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Grain-boundary character distributions (GBCDs) were deter-
mined for spark plasma sintered Y- and La-doped aluminas
prepared at temperatures between 1450°C and 1600°C. La
doping leads to grain boundaries that adopt (0001) orientations
3.7 times more frequently than expected in a random distribu-
tion, whereas the Y-doped microstructures are more equiaxed.
At 1500°C, some of the boundaries in the Y-doped samples
transform to a higher mobility complexion; in this microstruc-
ture, the f0112g grain-boundary plane is 1.3 times more likely
to occur than expected in a random distribution. After the fast-
growing grains impinge, the dominant plane becomes f1120g
and these boundaries have areas that are 1.2 times more likely
to occur than expected in a random distribution. The grain-
boundary planes in the Y- and La-codoped samples preferred
(0001) and f0112g orientations, combining the characteristics
of the singly doped samples. Grain boundaries with a 60°
misorientation about [0001] were up to six times more common
than random in the Y-doped samples. The preference for
(0001) oriented grain-boundary planes in the La-doped sample
persisted at all specific misorientations.

I. Introduction

YTTRIUM and Lanthanum doping have been shown to
significantly increase the creep resistance of polycrystal-

line alumina.1–5 Y doping decreases the creep rate of alu-
mina by a factor of two and is more e!ective than La
doping.1 In both cases, it is known that the dopant cation
strongly segregates to the grain boundaries without forming
an amorphous intergranular film.6,7 It is believed that the
creep resistance is related to this segregation, but the mecha-
nisms are still not fully understood. In the past, this “Y-
e!ect” has been attributed to changes in grain-boundary
di!usivity, solute drag, second phase precipitation, and cat-
ion e!ects on dislocation motion and resistance to grain-
boundary sliding.8 However, the most well supported work
in this field shows that a change in the bonding character
between the adsorbed Y atoms and the bulk lattice is the
most likely cause of these enhanced properties.2,9,10 It has
also been shown that grain-boundary sliding rates depend on
the grain-boundary plane orientation, at least for !7 grain
boundaries.4 Therefore, both the grain-boundary chemistry

and the orientation of the grain-boundary plane may influ-
ence creep resistance.

In some investigations, abnormal grain growth (AGG)
leading to a bimodal grain size distribution has been seen in
the Y-doped alumina samples. It has been shown that ultra-
pure highly dense Y-doped alumina does not exhibit this
abnormal growth.11 However, when these samples were
exposed to Si, whether intentionally doped or contaminated
by the processing environment, large equiaxed grains grew
abnormally fast.12 The addition of Si alone has been shown
to lead to a highly faceted abnormal grain morphology, so it
can be suggested that both Si and Y play a role in the initia-
tion of AGG. Chemical analysis of the abnormal grain
boundaries has shown that these abnormal boundaries have
a larger amount of Si compared with corresponding normal
boundaries, where the total amount of adsorbents is equiva-
lent to roughly a monolayer – as compared with smaller con-
centrations at normal boundaries.12 In addition, the amount
of Y segregated to alumina grain boundaries has been shown
to be proportional to the bulk concentration of Y, up to a
specific “super saturation” point, beyond which YAG precip-
itates are formed that exist in equilibrium with a lower Y
concentration.13,14 In light of more recent developments in
the field of grain-boundary kinetics, it is very likely that the
Y (Si)-doped alumina system displays a grain-boundary com-
plexion transition that results in increased grain-boundary
mobility and AGG.15

On the mesoscale, both lanthanum and yttrium doping in
alumina have been shown to enhance densification and
decrease grain growth of alumina.11,16 However, in Y-doped
alumina sintered above 1550°C, the densification rate
decreases and the rate of coarsening increases.11 In other sys-
tems, a change in sintering properties as a function of
dopants and thermodynamic variables such as temperature
can be attributed to a change in grain-boundary complex-
ion.15,17 One point of particular interest is the complexion
transition that has been reported to occur in Y-doped alu-
mina.18 As a result of the transition, the grain-boundary
mobility increases and the relative grain-boundary energy
decreases by 46%.19 In this work, we will describe the
changes in the grain-boundary character distribution
(GBCD) that accompany this transition.

There have been many subnanometer to microscale inves-
tigations of the grain boundaries in doped aluminas. The lim-
ited numbers of boundaries analyzed in each study usually
had a special (high symmetry) geometry, so they are not
necessarily representative of the bulk of the microstruc-
ture.2,5,7,8,20 There have also been mesoscale studies of
similarly doped aluminas by electron backscatter di!raction
(EBSD) in which the misorientation angle distributions from
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many grain boundaries were analyzed.13,21 However, such
analysis does not reveal information about the grain-bound-
ary plane distribution. The purpose of this study was to
determine and compare the complete GBCDs, including the
grain-boundary plane distributions, in La- and Y-doped alu-
mina. The results show how the dopants influence the grain-
boundary populations in alumina, presumably through their
influence on the grain-boundary energy.

The GBCD is the relative areas of grain boundaries as a
function of the lattice misorientation and grain-boundary
plane orientation. Two-dimensional automated EBSD map-
ping directly determines the three parameters that define the
lattice misorientation and one of the two parameters that
defines the grain-boundary plane orientation. A stereological
technique has been developed to statistically determine the
distribution of grain-boundary plane orientations using two-
dimensional EBSD maps.22–24 Because of the stereological
relationship between line length per area and grain-boundary
area per volume, the five-parameter GBCD in the bicrystal
reference frame or the two-dimensional distribution of grain-
boundary planes in the crystal reference frame can both be
determined from grain-boundary line segments that intersect
a surface. While this technique has been used to study grain-
boundary populations in many di!erent materials, until now
the five-parameter GBCD has not been measured for a trigo-
nal material such as alumina, mainly because the low symme-
try of the material increases the number of distinguishable
grain boundaries and thus necessitates many observations.

Previous work by Stuer et al.25 investigated the e!ect of
processing variables on the spark plasma sintering (SPS) of
Mg, Y, and La-doped alumina. While Stuer’s work concen-
trated on the transparency of fine-grained doped alumina,
the current work investigates the grain-boundary character of
larger grained opaque samples and focuses more on under-
standing the e!ect that Y and La have on the GBCD at
di!erent sintering temperatures.

II. Experimental Procedure

(1) Sample Preparation
Dense polycrystalline pellets of Y- and La-doped alumina at
a doping level of 450 ppm and Y + La codoped alumina at a
total doping level of 450 ppm were prepared with an ultra-
pure -alumina powder (AA04; Sumitomo, Osaka, Japan) and
pulsed electric current sintering, also commonly referred to
as SPS. The powder preparation and SPS procedures are
described in detail elsewhere.25 For this work, the Y-, La-,
and Y + La-doped samples were sintered at 1450°C, 1500°C,
and 1600°C with a heating rate of 100°C/min and dwell times
and sintering pressures as summarized in Table I. The result-
ing sample pieces were then polished by a series of diamond
lapping films down to a surface roughness of 1 lm, with a
subsequent final polishing step using an oxide polishing solu-
tion of silica to form the mirror-like surface needed for
EBSD measurements. Note that all the sintered samples were

su"ciently dense to show transparency or translucency
depending on their grain sizes.26 The changes in the sintering
pressures and dwell times served the purpose of promoting
grain growth and/or rendering the grain sizes comparable
among the samples.

(2) Microstructure Characterization by EBSD
EBSD maps were collected for 450 ppm La-doped alumina
sintered at 1500°C and 1600°C, 450 ppm Y-doped alumina
sintered at 1450°C, 1500°C, and 1600°C, and 450 ppm La
and Y codoped alumina sintered at 1500°C and 1600°C. The
step size for each EBSD map, listed in Table II, was one-
tenth the average grain size, such that the average length of
the grain-boundary line segments was greater than four steps
per line segment. Each map was cleaned up in the TSL soft-
ware27 to remove unindexed points using a single iteration
grain dilation with a minimum grain size of three to five
pixels/grain and a tolerance angle of 5°. The resulting grains
were then assigned a single average orientation. Multiple
grains in each scan had assigned orientations that were influ-
enced by the so-called “pseudo-symmetry” problem, where
the EBSD pattern recognition software could not distinguish
between two similar orientations separated by particular
rotations about symmetry axes, resulting in a low average
confidence for the a!ected areas. This causes many false
grain boundaries, obvious in orientation maps, such as the
one shown in Fig. 1(a), that influence the misorientation dis-
tributions. In the present case, the false boundaries were
mostly 30° or 60° rotations about [0001]. To remove the ori-
entations introduced by pseudosymmetry, a grain confidence
index (CI) standardization was applied, and an average CI
partition was set, where the minimum grain size is two pixels,
the minimum CI is 0.4, and the partition is set to only show
grains with a CI greater than 0.4. This partition depends on
scan quality, so poorer quality scans require a lower confi-
dence index partition. By careful inspection of many orienta-
tion maps, it was ascertained that this procedure removes all
false boundaries as well as areas obscured by contamination,
leaving only true grain boundaries to be analyzed.

It should be noted that the built-in pseudosymmetry
cleanup method in the TSL software removes all boundaries
according to a misorientation criterion. When implemented
here, it removed not only those introduced by the pseudo-
symmetry problem, but also true boundaries with the same
misorientation, producing gaps in the misorientation distri-
bution at these angles. We further note that we attempted to
remove the false boundaries using geometric filters such as a
minimum grain-boundary segment length criterion, increas-
ing the minimum grain size to 20 pixels, and analysis of the
tortuosity and connectivity of grain-boundary segments.
However, none of these methods removed only the false
boundaries introduced by the pseudosymmetry problem.

Figure 1 illustrates both the e!ects of pseudosymmetry on
grain-boundary maps for a representative microstructure, the

Table I. Summary of Processing Parameters used in the
Sample Preparation

Dopants
Sintering temperature

(°C)
Sintering pressure

(MPa)
Dwell time

(min)

Y 1450 100 1
Y 1500 100 3
Y 1600 100 3
La 1450 100 1
La 1500 50 3
La 1600 50 3
Y + La 1450 100 2
Y + La 1500 50 3
Y + La 1600 50 3

Table II. Electron Backscatter Di!raction and Cleanup
Parameters and Results

Dopant
(ppm)

SPS temp.
(°C)

Step size
(lm)

Cleanup†

(%) Steps/segment‡
Line
count‡

Y 1450 0.09 12.5 7.3 44,818
Y 1500 0.2 9.1 6.9 238,968
Y 1600 1.3 6.9 8.5 49,420
La 1500 0.5 10.0 6.7 325,425
La 1600 1.5 9.6 4.9 60,476
Y + La 1500 1.4 5.2 7.0 62,314
Y + La 1600 2.3 9.5 5.7 43,305

†Percent of data changed was before the CI standardization and corre-
sponding partition.

‡Steps/segment and line count collected after pseudosymmetry cleanup.
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misorientation distribution, and the grain-boundary plane
distribution, as well as its removal using the CI partition
method described above. In the grain-boundary map in
Fig. 1(a), boundaries with misorientations of 30°, 60°, and
75° are colored blue, red, and green, respectively. Most of
the boundaries are clearly part of the true grain-boundary
network. However, boundaries that result from the pseudo-
symmetry e!ect are also found in tortuous paths within
apparent grains (see area marked by arrow). Such boundaries
always have one of the special misorientations and can create
peaks in the distribution of grain boundaries as a function of
misorientation angle [Fig. 1(b)]. After the pseudosymmetry
cleanup procedure described above, the false boundaries in
Fig. 1(a) are removed and the real boundaries are preserved
[see Fig. 1(d)]. Furthermore, when the misorientation distri-
bution is recalculated [see Fig. 1(e)], the artificial peaks pro-
duced by the false boundaries are no longer found. Note that
because of the random orientations of the false pseudosym-
metry boundary planes, the planar distributions [Figs. 1(c)
and (f)] are not significantly influenced.

After the clean up, the grain-boundary line segments were
extracted using the TSL software. The acquisition of several
hundred thousand grain-boundary line segments for the
450 ppm Y-doped and 450 ppm La-doped aluminas sintered
at 1500°C made it possible to calculate the five-parameter
GBCDs at misorientations where the population is higher
than random. For the other samples, only the distribution of
grain-boundary planes in the crystal reference frame, inde-
pendent of misorientation, was calculated. The GBCD calcu-
lations, which use the stereological relationship between line
length per area and area per volume, were carried out using
a modified version of calc_gbcd_stereo.22,24 The program dis-
cretizes the grain-boundary parameters and, in the original
version of the program that was used in previous studies, the
domain of Euler angles was limited to angles between 0° and
90°. This is acceptable for higher symmetry materials, but is
a fraction of a single fundamental zone for trigonal
materials. To accommodate the trigonal symmetry, we used

a domain that contains the full range of possible Euler
angles, discretized into bins ~10° wide. In the calculations,
we used the symmetry operators of point group 32, because
this is the rotation group of alumina’s 3m Laue group.

III. Results

Figures 2–4 show representative grain orientation maps for
all seven samples. From these maps, it is possible to com-
ment on the e!ect of sintering time and dopant on the
microstructural development of alumina. La-doped alumina
sintered at 1500°C shows a high aspect ratio grain morphol-
ogy and normal grain growth, as seen in Fig. 2(a).
Figure 2(b) shows La-doped alumina sintered at 1600°C,
exhibiting the same elongated grain growth and a larger, yet
still unimodal, grain size.

Y-doped alumina sintered at 1450°C displayed an equi-
axed grain morphology and normal grain growth, as seen in
Fig. 3(a). When the sintering temperature was increased to
1500°C, the microstructure consisted of both small and very
large equiaxed grains—indicating AGG [see Fig. 3(b)]. When
sintered at 1600°C, the faster growing grains impinge to form
a coarser grained microstructure, shown in Fig. 3(c).

Y + La codoped alumina sintered at 1500°C and 1600°C
both displayed an equiaxed grain morphology and normal
grain growth, as illustrated in Figs. 4(a) and (b). The micro-
structures exhibit characteristics of both the Y and La singly
doped samples. Similar to the Y-doped samples, the micro-
structures have an equiaxed grain morphology, and similar
to the La-doped microstructures, the grain growth is normal
at 1600°C.

The distributions of grain-boundary planes, independent
of misorientation, were calculated for each sample. The dis-
tributions for La-doped alumina at 1500°C and 1600°C are
shown in Figs. 5(a) and (b), respectively. It was found that
both the 1500°C and 1600°C La-doped alumina samples
showed a significant preference for (0001) planes. The
1600°C sample shows a 15% decrease in the relative popula-

(a) (b) (c)

(d) (e) (f)

Fig. 1. E!ect of pseudosymmetry on grain-boundary distributions in La-doped alumina sintered at 1500°C. Reconstructed line segments before
clean up where red/blue/green lines show pseudosymmetry orientations (a), the corresponding one-dimensional misorientation distribution where
the red bars are binned by grain-boundary line count, the blue bars represent line length weighted distributions, and the black line represents a
simulated random distribution (b) and grain-boundary plane distribution in the crystal reference frame (c). Post cleanup line segment
reconstruction showing removed pseudosymmetry (d), the corresponding misorientation distribution (e), and planar distributions (f).
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tion of (0001) planes, suggesting that as the temperature
increases, the distribution becomes less anisotropic.

The distribution of grain-boundary planes, independent of
misorientation, in the Y-doped alumina samples sintered at
1450°C [Fig. 6(a)] showed a random distribution of grain-
boundary planes. The sample sintered at 1500°C [Fig. 6(b)],
which had a bimodal grain size distribution, had a preference
for grain-boundary planes with the f0112g orientation,
referred to as the R plane. In the impinged microstructure,
sintered at 1600°C, the preference was for grain-boundary
planes with the f1120g orientation [Fig. 6(c)], referred to as
the A plane. Note that the widths of these distributions are
much narrower than the La-doped samples.

Finally, the grain-boundary plane distribution for the
Y + La codoped alumina is shown in Fig. 7. This distribu-
tion has a preference for (0001) and f0112g oriented grain-
boundary planes, as well the orientations between these
planes. Furthermore, the distribution was approximately the
same at 1600°C. This suggests that La suppresses the transi-
tion in grain-boundary mobility that is found in the Y-doped
sample at 1500°C.

The grain-boundary misorientation distribution was calcu-
lated with the same EBSD-derived line segments used for the
GBCD calculations. Note that a large amount of data was
used for these calculations, as seen under the total line seg-
ments analyzed in Table II, and that these distributions are
representative of the entire analyzed microstructure, rather
than a single field of view. Previously reported misorientation
distributions had fewer observations and were therefore

(a)

(b)

Fig. 2. Orientation maps of 450 ppm La-doped alumina (a) SPS
temperature 1500°C and (b) SPS temperature of 1600°C. Images
from before pseudosymmetry cleanup.

(a) (b) (c)

Fig. 3. Orientation maps of 450 ppm Y-doped alumina with an SPS temperature of (a) 1450°C, (b) 1500°C, and (c) 1600°C. The scale bar for
(a) is 25 lm whereas in (b) and (c) the scale bars are 50 lm. Images from before pseudosymmetry cleanup.

(a)

(b)

Fig. 4. Orientation maps of 450 ppm Y- and La-codoped alumina
at (a) 1500°C and (b) 1600°C. Images from before pseudosymmetry
cleanup.
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classified into bins with a wider angular range. The earlier
work showed a general trend for slightly higher populations
of boundaries with misorientations near 30°, 60°, and
90°.13,28 The current work, with many more boundary obser-
vations, uses a finer (1°) discretization and is still able to pro-
duce smooth distributions. In addition, because false
boundaries related to pseudosymmetry have been removed,
we can have confidence that nonrandom features in the dis-
tribution are meaningful.

The distributions of grain-boundary misorientations
depend on the dopant as well as grain growth kinetics. The
Y-doped alumina samples show an increasing population of
60° boundaries with increasing sintering temperatures and
increasing population of high mobility boundaries. This is
illustrated in Fig. 8, where the distributions of all grain-
boundary misorientations are compared with grain-boundary
maps of subsets of the data with 60° misorientations high-
lighted. After calculating the three-parameter misorientation
distribution function (not shown), it was concluded that the
peak at 60° corresponded to 60°/[0001] misorientation which
is the !3 boundary in the alumina system. A large popula-
tion of what appear to be twin boundaries [highlighted in red
in Fig. 8(c)] appears after the impingement of the large, fast-
growing grains in the Y-doped alumina sample sintered at

1600°C. The La-doped alumina samples, one of which can be
seen in Fig. 1, do not exhibit the same trend and there are
no significant deviations from the random distribution. The
Y + La codoped samples exhibit a consistently high popula-
tion of 60° misorientation boundaries where the maximum
peak relative intensity is between that of the 1500°C and
1600°C Y-doped samples. This allows us to conclude that
while the Y + La codoping did not exhibit AGG at the
tested sintering temperatures, the increased population of 60°
misorientations indicates a misorientation dependence similar
to Y-doped samples that exhibit AGG.

The distribution of grain-boundary planes for the !3, or
60°/[0001] boundaries for Y- and La-doped alumina sintered
at 1500°C are shown in Fig. 9. There is a preference for
f0112g orientations in Y-doped alumina and for (0001) ori-
entations in La-doped alumina, which is consistent with the
two-parameter grain-boundary plane distributions shown in
Figs. 5 and 6. For the case of the 60°/[0001] boundary in the
Y-doped sample [Fig. 9(a)], the relative areas of the f0112g
orientations are 50% greater than random. In the distribu-
tion for the La-doped sample [Fig. 9(b)], the maximum is
~3.2 MRD. Based on the data in Fig. 8(b), one might expect
this to be larger. However, the relatively large bin size used
for the five-parameter calculation (10°) e!ectively smoothes
the maximum in the one-parameter misorientation distribu-
tion.

IV. Discussion

The current results provide a comprehensive description of
the GBCD in Y- and La-doped alumina. Previous research
has concluded that during normal grain growth, the GBCD
reaches an approximate steady state that is insensitive to
average grain size.29,30 This is consistent with the observa-
tions in the La-doped and Y + La codoped alumina, shown
in Figs. 5 and 7, that show only minor changes with grain
growth. However, when AGG occurs in the Y-doped
alumina,7 there is a significant change in the GBCD. This is
also consistent with observations in other doped aluminas
and in Ca-doped yttria.31,32 This change in the grain-bound-
ary plane distribution has been connected to changes in the
grain-boundary energies, which tend to decrease for complex-
ions with increasing concentrations of solute.19,32 Similarly,
the misorientation angle preference in the case of AGG
caused by the complexion transition shows a distinct increase
in 60° misorientations as well as a change in the preferences
for the orientations of grain-boundary planes. However, with
normal grain growth in the La- and Y + La codoped sam-
ples, the misorientation distribution is constant as well as the
distribution of boundary planes. The observation that the
GBCD is sensitive to dopants is consistent with the conclu-
sions from a study of doped magnesia.33 This understanding
of the relationship between doping elements, grain growth
kinetics, and grain-boundary character development, if
predictable, could lead to new insights into ceramic
grain-boundary engineering. At the same time, we must also
note that the mesoscale results presented here do not allow
us to be certain about the atomic scale structure and compo-
sition of the interfaces in these materials.

The previous studies of the e!ect of complexion transitions
on grain-boundary plane distributions only considered the
distributions before and during the transition; here we also
have data after the transition.31,32 The distribution of planes
during the expansion of the fast-growing grains into
the smaller grains is dominated by f0112g planes, but after
the grains impinge, f1120g -type planes are preferred. In the
absence of AGG, the relative grain-boundary energies are
the most important factors that influence the grain-boundary
population.29,34 Therefore, the observations indicate that
after the complexion transition, the boundaries terminated
on f1120g -type planes have relatively lower energies. How-
ever, in the transient growth stage, the boundaries around

Fig. 5. Grain-boundary plane distributions, independent of
misorientation, plotted in stereographic projection with the !2!1!10"
plane orientated horizontally to the right and the (0001) plane
normal to the figure. Subsequent figures are plotted the same way.
La-doped alumina sintered at (a) 1500°C, and (b) 1600°C.

(a) (b) (c)

Fig. 6. The distribution of grain-boundary planes, independent of
misorientation, in Y-doped alumina after heating at (a) 1450°C, (b)
1500°C, and (c) 1600°C.

(a) (b)

Fig. 7. Distribution of grain-boundary planes, independent of
misorientation, for Y + La codoped samples sintered at (a) 1500°C
and (b) 1600°C.
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the large abnormal grains will dominate the population, and
the orientation of these boundaries is more likely to be
determined by relative mobilities.

It should be noted that the grain-boundary orientation dis-
tribution in the Y-doped alumina system is not strongly

anisotropic. The relative areas of the preferred grain-bound-
ary planes are only about 1.3 times more likely to occur than
an orientation in a random distribution. The more important
nonrandom characteristic of the grain-boundary distribution
is found in the domain of misorientations, with a strong pref-
erence for the !3 grain boundary (see Fig. 8). There is ample
experimental and theoretical evidence that as grain growth
occurs, the lowest energy boundaries are eliminated less fre-
quently and accumulate in the network.35 This is one possi-
ble explanation of the increase in !3 grain boundaries with
grain growth. However, it is also possible another mechanism
generates these twins. It should also be noted that the
La- and Y + La-doped alumina show a strong preference for
(0001) grain-boundary plane orientations, regardless of
misorientation.

Galmarini et al.36 simulated the e!ect of Y segregation on
the energies of alumina surfaces and grain boundaries. From
these calculations, it was determined that Y segregated to
f1120g and f0112g surfaces at 1600°C, with the f1120g plane
having its relative energy decreased the most. The energies of
selected low !-Coincident Site Lattice (CSL) boundaries with
and without Y were also calculated. The results showed that
Y segregated to some, but not all boundaries, and also low-
ered the energy. With limited numbers of calculations, it is
not possible to make detailed comparisons to the present
work. However, we can remark that Galmarini’s prediction
that for the !3 boundaries, f1120g plane grain boundaries in
Y-doped alumina are much lower in energy than the (0001)
plane boundaries is consistent with the observed populations.

Experimentally, G"ulg"un et al.8 observed a high proportion
of (0001), f1120g, and f0112g plane interfaces in the
Y-doped alumina samples they investigated using transmis-
sion electron microscopy (TEM). Similarly, another TEM
study, reported by Bouchet et al.,20 showed that Y-doped
alumina sintered at 1450°C and 1550°C both showed a
higher level of Y segregation to the f0112g -plane than to
(0001); in their study, the Y/Al intensity peak ratio for
f0112g planes was 2.5–2.7 compared to 0.2–1.7 for (0001)
planes. Both of these investigations are consistent with the

(a)

(b)

Fig. 9. The grain-boundary plane distribution in Y-doped alumina
sintered at 1500°C at a 60°/[0001] misorientation (a) and in
La-doped alumina sintered at 1500°C at a 60°/[0001] (b).

(a) (b) (c)

Fig. 8. Misorientation distributions and corresponding reconstructed grain-boundary line segments for Y-doped alumina sintered at 1450°C (a),
1500°C (b), and 1600°C—exhibiting a large increase in 60° boundaries (c). Based on the configuration of the 60° boundaries, it is concluded that
they do not result from incorrect indexing because of pseudosymmetry. Misorientation angle distribution bin sizes are 1° and range from 0° to
104°.
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current mesoscale experimental results that at temperatures
above 1450°C, Y segregation leads to a complexion transi-
tion that lowers the energy of boundaries with f0112g planes
and increases the grain-boundary mobility. When the transi-
tion occurs only around some grains, AGG results. After the
fast-growing grains impinge, the f1120g plane is the most
common, suggesting that this orientation has the lowest
energy.

There have been several mesoscale studies of grain-bound-
ary populations in alumina. In general, no large-scale devia-
tions from random misorientation distributions have been
found in pure or doped aluminas.13,21,28 Furthermore, the
populations of low !-CSLs are only modestly enhanced in
population over the population expected in a random distri-
bution. For example, Vonlanthen and Grobety28 found that
about 4% of the boundaries in alumina could be classified
as belonging to a CSL misorientation with ! ! 28, com-
pared to an expectation of 2.7% in a random distribution.
Cho et al.13 reported that Y doping increased the occurrence
of !3 boundaries from roughly 0.6% to 2.3%. The observed
increase that occurs with Y doping is consistent with this
study.

While it has been shown that lattice coincidence is not a
good predictor of the relative population or energies of the
grain boundaries,34,37 the use of CSL notation is convenient
when trying to compare results from di!erent analysis tech-
niques, and is prevalent in alumina grain-boundary research.
However, this literature is not entirely consistent in nomen-
clature. The first list of CSL misorientations for rhombohe-
dral a-alumina was published by Grimmer et al.38 More
recently, Vonlanthen and Grobety,28 beginning from Grim-
mer’s previous report on coincident orientations in rhombo-
hedral materials,39 accounted for the possibility of small
variations in the c/a ratio and in some cases reached di!erent
results for alumina. So that there is no confusion, the source
of the specified notation and misorientation will be labeled in
each case with a “G” Grimmer et al.38 or a “V” for Vonlan-
then and Grobety.28

Figure 10 shows the distribution of grain-boundary planes
for the !7a(G), !72(V), and !31b(G) boundaries in
La-doped alumina sintered at 1500°C. In each case, the max-
imum is near (0001), indicating a preference for the basal
plane. This is consistent with the results in Fig. 5 that are
averaged over all misorientations. It should be noted from
the grain-boundary plane distributions that these misorienta-
tions are not significantly di!erent from those at randomly
selected misorientations. This leads us to conclude that lattice
coincidence does not impart any special significance to these
boundaries. Similar plots for the Y-doped system (not
shown) did not show strong maxima or other characteristics
that distinguished them as special. However, we also note
that at the current resolution of ~10°, there is a possibility
that a special boundary that occurs in a very narrow angular
range will be averaged with neighboring boundaries such that

its apparent population is less than its true population. It is
currently not possible to examine plane distributions at spe-
cific misorientations at higher resolution, because of the size
of the domain of boundary types.

Bicrystal Symmetric Tilts
The grain-boundary energies of symmetric tilt boundaries
have been experimentally evaluated using bicyrstals,40–43 cal-
culated by static lattice simulations,44 and density functional
theory.45 Kenway44 calculated the grain-boundary energy of
the f1011g=f10!1!1g tilt with a near !11 misorientation, the
boundary was tilted 144.8° around \1210[ . Milas et al.45

further modeled the same near !11 boundary to explore the
grain-boundary structure with the addition of transition met-
als, such as Y. Here, we look at experimental measurements
of bulk alumina to determine the likelihood of grain bound-
aries with these misorientations occurring in a real sample.
The Y-doped alumina GBCD for 144.8°/#1210$ shows a
strong population of !1011"; (0001), and !1010" planes along
the tilt axis [Fig. 11(a)]. While the expected f1011g=f10!1!1g
planes did occur, they are not the only tilt boundaries at the
specified misorientation. The La-doped GBCD of the near
!11 boundary shows a high population of (0001) planes with
no tilt boundary preference. However, a real !11b(G) bound-
ary at 95.2°/#0110$ in La-doped alumina reveals a tilt bound-
ary of (0001) and a geometrically necessary complement of
!2110" planes [Fig. 11(b)]. Note that this preference for the
basal orientation on one side of the boundary is a character-
istic at all tilt angles.

Nishimura et al.40 investigated the atomic structures and
energies of !7 (38.2°/[0001]) symmetric tilt boundary bicrystals
with grain-boundary planes f4510g, f2310g, and f1102g.
While the chemistry of these samples is not the same, this is the
only prior work available for comparison in which all five crys-
tallographic parameters of the measured grain boundaries
were controlled. It was found that the f1102g plane exhibited
the lowest grain-boundary energy, and concluded that the
grain-boundary energy is highly dependent on the grain-
boundary plane. Figures 12(a) and (b) show the !7 boundary
in the Y-doped and La-doped alumina samples, respectively.
The Y-doped sample shows a weak preference for f1102g
planes and this suggests that it is the lowest energy grain-
boundary plane, consistent with the findings of Nishimura
et al.40 The La-doped sample shows a preference for the (0001)
twist boundaries. The lack of agreement in this case is not sur-
prising considering that the grain-boundary chemistry di!ers
and this can alter the grain-boundary energies.

Conclusions

While Y and La doping both increase the creep resistance in
alumina, they have di!erent grain-boundary plane and mis-
orientation distributions. After false boundaries that derive

(a) (b) (c)

Fig. 10. Grain-boundary plane distributions for La-doped alumina sintered at 1600°C. (a) !7aG (85.9°/#0221$), (b) !72V (85.9°/#2461$), (c)
!31bG (63.15°/#1123$).
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from pseudosymmetry e!ects are removed, the misorientation
distribution in La-doped alumina is essentially random.
However, the grain boundaries do show a preference for
(0001) planes at all temperatures and at all misorientations.
At 1500°C, the preference is, on average, 3.7 times random.
Y-doped alumina, on the other hand, has a larger than ran-
dom population of !3 grain boundaries, with a 60° misorien-
tation about the [0001] axis. After annealing at 1600°C, these
boundaries occur in the population six times more than
expected in a random distribution. With that one exception,
other low ! CSL boundaries had no characteristics to distin-
guish them from random boundaries in any of the samples.
Y-doped alumina undergoes a complexion transition between
1450°C and 1600°C in which higher mobility grain bound-
aries appear, leading to AGG. The Y-doped materials have a
preference for f0112g -planes during AGG and f1120g
-planes after the abnormal grains impinge. Y + La-codoping
results in a microstructure consisting of equiaxed grains that
exhibit both a preference for (0001) and f0112g orientations.
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