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Abstract

In this study, the equilibrium crystal shape (ECS) of a model system, strontium
titanate, is compared with the grain boundary plane distribution (GBPD) as a function
of temperature. Strontium titanate has a pronounced surface energy anisotropy and a
grain growth anomaly with the grain growth rate decreasing by orders of magnitude
with increasing temperature. The ECS was determined from the shape of small
intragranular pores and the GBPD was determined from orientation measurements
on surfaces, with the relative areas of grain boundary planes in a polycrystal
correlated to the surface energy of both adjacent crystal planes. The grain boundary
energy has been previously proposed to be the sum of the surface energy of the
adjacent grains less a binding energy that is assumed constant. While much
experimental evidence exists for this assumption at a fixed temperature, the influence
of temperature is not known. While the anisotropy of the ECS was found to decrease
with temperature, the anisotropy of the GBPD increased with temperature. These
findings indicate that changes in the binding energy with temperature must be
considered, as the binding energy links the surface energy to the grain boundary
energy. The results are discussed with respect to the grain growth anomaly of

strontium titanate, in which the grain growth decreases with increasing temperature.
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1. Introduction
Grain growth in strontium titanate shows a remarkable anomaly with the growth rate
decreasing over the temperature range of 1300 °C — 1390 °C [1-3]. The anomaly was

observed using an isotropic grain growth law to determine the growth rate constant,
D? — D§ = kt = 2aym -t 1

with the grain size D, the grain size D, at time t = 0, the grain boundary energy y, the
grain boundary mobility m, a geometric constant a close to 1 [4] and the grain growth
rate constant k = 2aym combining the grain boundary energy and mobility into a
single parameter [3]. In strontium titanate, k does not follow a single Arrhenius

equation; k drops significantly between 1300°C and 1390°C, as shown in Fig. 1.
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Fig. 1 Plot of the grain growth rate constant k = 2aym as a function of inverse temperature for

strontium titanate in oxygen [3].

In alumina, adsorption (complexion) transitions of the grain boundaries with dopant
composition are known to change the grain boundary mobility and thereby the grain
growth rate by similar orders of magnitude [5-7]. However for strontium titanate, the
situation is different: no dopants are introduced that might lead to the observed non-

Arrhenius behavior of grain growth rate. The observed behavior may be a result of
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change in the grain boundary structure and stoichiometry with temperature, leading
to changes in the grain boundary energy and/or mobility. The grain boundary
stoichiometry of strontium titanate was observed by TEM [8]; Ti-rich grain boundaries
were found to be slower than others. However no clear correlation to the grain growth
anomaly seems to exist.

A change in grain boundary faceting of strontium titanate with temperature was
proposed to explain the non-Arrhenius behavior [1]; it is well known that both grain
boundary energy [9] and mobility [10, 11] are anisotropic. Baurer et al. suggested a
decrease with temperature in the relative grain boundary energy of the low mobility
boundaries. [1]. This transition would result in an increasing frequency of low energy,
low mobility grain boundaries in the microstructure and a reduction in the grain
growth constant.

The rationale for this relationship derives from the work of Saylor et al., in which the
frequency of specific grain boundary planes in dense polycrystalline SrTiOsz and MgO
was related to their surface energy anisotropy [12, 13]. The relative areas of grain
boundary planes (“grain boundary plane distribution”, GBPD) are determined by
serial sectioning and orientation mapping via SEM (EBSD) [12-15] or a stereological
reconstruction of the 3D microstructure information on a single plane [15-17]. They
observed that the frequency of specific grain boundary planes corresponding to low
index surface orientations of one of the two grains increased as the relative surface
energy decreased for these two systems, each examined at a single temperature [12,
13]. The question for strontium titanate is whether this relationship still holds as the
relative surface energies change as a function of temperature. Due to the observed
grain growth anomaly with temperature and pronounced surface energy anisotropy,
strontium titanate lends itself to a comprehensive study of the influence of surface
energy anisotropy (as manifest in the equilibrium crystal shape) on grain growth.

In the work of Saylor et al., the energy of a straight grain boundary has been

described by the equation

Y =Y1+tVv2—B 2

with the surface energies y; and y, and the binding energy B [6, 18, 19]. The binding
energy relates to the atomic reconstruction of the adjacent crystal lattices when two
surfaces are brought together and bonds form across the interface [19]. If the binding

energy is assumed to be isotropic, the remaining anisotropy is assumed to be



captured in the surface energy terms [6, 14, 19]. Although the domain of grain
boundary types requires a five dimensional space, Eqn. 2 reduces the anisotropy of
Yep 10 the surface energy anisotropy, which is much easier to access by experiment.
These assumptions may not be valid: the nature of the binding energy must be
considered. Its isotropy is an assumption to reduce the parameter space of the grain
boundary energy and thereby to simplify experimental considerations of the grain
boundary anisotropy. In fact there is no reason for the binding energy to be isotropic
[14, 15, 18, 20]. A counter example is the case of special grain boundaries with high
lattices site coincidence (low ) that form a higher number of bonds. But even for a
given misorientation, the bonding across the interface cannot be constant for all grain
boundary plane orientations, and the same is true for different misorientations.
Additionally no information is available on a possible temperature dependence of the
binding energy. Comparing the changes in equilibrium shapes, the relative surface
energies of specific planes in strontium titanate, and the frequency of specific grain
boundary planes will allow the range of validity of this equation to be examined.

The equilibrium crystal shape (Wulff shape) reflects the minimization of surface
energy of an isolated particle or void [21, 22] and directly gives the relative surface
energies and anisotropy. However the observation of the equilibrium crystal shape is
difficult due to the kinetics of equilibration. Growing or shrinking particles or voids will
generally be bounded by low mobility planes and not necessarily by the low energy
planes, and will therefore have a kinetic shape [23, 24]. Determining the equilibrium
shape from a kinetic shape is a central problem in every study of the Wulff shape [25,
26]. Different analytical approaches to the equilibration kinetics of particles or pores
have been used [25, 26]; the most important factor for equilibration of an isolated
particle or void being its size.

In this study, the Wulff shape of small intragranular pores was used to measure the
anisotropy of the surface energy as a function of temperature. In parallel, the grain
boundary plane distribution was observed as a function of temperature. The
combination of these two methods makes it possible to compare the anisotropy in
surface and grain boundary energy and to evaluate their relationship to the observed

grain growth anomaly.



2. Experimental Procedure

2.1. Generation of intragranular pores

A sandwich type specimen was used for the equilibrium shape measurements. Small
pores were obtained by joining a strontium titanate single crystal to a SrTiOs
polycrystal. Stoichiometric polycrystalline material was first prepared by a mixed
oxide/carbonate route based on high purity raw materials (SrCOs and TiOz, purity of
99.95% and 99.995%, Sigma Aldrich Chemie GmbH, Taufkirchen, Germany). Details
of the synthesis are published elsewhere [27]. The green bodies were sintered at
1425 °C for 1 h in oxygen to obtain a relative density of more than 99 %. Samples
were cut into discs and polished (diamond slurry, 0,25 um) and then scratched with a
polishing disc (30 um diamonds) to create pore channels.

The strontium titanate single crystals (impurity content: <10 ppm Si, <2 ppm Ba,
<1 ppm Ca, SurfaceNet GmbH, Rheine, Germany) were chemical-mechanical
polished and placed between two polished and scratched polycrystalline discs.
Stacks were joined at 1430 °C for 20 min in air with a load of 1 MPa. During diffusion
bonding the pore channels created by the scratches break up into rows of small
pores. As the interface between the single crystal and the polycrystal migrates into
the polycrystalline matrix, pores become isolated within the single crystal and are
used to observe the equilibrium crystal shape.

The sandwich samples were equilibrated at temperatures between 1250 °C and
1600 °C in oxygen or a mixture of 95% nitrogen and 5 % hydrogen
(p(O2) = 8 x 10°® Pa). Details of the heat treatments are shown in Tab. 1. The dwell
times were interrupted for grain growth studies which will be reported in a follow up
paper. To evaluate the influence of the interrupted anneals two different samples
were compared, where one was cooled from 1380 °C at 10 K/min and one was
guenched from 1380 °C at more than 200 K/min. The pore shapes in both samples
were analyzed, and no significant difference was detected. Hence the influence of
the interrupted annealing on the equilibrium shape was determined to be
insignificant. At all heat treatments above 1250°C the samples were quenched to
room temperature at ~200K/min. The experiment at 1250°C was cooled in air without

qguenching.



Tab. 1 Temperatures, atmospheres and dwell times used for the equilibration of pores in

strontium titanate.

temperature [°C] | atmosphere dwell time [h]

1250 Air 740(not quenched)
1350 02 85

1350 N2-H2 95

1380 Oz 120

1380 N2-H2 100

1460 02 54.5

1460 N2-H2 46

1600 Oz 53.5

1600 N2-H2 25

The pore shape was observed by SEM-imaging (Leo 1530, Carl Zeiss AG,
Oberkochen, Germany). Fig. 2 shows a typical cross section with the relevant
isolated pores at the bottom. The size of all measured pores was 1-2 ym (max. 3 pm
at high temperatures). At each temperature at least 7 pores (typically 10) were
analyzed.

To evaluate the 3D pore shape, the SEM images were compared to calculated pore

shape using the Wulff-construction for a fully faceted pore. The energies of the facets

in the Wulff-construction were adjusted until the calculated shape fitted the observed
shape [28].

Fig. 2 Typical cross section observed by SEM of a sample with small pores induced by the
bonding of a polycrystal (top) and a single crystal (bottom). The relevant pores can be found

on the original interface between polycrystal and single crystal (dashed line).

2.2. Characterization of the grain boundary plane distribution (GBPD)
The measurement of the grain boundary plane distribution was based on 2D
orientation mapping by SEM and EBSD. However, looking at 2D microstructures



gives only four of the five degrees of freedom of a grain boundary, i.e. the
misorientation of both adjacent grains and one of the two angles characterizing the
orientation of the grain boundary plane. The second angle of the grain boundary
plane, the inclination, was reconstructed using a stereologic technique [15, 16]. The
reconstruction used a discrete binning of 10 °. Both planes of the grain boundaries
were included; their frequency was counted with respect to the grain boundary plane
area [16].

The processing of polycrystalline samples for the GBPD measurements is similar to
the polycrystals described above. Three samples annealed at different temperatures
were characterized (Tab. 2). The microstructures grew normally for all temperatures
as shown in Fig. 3. In a previously study on strontium titanate, the GBPD was
measured after different annealing times at one temperature, no significant difference
in the GBPD was found [17]. Hence no kinetic influence on the GBPD seems to exist.
It was shown previously that similarly processed polycrystalline strontium titanate has
no significant misorientation texture [14, 29]. All samples were heated in oxygen and

subsequently quenched at more than 200 K/min to prevent any influence of cooling.

Tab. 2 Heat treatment, mean grain diameter and number of grain boundaries for the
observation of the grain boundary plane distribution. All samples were heated in oxygen and

subsequently quenched.

Heat treatment mean grain diameter | number of grain boundaries
1300 °C, 10h 3.47 pym 55547
1350 °C, 10h 3.70 um 46553
1425 °C, 4h 4.48 pm 86783

Fig. 3 Microstructures of the samples used for the GBPD heated to 1300°C (a), 1350°C (b) and
1425°C (c).



3. Results and Discussion

3.1. Pore Shape and Facets

Fig. 4 a and b shows a typical pore along with the calculated shape. The main facets
of the pores were indexed as {100}, {110} and {111} based on the cubic symmetry of
the perovskite structure. In some cases a facet near {100} was observed, and was
indexed as {310} through measurement of its angle to {100} in a cross section
parallel to {100} as shown in Fig. 4c.

Fig. 4 Shape of a pore observed by SEM (a). The facets {100}, {110} and {111} are labeled.
Reconstructed shape of the pore in (a), the facets are labeled as well (b). Measurement of the

misorientation of {100} and {310} in a cross section (c).

Fig. 5 a-d shows the observed pore shape between 1250 °C and 1600 °C in oxygen
and the reconstructed shapes (e-h), respectively. The main facets are {100}, {110}
and {111}, which are the most common orientations reported in strontium titanate [9,
13, 14, 30]. At 1460 °C a {310} facet appears in the pores, a facet orientation that has
also been observed in strontium titanate previously [9, 31, 32]. With increasing
temperature the pores became more uniform, i.e. the anisotropy in surface energy
decreased.

Between some of the facets, microfacetted (corrugated) areas are visible (orange
areas in the reconstructed pore shapes in Fig. 5 e-f). Their area fraction increases
with temperature. The Wulff shape does not contain microfaceted areas [21], but their
presence indicates that there must be a constraint on the pore shape, either kinetic
(pinning of the corners or edges) or geometric due to the presence of saddle shaped
surfaces [33] or quadjunctions in the Wulff shape [34]. The current study only

considers the major orientations of strontium titanate. At each temperature the
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distance from each facet to the center [21] was measured for several pores. Due to
the low variance in the data (cf. error bars in Figs. 7 and 8) no evidence exists for the
distance of the main orientations being altered by microfaceting.

The pore shapes between 1350 °C and 1600 °C in 95 % N2 — 5 % H2 are shown in
Fig. 6 a-d. The corresponding reconstructed shapes are shown in Fig. 6 e-f. The
shapes exhibit the same main orientations as those in oxygen, but the shape tends to
be more uniform for the same temperature. Additionally the pores are more uniform
for higher temperatures, hence the anisotropy decreases. As in oxidizing

atmospheres, microfacetted (corrugated) areas are present in the pores.

[ )]
[ microfacetted

Fig. 5 SEM images of pores annealed in oxygen at 1250 °C (a), 1380 °C (b), 1460 °C (c) and

1600 °C (d), reconstructed pore shapes (e-h) corresponding to a-d.



w310
[ microfacetted

Fig. 6 SEM images of pore annealed in 95 % N, — 5 % H, at 1350 °C (a), 1380 °C (b), 1460 °C (c)

and 1600 °C (d), and reconstructed pore shapes (e-h) corresponding to a-d.

3.2. Relative Surface Energy

From the Wulff theorem [21] the relative surface energy of a facet in a crystal is
proportional to the normal distance from the facet to the center of the shape. Fig. 7
shows the relative surface energy of all low index orientations observed for
temperatures between 1250 °C and 1600 °C in oxidizing atmosphere, with all values
normalized to {100}, the orientation with the lowest surface energy. The {310}
orientation is only visible at 1460 °C or higher. The surface energy anisotropy
decreases with increasing temperatures.

Sano et al. reported the relative surface energies of {100}, {110} and {111} at 1400
°C in air to be 0.93+0.03, 1.01+0.06 and 1.02+0.01, respectively [9]. These values
were re-normalized to {100} and are also shown in Fig. 7. The relative surface energy
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of {110} is in very good agreement with the current study. However the surface
energy of {111} is higher compared to Sano’s data. Since Sano’s data were obtained

by the capillary vector method and in air, this discrepancy is not considered

significant.
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A (111)
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1,34 O (100) Sano et al.
l O (110) Sano et al.
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Fig. 7 Relative surface energy of the orientations {100}, {110}, {111} and {310} in oxygen

obtained by the inverse Wulff construction (closed symbols). For comparison the data of Sano

et al. [9] are added (open symbols).

The relative surface energies of {100}, {110}, {111} and {310} between 1350 °C and
1600 °C in a reducing atmosphere are shown in Fig. 8. As in an oxidizing
atmosphere the anisotropy decreases with increasing temperature and {100} exhibits
the lowest surface energy. However {310} is visible at all temperatures. The
anisotropy is generally lower than in as oxidizing atmosphere, which is comparable to
barium titanate [10, 35, 36].

A series of studies on barium titanate and strontium titanate related the total vacancy
concentration with the faceting behavior of the grain boundaries [10, 36, 37]. The
total vacancy concentration was increased by lowering the oxygen partial pressure or
by donor doping. The authors reported faceted grain boundaries at low vacancy
concentration and unfaceted grain boundaries at high vacancy concentration; this
behavior was attributed to a decreasing grain boundary energy anisotropy at high
vacancy concentration. The same seems to be true for the surface energy of barium

titanate, as the shape of glassy particles embedded in barium titanate is more
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uniform in a reducing atmosphere [35]. As shown in Figs. 7 and 8, the surface energy
anisotropy of strontium titanate decreases with decreasing oxygen partial pressure as
well. Accordingly the decreasing grain boundary energy anisotropy and surface
energy anisotropy on decreasing oxygen partial pressure seems to be similar in

barium titanate and strontium titanate.

® {100}
1,3- e {110}
A {111}
{310}
1,2
=
s .
= i
e g | 4
‘ ‘
1,01 [ ] [ ] ] [ ]

1350 1400 1450 1500 1550 1600
T[°C]

Fig. 8 Relative surface energy of the orientations {100}, {110}, {111} and {310} in 95 % N, —
5 % H, obtained by the inverse Wulff construction.

3.3. Distribution of the Grain Boundary Planes

The grain boundary plane distributions at 1300 °C, 1350 °C and 1425 °C are shown
in Fig. 9. The color represents multiples of random distribution (MRD) and is
normalized by grain boundary area. At 1425 °C (Fig. 9c) the GBPD in this study is
almost identical to the GBPD at 1650 °C described in the literature [13, 14]. All
distributions show a similar profile with a maximum at {100}, a minimum at {111} and
a smooth transition in between. However, the width of the distribution between the
maximum at {100} and minimum at {111} increases with increasing temperature, as
can be seen from Tab. 3. Therefore, the anisotropy in the grain boundary plane
distribution increases with increasing temperature, with the fraction of grain
boundaries parallel to {100} of one of the adjacent grains increasing with
temperature.

These findings are unexpected, if the anisotropy of the grain boundary energy follows
the temperature dependence of the surface energy anisotropy alone [19, 38, 39].
However studies on the grain boundary faceting in strontium titanate [1, 8, 29, 40, 41]
and on the temperature dependence of the GBPD in alumina [42, 43] and yttria [44]
showed a similar behavior [1, 8, 29, 40, 41]. In strontium titanate at 1300 °C no grain

12



boundary planes oriented parallel to {100} were observed [1]. At 1425 °C almost
50 % were found to be oriented in {100} with respect to one of the adjacent grains [8].
Shih et al. [40] reported that grain boundaries oriented in {100} are more frequent
than expected; concurrently {110} and {111} are slightly less frequent than expected.
In summary, the GBPDs in Fig. 9 are consistent with the grain boundary faceting of
strontium titanate reported previously. In alumina and yttria, the anisotropy of the
grain boundary plane distribution was observed to increase with temperature (as here
for strontium titanate) and is correlated to a complexion transition that alters the grain

boundary energy distribution [42-44].

D 2.

0.6 0.8 1.0 1.2 1.4 1.6 1.8
Multiples of Random

111 I 111 I
001 101 001 101 001 101

a b c
Fig. 9 Grain Boundary Plane Distribution (GBPD) of strontium titanate. The samples were
heated at 1300 °C (a), 1350 °C (b) and 1425 °C (c). The color scale represents multiples of a

random distribution (MRD) and is normalized by grain boundary area.

Tab. 3 Maximum and minimum frequency of the grain boundary planes for the data shown in
Fig. 9.

temperature [°C] | min. frequency [MRD] | max. frequency [MRD]
1300 0.73 1.46
1350 0.62 1.53
1425 0.63 1.75
1650 [13] 0.6 1.75
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3.4. The relationship between the equilibrium crystal shape and the GBPD

It has been shown for several materials that in a polycrystal the grain boundary
planes are dominated by the crystallographic planes of the Wulff shape [13] and the
frequency of a grain boundary plane is correlated with the inverse of its relative grain
boundary energy in several material systems [15, 19, 20, 45]. Hence the GBPDs
shown in Fig. 9 indicate an increasing anisotropy in the grain boundary energy with
increasing temperature.

Following Eqgn. 2 the grain boundary energy is composed of the surface energies of
both adjacent grains less the binding energy. Usually the latter is assumed to be
constant for all grain boundary configurations except special misorientations
providing a high coincidence of adjacent crystal lattices sites [6, 14]. In strontium
titanate these special orientations were shown in several studies to play no prominent
role in the microstructure [14, 15, 29, 40, 46, 47]. Hence high grain boundary energy
corresponds to high surface energy following Egn. 2. In this context the GBPDs
shown in Fig. 9 should be correlated to the surface energy. However the relative
surface energy in Fig. 7 shows a decreasing anisotropy for higher temperatures.
Hence a significant difference exists between the anisotropy of the pore shapes and
of the anisotropy predicted from the GBPD and Eqgn. 2.

The origin of the difference is most likely attributable to the temperature dependence
of the binding energy, shown schematically in Fig. 10 a. The absolute surface
energies of the Wulff orientations decrease with temperature. The binding energy
decreases with increasing temperature as well, however the rate is assumed to be
lower. It is reasonable that the temperature dependence of the binding energy would
be similar to the temperature dependence of the crystal moduli and lower than the
dependence of the surface energy due to large number of broken bonds at the
surface. According to Egn. 2 the anisotropy, A.g, of the grain boundary energy can

be defined as
_ Vg}lBax _ 2Ymax — B

Agg = — =
op )/Z;',?" 2Ymin — B

with the maximum and minimum surface energy Vmax and ¥Ymin Vmax > Ymin)- Equally

the surface energy anisotropy Ag,r can be defined as

ymax 4

ASurf =

Ymin
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The binding energy was assumed to decrease more slowly with temperature than
surface energy, which is mathematically equivalent to an increase in B at a fixed

Agyrr- Then Agg increases with B. But even if Ag,,r decreases (€.9. ¥imax — Ymin), an

increase of A;z with B is still possible (e.g. B = 2y,,, results in A;z = ). The

sketch in Fig. 10 a gives the temperature dependent Agp and Ag,, as shown in Fig.

10 b. According to Fig. 10 b an increase of the grain boundary energy anisotropy with
temperature is possible, even if the surface energy anisotropy decreases.

The framework sketched in Fig. 10 may explain the difference in the anisotropy of the
pores and the GBPD. The pores directly give the relative surface energies and
anisotropy. The frequency of grain boundary planes inversely correlates to the grain
boundary energy anisotropy [14, 20]. The decrease of the surface energy anisotropy
(observed by the pore shapes) in conjunction with an increasing grain boundary
energy anisotropy (observed by the GBPD) with temperature would result in the
observed deviation in the temperature dependent anisotropy of the pores and the
GBPD.

The correlation of the GBPD to the surface energy anisotropy is based on the
isotropy of the binding energy in Eqn. 2. As aforementioned, this assumption was
shown to hold for a given temperature. However the current study shows that a
comparison of the GBPD at different temperatures must account for a change in the
binding energy.

1,8
— {111}
by — {110}
= {310} > 17 -
S, — {100} o A .-
> Surface Energy - -8 g _— - =SB - =
o) 3 1,6
c C
w <
% 5 157 As f
S 2
2 L
< Lo 1,44
Binding Energy
0
Temperature [a.u.] Temperature [a.u.]
a b

Fig. 10 Sketch of the temperature dependence of the absolute surface energy and the binding
energy B of strontium titanate (a) and the resulting surface energy anisotropy Asut and grain

boundary energy anisotropy Ace (b).
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3.5. The relationship to anisotropic grain growth in strontium titanate

We believe that the temperature dependence of the anisotropy observed by the
pores and the GBPD plays a role in the grain growth anomaly. Between 1300°C and
1390°C k dropped by orders of magnitude [3]. Around 1390 °C a drop in the surface
energy of {111} in combination with a rise of {110} can be identified (cf. Fig. 7); but
since the variation is not very significant, a drastic change in grain boundary faceting
is unlikely due to the changes in the relative surface energy. Hence the grain growth
anomaly cannot be understood just in terms of the surface energy anisotropy.
However the grain boundary energy anisotropy seems to be related to the grain
growth anomaly. The GBPDs presented in Fig. 9 indicate an increasing frequency of
grain boundaries oriented in {100} with increasing temperature. This increase occurs
in a similar temperature range as the grain growth anomaly discussed in section 3.3.
In many grain growth simulations even a small fraction of low mobility grain boundary
planes was shown to strongly decrease the overall grain growth constant [48, 49].
Consequently in strontium titanate the increasing frequency of grain boundary planes
oriented in {100} with temperature may be the basis for the grain growth anomaly.
However few studies of the anisotropy of the grain boundary mobility of SrTiOs exist.
At 1470°C experiments on single crystals embedded in a polycrystalline matrix
indicate that the mobility of {110} is lower than {100} [10, 11]. Since no temperature
dependent mobility data are available, the relation between the change in the GBPD
and the grain growth rate remains uncertain. In this context research on the

temperature dependent grain boundary mobility is needed.

4. Summary and Conclusion

The relationship between the grain boundary plane distribution (GBPD) and the
equilibrium crystal shape of strontium titanate was observed as a function of
temperature.

The equilibrium crystal shape was observed by the shape of small intragranular
pores. The major facets of the pore shape were found to be {100}, {110} and {111}.
The inverse Wulff construction was applied to obtain the relative surface energy of all
visible facets. {100} showed the lowest surface energy, followed by {110} and {111}.
From 1460°C in oxygen and for all temperatures in reducing atmospheres a {310}

facet was visible in the equilibrium shapes as well. The anisotropy of the surface
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energy decreased with increasing temperature and decreasing oxygen partial
pressure.

The temperature dependent GBPD indicated the same low energy planes found by
the pore shapes. However an increasing anisotropy in the GBPD was found with
increasing temperatures pointing towards an increase in the grain boundary energy
anisotropy with temperature.

The different behavior of the anisotropy in the pore shapes and the GBPD was
explained by a temperature dependence of the binding energy. In this framework the
absolute surface energy is assumed to decrease with temperature at a higher rate
than the binding energy. Because the grain boundary energy is the sum of two
surface energies less the binding energy, an increase in the anisotropy in the grain
boundary energy becomes possible. While previous studies showed that the binding
energy of the grain boundary is not significant in the relationship between the GBPD
and the surface energy, the current findings indicate that this assumption does not
hold with respect to temperature.

The behavior of the anisotropy observed by GBPD was related to the grain growth
anomaly of strontium titanate. The GBPD indicates an increasing fraction of grain
boundaries oriented in {100}. If these grain boundaries were low mobility grain
boundaries, a decrease in grain growth rate is plausible. However further data is
needed to reveal the temperature dependent anisotropy of the grain boundary

mobility of strontium titanate.
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