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Grain boundary plane distributions in aluminas
evolving by normal and abnormal grain growth
and displaying different complexions

The grain boundary character distributions of selected
doped aluminas were measured from normal and abnormal
populations. The relative energies of the A-, C-, and R-
planes of undoped alumina were also measured. There is
an inverse relationship between the population of grain
boundaries and the relative energies of grain boundary
planes in undoped alumina. This relationship is found to
be qualitative for abnormal grains, whose interfacial aniso-
tropy may be affected by kinetic factors. It is found that
the relative grain boundary anisotropy correlates with the
temperature dependence of grain boundary complexion
transitions in a particular system that is prone to abnormal
grain growth. However, there is no direct correlation be-
tween the total anisotropy of the grain boundary character
distribution and that system’s propensity to undergo a parti-
cular complexion transition. Therefore, anisotropy will sig-
nificantly affect the microstructural evolution in systems
that are prone to abnormal grain growth, but the magnitude
of anisotropy is not a sufficient selection criterion for deter-
mining which systems will undergo abnormal grain growth.

Keywords: Grain boundary; Grain boundary character;
Alumina; Complexion; Abnormal grain growth

1. Introduction

Grain boundaries have associated macroscopic and micro-
scopic degrees of freedom. A grain boundary’s character is
described by five macroscopically observable parameters;
in the most common description, three are related to the
misorientation between adjacent grains and two describe
the normal to the grain boundary plane. On the microscopic
or atomistic scale there are three simple geometric degrees
of freedom; two are associated with translation of the grains
parallel to the grain boundary plane and one is associated
with translations or relaxations normal to the grain bound-
ary plane. The equilibrium configuration of a grain bound-
ary’s microscopic degrees of freedom will depend on the
macroscopic degrees of freedom, the relevant intensive
thermodynamic variables, such as chemical potential, tem-
perature, and pressure. Therefore, grain boundaries of a par-
ticular character may undergo structural transitions (first or
second order) as a function of chemistry, temperature, etc.

It is possible to construct equilibrium grain boundary
“phase” diagrams that are analogous to bulk phase dia-
grams. While the details of the atomic structure will vary
significantly with grain boundary character, it has been re-
cognized experimentally that there are certain characteristic
equilibrium structures or “phases” that may be stable at
grain boundaries. These different characteristic features
have been referred to as different complexions [1, 2]. These
complexions have thermodynamic stability that relates to
the intensive thermodynamic variables, but differ from bulk
phases in that they cannot exist in the absence of the abut-
ting crystal. An example of a particular grain boundary
complexion is the 1 – 2 nm intergranular film observed in a
number of ceramic materials [3– 20]. Complexion transi-
tions may dramatically affect the properties and kinetics of
interfaces.

Several different complexions are stable in doped alumi-
nas [1, 21, 22]. The grain boundary mobility varies by or-
ders of magnitude with complexion type and more disor-
dered complexions have higher grain boundary mobilities
[1, 23]. The phenomenon of abnormal or discontinuous
grain growth in alumina results from different types of
complexions coexisting in a single microstructure [1]. Ab-
normal grain growth describes the growth rate of a grain re-
lative to its neighbors (i. e. it is a differential descriptor).
Discontinuous grain growth describes growth of an ensem-
ble of grains whose size distribution does not remain self-
similar. The latter descriptor may be more useful, because
a microstructure that has undergone a transient stage of ab-
normal grain growth may arrive at a unimodal grain size
distribution, if the number density of abnormal grains is
large enough. As a result, “normal grain boundaries” may
often result when a significant amount of abnormal grains
impinge. In doped aluminas, “normal grain boundaries”
may exhibit one of a number of complexions, and the same
is true of the “abnormal grain boundaries”.

Different complexions may also exist preferentially on
specific crystallographic planes in alumina, even on the
same grain. This behavior can lead to characteristic grain
shapes. Previous studies have indicated that specific dop-
ants influence the relative grain boundary anisotropy in dif-
ferent ways. For example, certain dopants in alumina, such
as calcia, anorthite, or lanthana, promote the formation of
plate-like grains with large basal planes [24– 30]. Other
dopants, such as silica or magnesia, promote the formation
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of more equiaxed and rounded grains [1, 22, 25, 31 –36]. It
is difficult to quantify this behavior explicitly through the
analysis of grain shape. Anisotropy has often been linked
to abnormal grain growth and quantifying the effects should
shed new light on the role of anisotropy and chemistry in
normal and abnormal grain growth.

The grain boundary character distribution (GBCD) de-
scribes the relative areas of interfaces within a microstruc-
ture [37]. The GBCD is thought to be a sensitive indicator
of materials properties [38 – 45]. Characterizing the GBCD
has been useful for understanding the role of interfacial an-
isotropy in microstructural evolution of polycrystals during
normal grain growth [37, 46 –52]. It has also provided in-
sight into anisotropic segregation effects [53 – 55]. In gener-
al, the GBCD has been shown to have an inverse relation-
ship to the distribution of relative grain boundary energies,
with low-energy boundaries occurring most frequently and
vice versa [37, 47 –52]. The GBCD and grain boundary en-
ergies are directly correlated for microstructures that have
evolved to a steady-state GBCD during normal grain
growth [46, 48 – 52]. The two-parameter GBCD describes
the anisotropy in the distribution grain boundary planes in
the crystal reference frame [56]. The dynamic range of this
distribution provides a good metric for quantifying the rela-
tive energy anisotropy of grain boundaries in a system that
has evolved by normal grain growth [46].

Recent experiments suggest that the relative anisotropy
in the GBCD is important in influencing the frequency with
which abnormal grains form (i. e. complexion transitions)
as a function of temperature [57]. By controlling the rela-
tive anisotropy, it should be possible to engineer the distri-
bution of abnormal grains in a microstructure. For example,
this would be important for producing a microstructure of
fine grains containing large single crystalline grains that
act as reinforcing particles. Alternatively, it might be used
to create a uniform microstructure when discontinuous
grain growth in unavoidable.

The current work aims to quantify the distribution of
grain boundary planes in the crystal reference plane (two-
parameter GBCD) and determine how different dopant
chemistries affect the relative grain boundary plane aniso-
tropy. The results will be interpreted by comparing the dis-
tributions to measured relative energies of specific grain
boundary planes. The GBCD will also be used to under-
stand the crystallographic preference of grain boundary
complexions.

2. Experimental procedure

A set of samples were produced containing pieces of single
crystal sapphire embedded within undoped powder. Single
crystals of A-plane, C-plane, and R-plane sapphire were
hot-pressed in the undoped powder. The samples were hot-
pressed under 50 MPa at 1300 8C for 2 h. The samples were
sectioned so that the defined plane was perpendicular to the
surface. The sample surface was polished to a 1 micron dia-
mond finish, and was subsequently etched for 2 h at
1350 8C.

The dihedral half angles (W ) of thermal grooves were
measured for the grain boundaries between the embedded
single crystals and the polycrystalline matrix (see sche-
matic in Fig. 1). The dihedral half angles may be used to
calculate the relative surface to grain boundary energy in a

similar manner to that frequently used for the full dihedral
angle [32, 34, 36, 58 – 69]. In fact, the original analysis by
Mullins [70] only considers the groove half angle. Using
the half angle on the polycrystal side of the groove avoids
introducing artifacts from the surface anisotropy of the sin-
gle crystal. The grooves were measured using an atomic
force microscope in contact mode according to previously
established procedures [46, 71].

Dense polycrystals of alumina were prepared by hot-
pressing. Undoped alumina (Sumitomo AKP-50, Tokyo,
Japan) powder was hot-pressed at 1300 8C for 2 h. Doped
alumina powders were prepared by mixing undoped alumi-
na powder with methanol and a dopant precursor. Magne-
sium nitrate, calcium nitrate, tetraethylorthosilicate, and
neodymium nitrate were used as precursors for magnesia,
calcia, silica, and neodymia doping, respectively. The pow-
ders were mixed, dried and then calcined at *800 8C for
*24 h. The doped powders were hot-pressed at 1300 8C
for 2 h. The samples were sectioned and polished to a
1 lm diamond finish.

The undoped, calcia-doped, magnesia-doped, and silica-
doped samples were annealed at 1400 8C for 2 h. The neo-
dymia-doped alumina was annealed at 1400 8C for 50 h in
order to coarsen the grains. Under these conditions the sam-
ples consisted of almost entirely normal grains, such that
abnormal grains were not included in the results. It should
be noted that the neodymia- and magnesia-doped alumina
were complexion type I for these conditions while the sili-
ca- and calcia-doped alumina were predominately com-
plexion type III [1]. The silica- and calcia-doped alumina
undergo this transition early in the evolution and at a low
temperature, and most of the coarsening has occurred as
normal grain growth. A second silica-doped sample was an-
nealed at 1600 8C for 2 h. A second neodymia-doped sam-
ple was annealed at 1800 8C for 1 h. A second calcia-doped
sample was annealed at 1750 8C for 2 h. These samples
were all prepared such that they consisted primarily of im-
pinged abnormal grains, meaning the grain size distribution
was somewhat unimodal but was mainly the result of dis-
continuous grain growth. The samples were repolished to
remove thermal grooves that formed during annealing. The
samples were then re-annealed at 1200 8C for 2 h in order
to remove damage induced during polishing.

Electron back-scatter diffraction (EBSD) (TSL, EDAX
Inc.) data was collected in the scanning electron micro-
scope (SEM) (XL 40 FEG, FEI Company). The data were
collected at 30 kV with the samples tilted to 708, at the
maximum current attainable without inducing sample
charging. The data were collected at a resolution such that
at least 10 pixels would span the diameter of the average
grain size. The EBSD data were used to confirm that signif-
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Fig. 1. Schematic of experimental set up for measuring the dihedral
half angles at the interface with single crystals of specific geometry.



icant crystallographic texture was not induced during hot-
pressing. Reconstructed grain boundary segments were ex-
tracted using TSL TexSEM version 5.1. The segments were
extracted with a maximum deviation of two pixels between
the reconstructed lines and the pixels bounding the inter-
face. These segments define one of the two parameters
necessary to define the grain boundary plane. The second
parameter is determined for the distribution using a stereo-
logical procedure that has been described in detail else-
where [72, 73].

Approximately 25 000 grains were measured for each
sample except for the calcia-doped sample containing only
abnormal grains. In this sample, only about 5000 grains were
observed due to the large grain size. When the GBCD of the
calcia-doped sample was calculated using only portions of
the complete set of observations, the result was the same.
Therefore, it was assumed 5000 grains are sufficient to deter-
mine the distribution. This may be reasonable because of the
large amount of anisotropy observed in this distribution.

3. Results

The distribution of dihedral half angles for grains com-
prised of one A-plane, C-plane, R-plane are plotted in
Fig. 2 along with those measured randomly from a distribu-

tion of normal grains in the sample. Each of the grain
boundaries that is partially comprised of one of the three
low index planes measured in alumina (A, C, and R) has a
larger median dihedral half angle than those of grains in
the random distribution. This indicates that each of these
planes has a lower energy than the average of the random
population. These data establish a baseline for comparison
to the GBCD of undoped alumina. If it is assumed that the
median dihedral half angle of the distribution of normal
grains is approximately half of the median dihedral angle
for that distribution, then the median dihedral angle is
1128. The result is consistent with previous measurements
by Handwerker et al. [62], who measured a 1128 median di-
hedral angle for undoped alumina. These results indicate
that the basal plane is the lowest energy in undoped alumi-
na. There are conflicting data in the literature as to whether
the r-plane or c-plane has the lowest surface energy [74].
The current results are in best agreement with Choi et al.
[75].

Representative maps of EBSD data are shown in Fig. 3.
Figure 4 shows the grain boundary plane distributions for
the samples annealed at 1400 8C plotted on stereographic
projections, all having the same scale. The units of these
plots are expressed as multiples of a random distribution.
Figure 4 also shows the energies of the c-plane, r-plane,
and a-plane, all relative to the energy of the A-plane. These
are plotted in a similar manner for easy comparison.

Figure 5 shows the grain boundary plane distributions of
neodymia-, silica-, and calcia-doped after abnormal grain
growth (i. e. a complexion transition at the majority of grain
boundaries). These samples were prepared such that they
were composed almost entirely of impinged abnormal
grains that had not coarsened significantly after impinge-
ment.

4. Discussion

4.1. Anisotropy development during normal grain growth

Comparing the grain boundary plane distribution of the un-
doped alumina (Fig. 4) to the relative energies of the differ-
ent planes indicates that there is an inverse relationship
between these two quantities. This type of inverse relation-
ship has been noted in several previous studies [37, 47, 56,
76]. Some recent work has established a mechanism by
which the GBCD evolves to a steady-state, during normal
grain growth, driven by grain boundary energy anisotropy.
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Fig. 2. Distribution of dihedral half angles of random normal grains
and a series of grain boundaries made from single crystals of specific
crystallographic planes mated with a polycrystal.

Fig. 3. Orientation Image Map of (a) calcia-
doped alumina annealed at 1750 8C for 2 h
and (b) undoped alumina annealed at 1400 8C
for 2 h.



For this case, there is a direct correlation between the aniso-
tropy in the GBCD and the anisotropy in the grain boundary
energy distribution [46, 48, 49].

It should be noted that the relative energies of different
planes have only been measured in undoped alumina, in this
study. Doping will certainly affect the grain boundary en-
ergy distribution. However, the GBCD should be correlated
with the grain boundary energy distribution in the micro-
structures that evolved by normal grain growth. The cal-

cia-doped alumina has the most anisotropic GBCD, fol-
lowed by the undoped, silica-doped, magnesia-doped, and
then neodymia-doped alumina. It has been well known that
calcia doping increases the anisotropy of alumina, while
magnesia doping reduces it. It has been suggested pre-
viously that anisotropy effects alone might lead to abnormal
grain growth [34, 77]. The current results suggest that ani-
sotropy effects alone do not predict the occurrence of ab-
normal grain growth in alumina. For example, neodymia-
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(a) (b) (c)

(d) (e) (f)

Fig. 4. The distribution of grain boundary plane s for (a) calcia-doped alumina, (b) undoped alumina, (c) silica-doped alumina, (d) magnesia-doped
alumina, and (e) neodymia-doped alumina each annealed at 1400 8C and showing normal grain growth. (f) A representation of the relative average
energies of several grain boundary planes in undoped alumina.

(a)

/NormalErsetzen durch

(b) (c)

Fig. 5. The distribution of grain boundary planes for (a) calcia-doped alumina annealed at 1750 8C, (b) silica-doped alumina annealed at 1600 8C,
and (c) neodymia-doped alumina annealed at 1800 8C.



doped alumina is relatively isotropic, comparable to mag-
nesia-doped alumina. Neodymia doped alumina shows a
strong preference for abnormal grain growth, while magne-
sia doping suppresses it. Also, silica-doped alumina is more
isotropic than undoped alumina and is also highly prone to
discontinuous and abnormal grain growth, while the high-
purity undoped material is not.

Previous work showed that the number density of abnor-
mal grains in doped alumina increased exponentially with
temperature [57]. The slope of this exponential varied with
different dopants. It was shown that the temperature range
of the transition from normal to abnormal grain growth
was much narrower for the case of silica-doped alumina as
compared to calcia-doped alumina [57]. It was surmised
that the population of boundaries in silica-doped alumina
was more isotropic which would cause the individual
boundaries to behave similarly, while calcia-doped alumina
was more anisotropic which would cause the behavior of its
boundaries to be more diverse (i. e. spread over a larger
temperature range). The current results support that hypoth-
esis, which suggests anisotropy in the normal population
will play an important role in determining the evolution of
the abnormal population.

4.2. Anisotropy development during abnormal grain growth

Figure 5 shows the grain boundary plane distributions of
neodymia-, silica-, and calcia-doped alumina after abnor-
mal grain growth (i. e. a complexion transition at the major-
ity of grain boundaries). When compared to the distribu-
tions before the complexion transition, each material
behaves differently. The anisotropy in the GBCD for sili-
ca-doped alumina before and after abnormal grain growth
is the same within expected uncertainty. This is consistent
with the fact that the abnormal grains in silica-doped alumi-
na are relatively equiaxed and the boundaries are curved.
The anisotropy of the GBCD for neodymia-doped alumina
is increased as a result of abnormal grain growth, with new
peaks in the distribution occurring at the orientation of the
rhombohedral planes. In the neodymia-doped alumina, both
the basal planes and the rhombohedra planes are faceted
and grow relatively quickly during abnormal grain growth
[78]. The anisotropy of the GBCD for calcia-doped alumina
increases dramatically during abnormal grain growth. A
significant change in the GBCD could result from either a
change in the grain boundary energy distribution associated
with the complexion transition or from kinetic factors that
favor certain grain boundary planes. In the latter case, the
GBCD may deviate significantly from what would be pre-
dicted as the steady-state distribution.

Previous measurements of dihedral angles at thermal
grooves in calcia-doped alumina indicated that the basal
plane energy on abnormal grains at 1400 8C is *25 % low-
er than the average of the other planes on the same abnor-
mal grains [79]. This is comparable to the amount of aniso-
tropy observed in the undoped alumina. Therefore, the
energy anisotropy alone cannot explain the large anisotropy
in the GBCD. The large anisotropy in the abnormal distri-
bution of the calcia-doped alumina likely results from the
fact that complexion transitions occur preferentially on dif-
ferent planes in this alumina, and this results in a large mo-
bility anisotropy. Specifically, Complexion transitions are
less likely to occur on basal planes than the plane perpendi-

cular. The basal planes advance relatively slowly, whiles
the planes perpendicular to the basal plane advance rapidly
and this creates plate-shaped grains. These results indicate
that the grain boundary plane distribution will be influenced
by kinetic preferences during abnormal grain growth.

The results of numerous simulations of untextured poly-
crystals show that only grain boundary energy anisotropy
is effective in producing large anisotropy in the GBCD,
while mobility anisotropy has little effect [48, 50 – 52, 80].
The simulations have the common feature that boundaries
of a particular misorientation or character are assigned a
single energy and mobility. Because of this, these simula-
tions do not provide an accurate description of the mobility
anisotropies that result from complexion transitions. In the
simulation, a boundary that is advancing rapidly will
change its character as soon as it moves through a neighbor-
ing grain. When this happens, the boundary immediately
loses its mobility advantage (except in the unlikely event
that its new character also has a high mobility). Boundaries
that have undergone a complexion transition, on the other
hand, have high mobilities because of their composition
and structure rather than their crystallographic character.
While it is not possible to sustain a single grain boundary
character during growth, it is possible to sustain the compo-
sition and structure of a complexion as the grain boundary
advances. So, while grain boundary mobility anisotropy
does not influence the GBCD during normal grain growth,
it can be influential during abnormal grain growth.

Experimental results indicate that a particular complex-
ion will exist on multiple grain boundaries bounding an in-
dividual grain. As a result, the large differences in mobility
are correlated with individual grains rather than individual
grain boundaries. Because the grain growth simulations that
incorporate mobility anisotropy are based on mechanisms
that cannot reproduce this experimental observation, their
inability to produce GBCDs that are affected by mobility
anisotropy is not surprising. The character of boundaries
surrounding an abnormal grain will vary continuously as it
grows, but if the grain has a preferred shape then an aniso-
tropic GBCD will result. In this case, there are two interest-
ing possibilities. If the all of the boundaries around a grain
have high mobility and there are preferred habit planes,
then the orientation of the boundaries with the high mobili-
ty complexion will dominate the GBCD. On the other hand,
if only some of the boundaries have high mobilities, then
they advance rapidly, extending the area of the low mobili-
ty boundaries, and the GBCD is dominated by the low mo-
bility planes. This is what occurs in calcia-doped alumina
when the high mobility prismatic facets advance rapidly,
extending the area of the low mobility basal facet that even-
tually dominates the GBCD. Therefore, mobility effects
can be expressed in the GBCD, but there are several possi-
bilities and this may be the reason why the GBCDs of sili-
ca-, neodymia-, and calcia-doped alumina change in differ-
ent ways as a result of the complexion transition.

For a particular complexion to be correlated to an abnor-
mally growing grain, the complexions on some of either the
normal or abnormal grain boundaries must be metastable
(i. e. two boundaries with the same crystallographic charac-
ter can have two distinct mobilities or complexions). The
idea of complexion metastability has been noted and dis-
cussed previously [81]. The metastability is believed to re-
sult from the difference in composition between two differ-
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ent saturated complexions that might exist on the same type
of boundary, and a steady-state chemistry established dur-
ing migration. When the anisotropy in the GBCD is influ-
enced by kinetic effects, then it is not quantitatively linked
to the grain boundary energy distribution. However, the
GBCD results presented here suggests that a qualitative
correlation remains.

The results also indicate that the grain boundary plane
anisotropy prior to abnormal grain growth is not a reliable
indicator of anisotropy after abnormal grain growth. The
differences in growth preference resulting from complexion
transitions in different chemistries are likely linked to pre-
ferred atomic-scale energetics, structures, and configura-
tions. Anisotropy in precipitation and segregation should
also be important factors. The relative anisotropy appears
to be important in affecting the temperature dependence of
certain complexion transitions, and is critically important
in the final morphology and microstructure. Because of
this, a deeper understanding of these anisotropy effects
and how they link with the atomic scale is important in de-
veloping thorough models of microstructural evolution.

5. Conclusions

Additives significantly influence the anisotropy in the
GBCD of alumina. The results support a prior claim that
grain boundary anisotropy should affect the temperature de-
pendence of grain boundary complexion transitions that in-
duce abnormal grain growth. However, the magnitude of
the anisotropy is not a sufficient metric to determine
whether or not a particular system will undergo discontinu-
ous or abnormal grain growth.

It has been shown that for microstructures that evolve by
abnormal or discontinuous grain growth, there is a qualita-
tive inverse relationship between grain boundary energy an-
isotropy and the GBCD. However, energy effects alone
cannot quantitatively justify the magnitude of the grain
boundary character anisotropy in certain cases. For abnor-
mal grain growth, the relative grain boundary mobilities ap-
pear to play an important role. This differs from normal
grain growth, where it has been previously shown that the
anisotropy in the GBCD may be predicted directly from
the grain boundary energy anisotropy with almost no influ-
ence of mobility anisotropy. The growth preference of ab-
normal grains does not appear to be easily predicted from
the anisotropy of the normal grains prior to abnormal
growth. A better understanding of the links between grain
boundary character and atomistic aspects of grain boundary
complexions is likely required to understand these effects.

This work was supported the Pennsylvania DCED and by the MRSEC
program of the National Science Foundation under Award Number
DMR-0520425.
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