  coherent twin boundary
and average grain size for Conventionally sintered (CS)

and Microwave sintered (MW1 and MW2) BaTiO
3

Figure 4: Grain size distribution in twined and non-
twined grains in conventionally sintered BaTiO

3

Ba1-xSrxTiO3 Σ 3 Coherent Σ3 
fraction

Avg. Grain 
size (μm)

CS 4h 
(BT; x=0)

0.14 0.04 120

x=0.1 0.09 0.01 112
x=0.2 0.03 - 45

x=0.25 0.03 0.005 33

Table-2: The fraction of  Σ3, coherent twin boundary and
average grain size for Ba

1-x
Sr

x
TiO

3
 compositions,

conventionally  sintered at 1350 oC for 4h.

deformation twins occur in the tetragonal modification.
Growth twins (with {111} twinning plane) are formed
in cubic phase during grain growth at high temperatures
and preserved in tetragonal barium titanate. Deformation
twins occur as a result of cubic-tetragonal phase
transition. The twins observed in the present case
are growth twins. The sintering conditions play a
very important role in formation of {111} twins. This
is also clear from the present investigation -
conventionally sintered samples resulted in more
S3 boundaries as compared to microwave sintered
sample. An important factor influencing twining
percentage is the strain present in the sample. Change
in lattice parameter causes a considerable strain
within the grains which may result in the formation
of twins. With the increase in dopant concentration,
the tetragonality decreases, resulting in less fraction
of twinning.

Effect of Twinning on Grain Size Distribution

EBSD scan recorded is divided into two parts,
namely grains exhibiting twins and grains that do
not depict twin boundary. The grain size distribution
for grains exhibiting twins and not exhibiting twins
was similar with a difference that twinned grains
exhibited few grains of higher sizes. Further, higher
grain size increased the probability of twin
formation. The aspect ratio between twinned and
non twinned grains also resembled with each other;
grain exhibiting twins were equiaxed. (cf. Figure 4,
5 and 6) The bulk texture or the texture index does
not show any trend, which indicates that the
twinning phenomenon is more sensitive to growth
conditions rather than the initial texture of the
material. The total scan exhibits weaker texture as
this is a mixture of strongly textured twins as well
weakly textured non-twinned partitions. This work
establishes preference in the orientations leading
to 60o <111> i.e.  Σ3 twin boundary. The conventionally
sintered sample (CS1h and CS4h) showed higher
fraction of Σ3 boundaries as compared to microwave
sintered samples. This could possibly be due to the
difference in the grain size distribution between
the two methods. The conventionally sintered
samples has anomalous grain growth, while the
microwave sintered samples and strontium doped
samples has uniform grain size distribution.
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Figure 5: Grain size diameter as a function of twin length

Figure 6: Aspect ratio in twined and non-twined
grains in BaTiO

3

C O N C L U S I O N S

We have examined grain boundary characteristics
of pure BaTiO3 and  Strontium doped BaTiO3.

Microwave sintered BaTiO3 exhibited a lower
fraction of twin boundary and normal grain growth
unlike conventionally sintered BaTiO3 which
showed anomalous growth. In BST, twin fraction and
the grain size decreased with increase in the
strontium concentration. The present work clearly
establishes that twin boundaries grow in the
absence of parasite phase in pure and doped BaTiO3.
The work establishes a growth in grain size followed
by increased length of twin boundary. Also, grain
size distribution and aspect ratio between twinned
and non-twinned grains has been probed. Further,
a study exhibiting wide variation in microstructure
may lead to more interesting observations.
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