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a b s t r a c t

The dihedral angles at grain boundary thermal grooves in SrTiO3 were measured and used to determine
the relative grain boundary energy at several temperatures where the grain growth rate constant dis-
plays anti-thermal properties (it decreases with increasing temperature). The measurements indicate
that at temperatures in the anti-thermal region (1390 !Ce1400 !C), the average grain boundary energy is
less than at a lower temperature (1350 !C) where grain boundaries move more rapidly. Three-
dimensional electron backscatter diffraction was used to measure the geometries of internal triple
junctions in a sample where the slow and fast grain boundaries co-exist. Based on the dihedral angles at
triple junctions, the ratio of the energies of slow boundaries to fast boundaries is 0.86. The results
indicate that at temperatures between 1350 !C and 1425 !C, the higher and lower energy boundaries
coexist. The coexistence of the two boundary types in this temperature range is likely because there is a
range of grain boundary energies and the temperature at which a boundary transforms from the slow
type to the fast type depends on its grain boundary energy.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the vast majority of polycrystalline materials, grain bound-
aries migratemore rapidly at higher temperatures. According to the
accepted theory of grain boundary migration, this is because as the
temperature increases, atoms vibrate with an increased amplitude
and atoms are able to detach from one crystal and attach to another
more easily, increasing the rate of grain boundary migration [1e5].
The assumption of a temperature activated mechanism is sup-
ported by a vast amount of data indicating that boundaries migrate
more rapidly at higher temperature both when the velocities of
many boundaries are averaged [6,7] and when individual boundary
velocities are measured [8e12]. However, some interesting con-
trary evidence has recently been reported [13]. For example,
atomistic simulations have recently shown that certain grain
boundaries have mobilities that are independent of temperature or
move more slowly at elevated temperature [14]. Furthermore,

recent experimental measurements of the grain growth rate con-
stant in certain perovskite structured oxides have shown that over
certain temperature ranges, the average grain growth rate constant
decreases with increasing temperature [15]. The grain growth rate
constant (k) is defined as [1]:

D2 " D2
t¼0 ¼ kt (1)

where D is the average grain size and t is the time. For example, in
SrTiO3, the average grain growth rate constant decreases by a factor
of 20 in the temperature range between 1350 !C and 1425 !C
[15,16]. We refer to this as anti-thermal behavior [13].

For the case of SrTiO3, it is important to clarify that not all grain
boundaries uniformly move more slowly in the anti-thermal tem-
perature range. Up to 1350 !C, all grain boundaries move at similar
rates yielding uniform microstructures. Above 1350 !C, some grain
boundaries move relatively more slowly than others. At higher
temperature, a larger fraction of grain boundaries move slowly and
fewer grain boundaries migrate quickly [15]. The effect of these
changes is that the average grain growth rate constant decreases in
this temperature range. At temperatures greater than 1425 !C, the
grain growth rate constant is again thermally activated.
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The significant change in the average rate of grain boundary
migration and the co-existence of grain boundaries with signifi-
cantly different migration rates has been observed in other ce-
ramics, such as alumina doped with Ca, Si, or a variety of rare earth
ions; in these situations, abnormal grain growth is observed [17].
The abrupt change in the migration rate of some boundaries has
been explained by a grain boundary transition that alters the
structure and composition of the grain boundary (also referred to
as a complexion transition) [18]. Measurements of the relative grain
boundary energy have shown that complexion transitions are
associated with a decrease in the grain boundary energy [19,20]. In
other words, as temperature is increased, the grain boundary
adopts a lower energy structure. A complexion transition seems to
be a plausible explanation for the phenomenon in SrTiO3 and this
has been proposed in the past [16]. However, there are three sig-
nificant differences between the phenomenon in SrTiO3 and earlier
studies of ceramics such as alumina [21], yttria [22], and spinel [23].
First, the previous research was on intentionally doped ceramics,
and the SrTiO3 considered here is nominally pure. However, it
should be noted that impurities are not a prerequisite for a
complexion transition [18]. Second, in these other cases, higher
temperature complexions had higher grain growth rate constants
than the lower temperature complexion; for SrTiO3, the opposite is
true. Of course, there is no intrinsic reason to believe that higher
temperature complexions should always have higher grain growth
rate constants. Third, TEM studies have yielded contradictory re-
sults with respect to structural differences between the fast and
slow boundaries. Shih et al. [24] found that fast moving boundaries
in SrTiO3 were often atomically flat with steps, while a later study
found no significant structural difference between SrTiO3 grain
boundaries above and below the transition temperature [25]. Even
though the samples were quenched, these room temperature mi-
croscopy experiments do not exclude the possibility that there are
structural differences at temperatures where the grain boundaries
are mobile.

The grain boundary free energy depends on temperature; for
materials without strongly segregating impurities, the energy is
expected to decrease continuously with temperature. For materials
with segregating impurities, the energy is expected to increase
continuously with temperature, at least until a point when there is
no longer an excess of solute at the grain boundaries [26].
Complexion transitions should lead to more abrupt changes in the
grain boundary energy [27,28]. Furthermore, at temperatures
where two grain boundary complexions coexist, the distinct pop-
ulations have been shown to have distinct grain boundary energies
[19]. If the change in the grain growth rate constant that occurs in
SrTiO3 is the result of a complexion transition, then we expect the
slower grain boundaries that are increasingly present at higher
temperatures to have lower energies than the grain boundaries that
move more rapidly at lower temperature.

The purpose of this paper is to determine if and how the grain
boundary energy of SrTiO3 changes in the anti-thermal tempera-
ture region where the grain growth rate constant decreases. We
hypothesize that the slower boundaries, which we refer to as S, and
faster grain boundaries, which we refer to as F, have different
complexions and different energies. To test this hypothesis, the
relative grain boundary energies were determined from measure-
ments of the grain boundary dihedral angles from two types of
triple junctions. In one case, the relative energies were determined
from the geometry of grain boundary thermal grooves of samples
annealed at several temperatures. In the second case, three-
dimensional reconstructions were used to measure the internal
grain boundary dihedral angles in a sample where slow and fast
grain boundaries co-exist. The measurements confirm that the
grain boundary energy of the slow (S) boundaries is lower than that

of the fast (F) grain boundaries, consistent with the idea that a grain
boundary complexion transition changed the properties of the
grain boundary.

2. Experimental

The preparation of the SrTiO3 used in this study has been
described in a previous publication [16]. Of relevance to the current
paper, the samples were prepared to have a molar ratio (Sr/Ti) of
0.996. Also, Inductively coupled plasma atomic emission spec-
troscopy was used to measure impurity concentrations (reported
on a weight basis). The most concentrated impurities were Zr
(600 ppm) and Y (35 ppm), which were probably introduced by the
yttria stabilized zirconia milling media during the preparation of
the powder. The sample also contained Ba (100 ppm) and Ca
(250 ppm) and less than 10 ppm of Al, Cr, Mg, Fe, Nb, Ni and Mn.
These impurities are expected to be below the solubility limit.
Before any other heat treatments, the green bodies were pre-
sintered by heating at 20 !C/min to 1425 !C and holding for 1 h in
oxygen. After the pre-sintering, but before cooling, the furnace
temperature was changed to a temperature between 1350 !C and
1550 !C at 20 !C/min. The samples were then annealed in oxygen
for an additional 10 h before quenching in oxygen.

After heat treatment, the samples were cut into ~1mm thick
slices and polished on one side. The cut and polished samples were
then annealed in oxygen to create grain boundary thermal grooves.
The annealing durations were selected to achieve groove widths
greater than 0.5 mm. The samples were gas quenched following
grooving. The preparation conditions are specified in Table 1.
Atomic force microscopy (AFM) was used to measure the shapes of
the grain boundary thermal grooves and determine the relative
grain boundary energy for samples annealed at temperatures
ranging from 1350 !C to 1550 !C. The procedure for measuring the
grooves and determining the relative grain boundary energies has
been described in detail previously [28,29]. Briefly, Gwyddion post-
processing software [30] was used to extract three height profiles
along lines perpendicular to a grain boundary, as illustrated in Fig.1.
The depth (d) and width (W) of each profile was extracted using a
computer program and the relative grain boundary energy (the
ratio of grain boundary to surface energy) was computed using
Equation (2) [31].

ggb
gs

¼ 2sin
!
tan"1

!
m
!

d
2W

"""
(2)

In Equation (2), ggb is the grain boundary energy, gs is the sur-
face energy (assumed to be the same for both grains), and m is a
function that relates d andW to the groove angle, b, defined in Fig.1.
Throughout this paper, we will refer to the ratio, ggb/gs, as the
relative grain boundary energy. Details about these measurements
and the function m are described in earlier publications [28,29].
Because of limitations imposed by the grain sizes and groove di-
mensions, we focus on results from the samples heated at 1350 !C,
1390 !C, and 1400 !C and only use measurements of grooves from
grains with diameters greater than or equal to approximately 3 mm.
The number of boundaries measured for each SrTiO3 sample is
listed in Table 1.

The dihedral angles at internal grain boundary triple junctions
in the sample prepared at 1390 !C were computed from three-
dimensional electron backscatter diffraction (EBSD) data. The pro-
cedures for identifying the geometry of the triple lines and the
adjoining grain boundaries have been described previously [32,33].
With knowledge of the normal vector to each grain boundary plane,
three dihedral angles are easily computed. The input for the anal-
ysis is a stack of parallel, planar EBSD maps. The sample was
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prepared for the serial sectioning experiment by fracturing a thin
(~30 mm) sample with a razor blade and mounting the sharpest
fragment onto the 36! side of a 36!/54! pre-tilted holder with silver
paint. FEI's Helios™ Xe plasma focused ion beam (PFIB) dual-beam
scanning electron microscope was used for the serial sectioning
experiment. The experimental set-up and procedures have already
been described in detail [34]. The serial sectioning was accom-
plished by milling away thin layers (100 nm) with the PFIB. The FEI
AutoSlice and View (EBS3 G3) software was used to control the
milling and Oxford's AztecHKL system was used to obtain orien-
tation mapping for each slice. The samples were ion milled at 30 kV
and 15 nA using a 5! rocking mill. EBSD orientation maps were
collected with the camera was set to 4 x 4 pixel binning, an inte-
gration time of 2.3 ms, a camera gain of 15, and two frames were
averaged for each point. For indexing, we used band center detec-
tion, refined accuracy, auto and static background collection, a
Hough resolution of 80, and orientations were determined from 12
bands. The pixels size in the orientation maps is 100 nm.

The first step of processing the data was a clean-up using OIM
Analysis™ software. The clean-up procedure started with of a grain

dilation operation with a minimum grain size of 5 pixels and
minimum misorientation angle of 5!. This was followed by
assigning a single average orientation per grain and a grain confi-
dence index standardization. The grain boundaries were then
approximated as line segments in each plane, such that the
approximate boundary position differed from the true position by
no more than two pixels. An example orientation map with the
approximated grain boundary line segments is illustrated in Fig. 2.
At the end of this procedure, the coordinates of each line segment
were exported with the orientations and unique numerical iden-
tifiers (IDs) of the grains on either side of the segment. The same
software also used to produce a list of grain sizes linked to the grain
ID.

Based on the grain size, each grain was designated as small or
large. Throughout this paper, small grains will be designated as
type 'S0 and large grains as type 'F'. In Fig. 3, the grain sizes extracted
from three characteristic, non-contiguous, two-dimensional layers
within the analyzed volume are ranked. For the smallest grains
sizes, there is a linear increase in size with rank. There is an abrupt
change in slope at a grain diameter of about 5 mm, so this was
selected as the dividing line between the large and the small grains.
The grains in Fig. 2 are labeled according to this criterion. Note that
we use 2D rather than 3D grain size estimates in this classification
process because the vertical field of view captured only truncated
sections of grains that are quasi-2D. An analysis of the 3D volumes
led to the same dividing line at 5 mm. This makes it possible to
define three different types of grain boundaries (GB): those be-
tween two small grains (GBSS), those between two large grains
(GBFF), and those between a small and large grain (GBSF). These
boundaries can create four types of triple junctions (TJs): those
where three SS GBs meet (TJSSS), those where three FF GBs meet
(TJFFF), those where a SS GB meets two SF GB (TJSSF), and those
where a FF GB meets two SF GB (TJSFF). An example of each type of
GB and TJ is illustrated in Fig. 4. The dihedral angles were classified
according to their grain boundary type. It should be emphasized
that the dihedral angles were determined from the three-
dimensional data. While the limited vertical field of view makes
it impossible to measure the grain volumes, grain boundary dihe-
dral angles can be measured between any two adjacent layers.

The Young equation [35] gives

g12
sin q12

¼ g23
sin q23

¼ g13
sin q13

(3)

The parameters in equation (3) are defined in Fig. 4(a). If the
hypothesis that a complexion transition occurs is valid, thenwe can
state the following expectations about the dihedral angles. First, if
three grain boundaries of the same typemeet (at TJSSS or TJFFF), then
the average dihedral angle should be 120! (see Fig. 4(b)). Second, if
grain boundaries of type SS have a systematically lower energy than
the others, their average dihedral angle at junction types SSF should
be greater than 120! (see Fig. 4(c)). Third, if grain boundaries of
type FF have a systematically higher energy than the others, their
average dihedral angle at junction types SFF should be less than
120! (see Fig. 4(d)).

Table 1
Sample preparation conditions and number of grooves measured.

Sample Sintering conditions Annealing conditions Grooving conditions Grooves measured

1 1425 !C/1 h 1350 !C/10 h 1350 !C/40min 208
2 1425 !C/1 h 1390 !C/10 h 1390 !C/20min 200
3 1425 !C/1 h 1400 !C/10 h 1400 !C/20min 192

Fig. 1. Example of a grain boundary groove measurement in SrTiO3. Three profiles are
extracted from the topographic AFM image in (a). The depth (d) and width (W) of the
groove are measured from the topographic data. The results from the three profiles are
averaged to determine the result for this grain boundary.
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3. Results

The topographic AFM images in Fig. 5 illustrate typical areas of
the SrTiO3 surfaces annealed at 1350 !C, 1390 !C, and 1400 !C.
Numerous similar images of each sample were accumulated so that
the profiles of approximately 200 grooves could be recorded. A
higher resolution example of one groove is shown in Fig. 1. The
mounds on either side of the groove are consistent with the shape
expected when the groove is formed by surface diffusion [31]. The

parameters needed as input for Equation (2), W and d, are deter-
mined by averaging values from three parallel profiles.

The distributions of the relative energies, determined from
Equation (2), are shown in Fig. 6. From these distributions, it is clear
that the average of the relative grain boundary energy at 1350 !C is
the highest, with amean value of 0.87. The uncertainty of this value,
determined from the variations found in random subsets of the
data [28], is ±0.01. The averages for the relative grain boundary
energies for the samples annealed at 1390 !C and 1400 !C are 0.73
and 0.80, respectively, with a similar uncertainty. Therefore, ac-
cording to the thermal groove data, the average grain boundary
energy in the anti-thermal range is lower than at 1350 !C.

Fig. 2. Grain orientation map of a single layer of the SrTiO3 sample annealed at
1390 !C. Regions of the same orientation have the same color and the line segments
approximating the grain boundaries are represented as black lines. Grains not touching
an edge were labeled 'S0 if they have an equivalent circular diameter <5 mm and 'F0 if
they are larger. Four exemplary triple lines of different types are marked (see detailed
explanation in text). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 3. Grain sizes versus grain size rank for all of the grains within three parallel layers
of the three-dimensional data. Grains touching the edge of the micrograph were
ignored. There is an abrupt change in the slope at a diameter of about 5 mm, which we
select as a condition to separate small and large grains.

Fig. 4. Triple junction schematics. (a) Schematic defining energies and dihedral angles
from Equation (3). (b) The ideal case for when three GBSS meet. The ideal case for three
GBFF is analogous. (c) The ideal case for when a GBSS (with lower relative energy) meets
two GBSF boundaries. (d) The ideal case for when a GBFF(with higher relative energy)
meets two GBSF.
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The difference between the result at 1390 !C and 1400 !C is
unexpected and may be the result of a bias in the way the grain
boundaries are sampled, with more of the fast boundaries being
sampled at 1400 !C than at 1390 !C. As is illustrated by the energy
distributions in Fig. 6, grain boundaries with a wide range of
energies contribute to the average. It is important to remember that

for the groove measurements, no attempt was made to separate
data from boundaries around large and small grains; data was
collected from any grain with clearly formed grooves and this was
from grains larger than about 3 mm. This will naturally include some
slow boundaries (from grains smaller than 5 mm) and some fast
boundaries (from grains larger than 5 mm). As is evident in Fig. 5,
the 1400 !C microstructure has more grains with sizes less than the
threshold for reliable groove measurements. Therefore the distri-
bution likely samples a larger fraction of large grains. Assuming the
boundaries around large grains have energies similar to the sample
at 1350 !C, this bias can lead to a higher estimate for the mean
energy. This means that the actual decrease in energy is almost
certainly underestimated by the measurement of the sample
annealed at 1400 !C.

A three dimensional reconstruction of the microstructure of the
sample heated at 1390 !C is shown in Fig. 7. The volume illustrated
consists of 28 parallel EBSD maps, each with a field of view of
29 mm$ 44 mm separated by 100 nm. A smaller volume (not
shown) that consists of 13 parallel layers with the same dimensions
and spacing was also included in the analysis. The smaller volume
was parallel to, but not perfectly connected with, the larger volume
illustrated in Fig. 7. When the triple junctions were analyzed, there
were 1743 examples of TJSSF, where one GBSS met two GBSF, and 529
examples of TJSFF, where one GBFF met two GBSF. The distributions
of dihedral angles for the GBSS and GBFF at these triple junctions are
shown in Fig. 8. The most common type of triple junction was
where three GBSS met (TJSSS) or three GBFF met (TJFFF). There were
more than 8000 of these and their distribution is also shown in
Fig. 8. Note that the dihedral angles for this last type of junction
have mean values of 120!, as expected. When the dihedral angle
distributions from the TJSSS and TJFFF are considered separately, the
mean values are also 120!. The mean value for the dihedral angle of
GBSS (GBFF) at TJSSF (TJSFF) is 125! (115!). This suggests that the
boundaries between the small grains have energies that are, on

Fig. 5. Representative topographic AFM images of the samples annealed at (a) 1350 !C, (b) 1390 !C, and (c) 1400 !C.

Fig. 6. Relative grain boundary energy distributions for the samples heated at 1350 !C,
1390 !C, and 1400 !C. Each point corresponds to a measured grain boundary groove
and the points are ordered by relative energy.
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average, lower than the rest of the population and boundaries be-
tween larger grains have energies that are, on average, higher than
the rest of the population. We note that the distributions have
varying degrees of skew, so that the mean and the median values of
the distributions are not the same. The median values of the angles
for TJSFF, TJSSS (TJFFF), and TJSSF are 116!, 123!, and 130!, respectively.
Note that while the values are different than themean, the ordering
of the energies that would be derived from these angles is the same.

4. Discussion

The results from the analysis of grain boundary thermal grooves
and from internal triple junctions yield consistent results. Namely,
the grain boundaries around larger grains, that move more rapidly,
have systematically higher energies than the grain boundaries

around the smaller grains that movemore slowly. This is consistent
with the hypothesis that above 1350 !C, there is a complexion
transition that reduces the grain boundary energy. From the ther-
mal groove measurements, the energy at 1390 !C (1400 !C) is
reduced by 16% (8%) compared to the energy at 1350 !C. These
magnitudes are consistent with energy reductions reported for
other complexion transitions [19,21,28].

As mentioned earlier, these energies are determined from av-
erages. We can also estimate energy changes from dihedral angles
observed at internal junctions. Rearranging the terms in Equation
(3), we can estimate the energy ratio for type SS to type SF grain

boundaries as gSS/gSF¼ sin qSS/sin
!
1
2 ð2p" qSSÞ

"
and, for type FF to

type SF grain boundaries, as gFF/gSF¼ sin qFF /sin
!
1
2 ð2p" qFF Þ

"
.

Inserting the measured average dihedral angles, we find that gSS/
gSF¼ 0.92 and gFF/gSF¼ 1.07. In other words, the boundaries be-
tween the smaller grains, that we assume are in the S state, are
lower in energy than the boundaries between smaller and larger
grains. Also, the boundaries between the larger grains, character-
istic of the lower temperature F state, are greater in energy. The
ratio of the energies of the high temperature to low temperature
complexion is gSS/gFF¼ 0.86. If we consider the ratio of the relative
energies at 1390 !C and 1400 !C (majority type SS grain boundaries)
to the relative energy at 1350 !C (majority type FF grain boundaries)
determined from the thermal grooves, it is 0.92 and 0.84.

The temperature is known to affect grain boundary energies and
because the groove measurements were made on samples
annealed at different temperature, one would expect different en-
ergies. In materials without strongly segregating impurities, the
grain boundary energy decreases with temperature because of the
increasing importance of the entropy to the free energy. The main
impurities in the SrTiO3 studied here are Yand Zr, which are known
to dissolve readily in SrTiO3, and are therefore not expected to
segregate strongly. The decrease in grain boundary free energy
with increasing temperature has been observed experimentally in
Ni and Cu [26] and also in atomistic simulations [36,37]. However,
the change from entropy alone is thought to be smaller than what
was observed here between 1350 !C and 1400 !C [26]. For example,
in Ni, the grain boundary energy decreases by about 4% per 100 !C
from 0 K to the melting point [37]. This is much smaller than the
observed decrease over 50 !C in the present study. It should also be
noted that the groove measurements are affected by changes in the
surface energy with temperature. However, the temperature
sensitivity of the surface energy is less than the grain boundary
energy [38]. Also, because the groove measurements are consistent
with the internal triple junction measurements, which are not
influenced by the surface, we conclude that changes in the surface
energy do not play a significant role.

The coexistence of two different types of grain boundaries with
different average energies can be explained if we assume that there
is a temperature range over which the grain boundaries transform
from one type to the other. This may be because there is a barrier to
the nucleation of the complexion [39]; it would also be a natural
consequence of the grain boundary energy anisotropy [40]. It has
been suggested that higher energy grain boundaries should trans-
form to lower energy complexions at lower temperatures than low
energy grain boundaries [40] and there is experimental support for
this suggestion [21]. In this case, the majority of the boundaries
transform in the temperature region between 1350 !C and 1425 !C.
This is illustrated schematically in Fig. 9, where it is assumed that
grain boundary free energies of the two complexions decrease with
temperature and have different slopes. The mean grain boundary
free energies are shown as lines. There are shaded bands around

Fig. 7. Three-dimensional reconstruction of the microstructure of the SrTiO3 sample
annealed at 1390 !C. The grains are colored by orientation. The triple junction dihedral
angles were calculated from these data.

Fig. 8. Distribution of grain boundary dihedral angles for type SFF triple junctions,
type SSF triple junctions, and the combined type SSS and FFF junctions.
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each of these lines to represent the distribution of grain boundary
energies for different types of grain boundaries. With reference to
the schematic in Fig. 9, the fast GB complexion is stable for nearly
all boundaries types below 1350 !C. Similarly, the slow GB
complexion is stable for nearly all boundaries types above 1425 !C.
Between these two temperatures, there is a co-existence of the two
types of grain boundaries. The results suggest that the when the
sample is heated in the anti-thermal range, differing amounts of
the fast boundaries form among the slow boundaries that are
created during the presintering treatment at 1425 !C. The fraction
of each grain boundary type that appears in the population de-
pends both on the grain boundary energy anisotropy and the ki-
netics for transformation to the equilibrium complexion. It is the
coexistence of the two grain boundary types that makes it possible
to measure distinct dihedral angle distributions at 1390 !C.

It is important to emphasize that the relative energies discussed
above are averages and, in reality, it is known that the surface and
grain boundary energies of SrTiO3 are anisotropic [41,42]. There-
fore, if the grain boundary texture changes, this will also influence
the average grain boundary energy. Rheinheimer et al. [43]
compared the grain boundary plane distributions in SrTiO3 at
1350 !C and 1425 !C and found that in the sample dominated by
slow boundaries, there was a higher relative area of grain bound-
aries terminated by (100) planes, which are thought to have rela-
tively lower energy [42]. This is consistent with the present
measurements showing that slow boundaries have lower energy.
Note that it is not practical to decouple the change in the grain
boundary plane distribution from the grain boundary energy. A
range of past measurements have shown that the relative grain
boundary area and energy distributions are coupled [32,33,44,45]
and this is thought to be caused by a bias for eliminating high en-
ergy grain boundaries during grain growth [46].

The observation that as the lower energy slow grain boundaries
increase in the population, the relative area of grain boundaries
with the (100) orientation also increases, is contradictory to HRTEM
observations reported by Shih et al. [24]; in this earlier work it was
reported that atomically flat boundaries with one grain face ori-
ented in the (100) direction were associated with the fast grain
boundaries (here, type F). The origin of this difference is not clear.
However, it is worth noting the atomically flat (100) boundaries
always made up a minority fraction of all grain boundaries

examined by Shih et al. [24]. For example, they made up 45% of the
boundaries observed on abnormally large grains, 28% of boundaries
between smaller grains, and 34% of all (71) grain boundaries
imaged.

An obvious question is, how does the decrease in grain bound-
ary energy influence the grain growth rate constant? The grain
boundary energymakes a linear contribution to the grain boundary
velocity. So, a decrease in energy will reduce the rate of grain
growth. However, an average decrease in energy of 14% is unlikely
to lead to the significant decrease in the grain growth rate constant
that is observed [16]. Furthermore, there are many documented
cases where a decrease in grain boundary energy is associated with
a complexion transition leads to an increased rate of grain growth
[19,22]. Therefore, it seems more likely that a change in grain
boundary structure or chemistry (a complexion transition) is
responsible for both the 14% decrease in grain boundary energy and
the greatly reduced rate of grain boundary migration. While the
motion of steps across flat interfaces was suggested as amechanism
of grain boundary motion in both HRTEM studies of SrTiO3 [24,25],
clear differences above and below the transition temperature are
not yet apparent [25].

5. Conclusion

The energies of grain boundaries in SrTiO3 decrease in the
temperature range between 1350 !C and 1425 !C. Two grain
boundary types with distinct energies coexist in this temperature
range, where the microstructure is bimodal. The grain boundaries
around the larger grains have a greater energy and migrate faster
than the boundaries around the small grains that have a lower
energy. The ratio of the grain boundary energies for the slow and
fast boundaries is 0.86. We conclude that the anti-thermal behavior
of the grain growth rate constant is the result of a grain boundary
complexion transition that creates lower energy, slower moving
grain boundaries at temperatures greater than 1350 !C.
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