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Abstract
Atomic force microscopy was used to measure the dimensions of grain-boundary
thermal grooves on the surfaces of Al2O3, 100 ppm Y-doped Al2O3, and
500 ppm Y-doped Al2O3 ceramics heated at temperatures between 1350°C and
1650°C. The measurements were used to estimate the relative grain-boundary
energies as a function of temperature. The relative grain-boundary energies of
Al2O3 decrease slightly with increased temperature. When the doped samples
were heated, there was an overall increase in the grain-boundary energy, attribu-
ted to a reduction in the grain boundary excess at higher temperature. The overall
trend of increasing grain-boundary energy was interrupted by abrupt reductions in
grain-boundary energy between 1450°C and 1550°C. In the same temperature
range, there is an abrupt increase in the grain-boundary mobility that is associated
with a complexion transition. When the 100 ppm Y-doped sample was cooled,
there was a corresponding increase in the relative grain-boundary energy at the
same complexion transition temperature, indicating that the transition is reversi-
ble.
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1 | INTRODUCTION

In most models for microstructure evolution, the grain-
boundary energy is taken to be a constant. However, it is
known from both experiments1 and simulations2,3 that the
grain-boundary energy can change with temperature and
these changes have the potential to affect microstructure evo-
lution. For example, changes in the grain-boundary energy
with temperature have been implicated in anti-thermal grain
growth phenomena in SrTiO3.4,5 Abrupt changes in the
grain-boundary energy have also been linked to complexion
transitions and abnormal grain growth.6,7 However, there is
very little available data on the temperature dependence of
the grain-boundary energy. The only previous study we are
aware of, interpreted from grain-boundary diffusion mea-
surements made 35 year ago, indicates that the grain-bound-
ary energy of NiO increases by 14% when the temperature is
increased by 600°C.1,8 Here, we experimentally examine the

temperature dependence of the grain-boundary energy in
99.995% pure and Y-doped alumina.

The grain-boundary excess free energy varies with tem-
perature and there are several factors that influence the varia-
tion. First, the free energy is expected to decrease with
increasing temperature because of the entropic contribution.
This has been observed in a number of pure materials.1,9,10

In materials containing segregating impurities, the grain-
boundary energy will be affected by changes in the grain-
boundary composition. In most cases, the grain-boundary
energy decreases with increases in the grain-boundary excess
solute content. Because bulk solubility typically increases
with temperature, solute from the intergranular regions can
dissolve in the bulk as the temperature is increased, reducing
the grain-boundary excess (desegregation). This will lead to
an increase in the grain-boundary free energy with tempera-
ture. Desegregation influences the grain-boundary energy in
a way opposite to entropy; past studies have shown that
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changes from desegregation are usually more significant than
those associated with entropy, so for impure materials, the
grain-boundary energy usually increases with temperature.1

Entropy and desegregation both lead to continuous
changes in the grain-boundary energy. One can imagine
that if grain boundaries are supersaturated in solute and a
second phase precipitates, the formation of a second phase
would abruptly reduce the grain-boundary excess and
increase the energy. In polycrystals where the solvent phase
has already saturated the grain boundaries, any grain
growth will lead to a reduction in the intergranular area,
which could supersaturate the boundaries prior to the for-
mation of a second phase. While boundary supersaturation
followed by precipitation has been reported,11 measure-
ments of the grain-boundary energy during this series of
transitions has not been reported.

An abrupt transition in grain-boundary energy might also
occur if there is a transition in the structure and/or chemical
composition of the grain boundary; this is referred to as a com-
plexion transition.12 The energy changes associated with transi-
tions have been evaluated using measurements of the grain-
boundary thermal groove geometry.7,13,14 In this experiment, a
microstructure is produced in which two grain-boundary com-
plexions are expected to coexist, based on the presence of a
bimodal grain size distribution. When the relative energies of
the grain boundaries surrounding the very large grains are
compared to those around the smallest grains, there is usually a
significant difference. For example, in 100 ppm Y-doped alu-
mina at 1400°C, the energies of the boundaries around large
grains were 46% lower than around the small grains.7

The experiments comparing the relative energies of the
different types of grain boundaries are interpreted with
respect to the schematic in Figure 1. At low temperatures,
all of the grain boundaries have a single stable complexion
and a unimodal microstructure (Figure 1B). As temperature
increases, one grain-boundary complexion might become
more stable than another. If all of the boundaries trans-
formed immediately to the lower energy complexion, then
the rate of change of the grain-boundary energy with tem-
perature will decrease at the temperature where the lines
intersect, and the microstructure will remain unimodal.
However, it is also possible that there is an activation bar-
rier and the system must be superheated before the least
stable boundaries transform. If so, the energy will follow
the blue dashed line until the least stable boundaries trans-
form to the lower energy complexion at the position of the
vertical blue dashed line. If the high-temperature, low-
energy complexion has a mobility advantage over the non-
transformed boundaries, a microstructure with a bimodal
grain size distribution will form (Figure 1C). The energy
difference between the transformed grain boundaries
around the large grains and the metastable boundaries
around the small grains is labeled Dc in Figure 1A.

The previous experiments evaluated the energy differ-
ence between the stable and metastable boundaries at a sin-
gle temperature, but they do not tell us how the grain-
boundary energy changes with temperature or determine
the transition temperature. Therefore, the purpose of this
paper is measure the temperature dependence of the relative
grain-boundary energy in 99.995% pure, 100 ppm Y-
doped, and 500 ppm Y-doped alumina. The relative grain-
boundary energy is determined from AFM measurements
of grain-boundary thermal grooves. The measurements are
made as a function of increasing temperature for all three
materials. Measurements were also made with decreasing
temperature for the 100 ppm Y-doped alumina sample. The
measurements show that the changes in the grain-boundary
energy as a function of temperature are influenced by
solute partitioning between the bulk and grain-boundary
phase, and by complexion transitions.

2 | EXPERIMENTAL METHODS

Pure alumina ceramics were prepared from 99.995% pure
alumina (Puratronic; Alfa Aesar, Ward Hill, MA). The

FIGURE 1 Schematic illustration of grain-boundary energies (A)
and microstructure (B and C) in a material with two stable grain-
boundary complexions that have very different grain-boundary
mobilities. See text for explanation [Color figure can be viewed at
wileyonlinelibrary.com]
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most concentrated impurities in the starting material were
Na (10 ppm), Zr (9 ppm), Ca (4 ppm), Mg (3 ppm), and
Fe (2 ppm). These concentrations, supplied by the manu-
facturer, are in weight fractions and were determined by
inductively coupled plasma emission spectroscopy. Y-
doped alumina (concentrations are Y per Al atoms) of
100 ppm and 500 ppm were prepared from the same alu-
mina source, with appropriate amounts of added Y
(NO3)3!6H2O (Alfa Aesar). A micropipette was used to
transfer appropriate amounts of Y (100 or 500 ppm) from
a 0.05 mol!L"1 solution of Y(NO3)3!6H2O and methanol to
the 99.995% pure alumina, also suspended in methanol.
This solution was mixed using a PTFE magnetic stir bar
on a stirring hot plate. After evaporating the methanol from
the suspension under a fume hood, the powders were dried
at 100°C in air. After drying, the doped powders were
placed in plastic bags and milled with a marble rolling pin
to break up agglomerates. Consolidation of the powders
was carried out by spark plasma sintering. About 10 g of
powder were loaded in a graphite die. The ram was then
inserted and the samples were spark plasma sintered (Ther-
mal Technologies, LLC, Santa Clara, CA) using a ramp of
100°C per minute to 800°C for 45 minute at 10 MPa fol-
lowed by another ramp cycle of 100°C per minute up to
1300°C for 30 minute at 50 MPa. The sample was then
cooled to room temperature at a maximum rate of 150°C/
min. The Archimedes method was used to measure the
densities of the samples and they were found to be 96.7%,
(99.995% pure), 98.5% (100 ppm Y), and 95.7% (500 ppm
doped Y). Note that throughout this paper, we will refer to
these samples as the 100 and 500 ppm samples, based on
the synthesis conditions. The actual compositions after sin-
tering were not determined.

Each of the samples was sectioned with a 12.7 mm dia-
mond wafering blade mounted on a low-speed saw. These
sectioned pieces were mounted in a cold-curing resin and
polished with polycrystalline diamond, using a 0.05 lm
polycrystalline diamond solution as the final step. After
removing the samples from the mount, thermal grooving was
carried out in a box furnace in air. The samples were placed
in 98% pure alumina crucibles and heated at 10°C/min up to
temperatures ranging from 1350°C to 1650°C and cooled
back to room temperature at 20°C/min. The 500 and
100 ppm Y-doped alumina samples were thermally grooved
for 3 and 5 hour, respectively, for the experiments with
increasing temperature. The 99.995% pure samples were
grooved for 3 hour. For the experiments where the grooves
were measured with decreasing temperature, the samples
were re-polished, to remove the grooves formed at high tem-
perature, before grooving at the lower temperature. The aver-
age grain diameters of the samples after the lowest and
highest temperature annealing were measured by the linear
intercept method and the results are summarized in Table 1.

Atomic force microscopy (AFM) was used in contact
mode to measure the groove geometry. Images were
recorded with a 10 nm step size at a 1 Hz scan frequency
using a Solver NEXT AFM (NT-MDT, Moscow, Russia).
The pyramidal silicon nitride tips used for the measurements
had a cone angle of 35°, a radius of less than 10 nm, a reso-
nance frequency of 67 kHz, a force constant of 0.32 N/m,
and a Cr/Au coating on the detector side (Pyrex Nitride
Probes triangular shape, NanoWorld, Neuchâtel, Switzer-
land). The AFM images were taken at randomly selected
locations on the surface, sampling all areas of the specimen.

The treatment of the AFM data followed a procedure
described earlier.15 Briefly, the images were processed to
remove any overall slope. For each groove, three profiles were
extracted, and the width (W) and depths (d) were measured
automatically using a computer program (see Figure 2). Note
that the groove shape is created by surface diffusion during
the high-temperature anneal. Because of the rapidly decreas-
ing diffusion rates on cooling, the high-temperature groove
shape is locked in, even if the grain-boundary structure or
composition changes at lower temperature. Because the
grooves are usually asymmetric, the two sides are considered
separately, as if they were two separate symmetric grooves.
Knowing W and d, the ratio of the grain boundary to surface
energy can be calculated using Equation (1).

cgb
cs

¼ 2 sin tan"1 m
d
2W

! "! "! "
(1)

where m is a constant equal to 4.73.16 When using AFM to
measure the relative grain-boundary energy, it is necessary

TABLE 1 Average grains sizes

Sample Temperature (°C) Average grain size (µm)

99.995% Pure 1450 2.4

99.995% Pure 1550 4.8

99.995% Pure 1650 10.2

100 ppm 1450 2.6

100 ppm 1500 2.9a

100 ppm 1525 3.4a

100 ppm 1550 5.2a

100 ppm 1650 8.8

500 ppm 1350 0.9

500 ppm 1400 1.4

500 ppm 1450 2.8

500 ppm 1500 2.4a

500 ppm 1550 4.0a

500 ppm 1600 6.9

500 ppm 1650 6.9

aMean values of bimodal distributions.
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to consider the finite size of the probe compared to the
actual groove dimensions. Consideration of these factors
has led to the conclusion that if the grooves are wide
enough (W>1 lm), the finite probe size should not affect
the measurement.15 The corrections for smaller grooves
have been calculated and were applied to the present data.
However, no grooves with width less than 250 nm were
considered; this limited the extent of the low temperature
data, where reduced diffusivity means that it takes much
longer to create wider grooves. It should also be noted that
the value of m deviates from its ideal value of 4.73 as W/d
becomes smaller. However, the relationship between m and
W/d is known17 and a correction was applied to account
for this.

Finally, there are a number of approximations in Equa-
tion (1) that should be recognized when applying it to mea-
surements. First, it is assumed that the two surface energies
on either side of the groove root are the same and this is,

in general, not true. Second, it is assumed that the grain
boundary is normal to the surface plane and, again, this is
not true in general. Third, it is assumed that the differen-
tials of the surface and grain-boundary energy with respect
to orientation are small enough to be ignored and this is,
again, not true. Because of these approximations, the mea-
surement of a single grain-boundary groove has little mean-
ing. Therefore, our approach is to measure many grooves
and examine the distribution of values of cgb/cs, which
samples variations in the unknown parameters listed above.
It has been shown that if enough thermal grooves are mea-
sured, the mean value and width of the distribution are
reproducible characteristics of the sample;17 here, we will
take the mean value of cgb/cs as the quantity of interest
and will refer to it as the relative grain-boundary energy.

The number of measurements at each temperature varied
between 48 and 311 (see Table S1). To estimate the uncer-
tainty of the mean value for each distribution, we tested its
sensitivity to the number of measurements included in the
calculation. Specifically, the mean value of cgb/cs was cal-
culated using randomly selected subsets of the measure-
ments. This process was repeated 10 times and an example
of this analysis is illustrated in Figure S1. The standard
deviation of the mean values calculated using 10 random
samples, each containing 50% of the data, was taken to be
the uncertainty of the mean value of cgb/cs calculated from
all of the data.

3 | RESULTS

AFM images of the microstructures of the 100 ppm Y-
doped alumina samples at temperatures between 1350°C
and 1650°C are illustrated in Figure 3. All images are
shown with the same field of view to emphasize the
changes in the grain size. It should be noted that none of
the AFM images showed any evidence for the precipitation
of yttrium aluminum garnet (YAG). X-ray diffraction and
mapping by energy-dispersive spectroscopy (EDS) also
revealed no evidence for YAG precipitation. At the conclu-
sion of the thermal treatments, the 100 ppm sample was
fractured; the fracture was almost completely intergranular.
Inspection by high-resolution SEM, coupled with EDS
mapping, yielded no evidence for the precipitation of
YAG. Therefore, we conclude that the added Y remained
in solution or segregated to the boundaries during this
experiment. We note that studies of the solubility of Y in
alumina in this temperature range cover a wide range,18–27

from less than 10 ppm19 up to 200 ppm Y.18

AFM images of the microstructures of the 500 ppm Y-
doped alumina samples at temperature between 1350°C
and 1650°C are illustrated in Figure 4. At 1450°C, there is
clear evidence for the precipitation of YAG. Note that this

(A)

(B)

FIGURE 2 (A) Typical AFM image of a thermally grooved
alumina surface. The lines indicate the positions from which the
topographic traces in (B) were extracted. (B) Three groove profiles
from which W and d are measured [Color figure can be viewed at
wileyonlinelibrary.com]
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image was selected for the large, obvious precipitates,
which are not typical of the entire surface. Based on its
EBSD pattern, the structure of this precipitate is consistent
with YAG and based on EDS, its composition is consistent
with YAG. These data are included in the supplemental
information (see Figure S2). At higher temperatures, the
grain size increases significantly (also see Table 1).

The images in Figures 3 and 4 are only small areas of
the samples. For each sample, large areas were imaged so
that many grain-boundary thermal groove profiles could be
measured. Figure 5 shows a cumulative distribution plot
for all of the thermal grooves from samples annealed at
1550°C. If we consider the median value of the relative
grain-boundary energy (a cumulative fraction of 0.5), then

(A) (B) (C) (D)

(E) (F) (G) (H)

FIGURE 3 Representative AFM images of the 100 ppm Y-doped sample after grooving at (A) 1350°C (B) 1400°C (C) 1450°C (D) 1500°C
(E) 1525°C (F) 1550°C (G) 1600°C (H) 1650°C

(A)

(E) (F) (G)

(B) (C) (D)

FIGURE 4 Representative AFM images of the 500 ppm Y-doped sample after grooving at (A) 1350°C (B) 1400°C (C) 1450°C (D) 1500°C
(E) 1550°C (F) 1600°C (G) 1650°C
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the sample with the highest concentration of dopants
(500 ppm Y-doped alumina) has the lowest relative grain-
boundary energy and the 99.995% pure sample has the
highest median energy, as one would expect from the influ-
ence of impurities on grain-boundary energies. Note that
the median energies for the 100 ppm Y-doped samples
(during heating and cooling) are between these two limits.
Recall that YAG precipitated in the 500 ppm sample at a
lower temperature, indicating that the grain boundaries in
this sample are saturated with Y, in equilibrium with the
YAG precipitates. Because the relative grain-boundary
energies of this saturated specimen are lower than in the
100 ppm doped sample, it can be surmised that the Y con-
tent in the grain boundaries is also greater. This supports
the idea that the Y content of the 100 ppm sample did not
exceed the solubility limit of Y in alumina at 1550°C.
When the different shapes of the distributions are com-
pared, it appears the main effect of the dopants is to reduce
the energy difference between the highest and lowest
energy boundaries.

The mean relative grain-boundary energies for all of the
samples are summarized in Figure 6. Note that for some of
the samples, data collected at 1350°C and 1400°C is not
included. In cases where the majority of the grooves were
not wider than 250 nm, the distribution was deemed unreli-
able because of the convolution between the AFM tip and
the groove shape, and these points are excluded.

Thermal grooves were measured in the 99.995% pure
sample at 1450°C, 1550°C, and 1650°C. Over this range of
temperature, the mean values decrease slightly, consistent
with the effect of entropy on the grain-boundary free

energy of a pure material. However, note that differences
between these values are not greater than the estimated
uncertainty. The mean values, which are close to 1.0, are
similar to previous measurements. At 1600°C, Handwerker
et al.28 and Saylor et al.15 both measured cgb/cs=1.2; at
1400°C, Dillon et al.7 report a value of 1.11.

The grain boundary to surface energy ratio of the
500 ppm Y-doped sample varies significantly with temper-
ature. The increase in energy from 1400°C to 1450°C is
likely the result of the depletion of Y from the grain
boundaries. Note that YAG precipitates were first observed
at 1450°C and the precipitation reaction is expected to
deplete excess solute from the boundaries, assuming they
were initially supersaturated. Between 1450°C and 1550°C,
there is a significant (30%) decrease in cgb/cs. This is con-
sistent with the previously detected complexion transi-
tion.7,13,29,30 The change occurs over a 100°C temperature
range. This is consistent with the observation that not all
grain boundaries transition at the same temperature. It has
previously been demonstrated that higher (lower) energy
grain boundaries undergo complexion transitions at lower
(higher) temperatures.13 Finally, after the minimum grain-
boundary energy is reached at 1550°C, there is a significant
increase in the relative grain-boundary energy. This is
likely the result of the increasing bulk solubility of Y in
alumina that depletes the grain boundaries.

The grain boundary to surface energy ratio of the
100 ppm Y-doped sample also decreases above 1450°C. It
then increases toward 1650°C, where the relative energy is
slightly greater than that of the 500 ppm doped sample.
The points at 1525°C and 1550°C have an unexpected
trend. It is possible that there is a second boundary transi-
tion at 1550°C that caused the decrease in energy. Between
1550°C and 1650°C, the energy undergoes an increase in
energy similar to the 500 ppm sample. For both samples,

FIGURE 5 Cumulative distributions of relative grain-boundary
energies for the samples at 1550°C [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6 Relative grain-boundary energies as a function of
temperature [Color figure can be viewed at wileyonlinelibrary.com]
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the relative grain-boundary energy is greater at the highest
temperature than at the lowest temperature, which is most
likely because of depletion of Y from the boundaries.

After the heat treatment at 1650°C, the measurements on
the 100 ppm Y-doped sample were repeated at successively
lower temperatures. The overall trend is that there is a
decrease in the relative grain-boundary energy as the tempera-
ture is reduced, except for the increase that occurs at 1500°C.
The overall decrease is consistent with the increasing segrega-
tion of solute to the boundaries at lower temperature. The
increase in energy at 1500°C is consistent with a reversal of
the transition that reduced the energy during heating, suggest-
ing that the complexion transition is reversible. The absolute
values of the energy are, on the other hand, quite different. It
must be noted that the sample that is cooled in this experiment
has a very different microstructure with respect to grain size
and grain-boundary character distribution than the one that
was heated and this may explain the difference. We will elab-
orate on this point in the next section.

4 | DISCUSSION

The temperature dependence of the relative grain-boundary
energy of 99.995% pure alumina is consistent with expecta-
tions. The small decrease with increasing temperature is
likely the result of the increasing importance of the entro-
pic term in the free energy. More importantly, this sample
serves as a “control”, so that we can separate intrinsic
properties of alumina grain boundaries from extrinsic
solute-related effects in the Y-doped samples. The data
from the 99.995% pure sample shows that the measure-
ments can be made consistently within a range of $0.05
arbitrary units and that changes in the grain-boundary free
energy from entropy are similar to this value. Therefore,
the much larger changes in the relative grain-boundary
energy found in the other samples can be attributed to the
interaction of the solute with the boundary.

The data from the Y-doped samples are consistent with
the overall trend that as the temperature is increased, the
solute is depleted from the grain boundary and the energy
increases. However, there are also significant decreases in
the relative grain-boundary energy in the temperature range
from 1450°C and 1550°C. The temperature range corre-
sponds to the point where abnormal grain growth begins. In
other words, when there is a significant decrease in grain-
boundary energy, some of the grain boundaries have much
higher velocities. This higher grain-boundary velocity is
indicated by some grains being significantly larger than
others in the AFM images of samples heated in the 1450°C
to 1550°C temperature range. It should be noted that, by
itself, a lower grain-boundary energy reduces the driving
force for grain growth and boundaries should, on average,

have lower velocities. Therefore, the increased grain-bound-
ary velocity with reduced grain-boundary energy suggests
that the grain-boundary mobility must increase significantly.
This transition in energy and mobility has previously been
associated with a grain-boundary complexion transition7,13

and that appears to be the best explanation for onset of
abnormal grain growth at this temperature.26,27,29

The precipitation of YAG was only detected in the
500 ppm sample. As mentioned in the introduction, precipi-
tation is expected to reduce the concentration of solute in the
boundary and increase the relative grain-boundary energy.
As expected, when YAG precipitates in the range between
1400°C and 1450°C, the relative grain-boundary energy
increases by about 13%. It is not clear if the increase is from
desegregation alone or if the boundaries were supersaturated
at 1400°C and part of the increase is from reducing the
boundary excess back to the saturated concentration.11

It should be noted that there are contradictory results in
the literature on the solubility of Y in alumina. In this tem-
perature range, it has been reported to be as low as
9 ppm19 and as high as 200 ppm.18 The available data in
the literature is summarized in Figure S3. It is likely that at
least part of the differences might be explained by the
microstructural effect on the apparent solubility. At any
temperature, there is clearly a single equilibrium value for
the solubility of Y in a single crystal of alumina. We will
refer to this as the intrinsic solubility. However, in a poly-
crystalline ceramic, excess solute can be accommodated at
the grain-boundary. Because the amount of excess solute
within the ceramic depends on the ratio of the grain-bound-
ary area to the sample volume, we refer to this as the
extrinsic solubility. The total apparent solubility in a cera-
mic (the amount of solute that can be added before a sec-
ond phase occurs) is then the sum of the intrinsic and
extrinsic solubilities and it will vary with grain size.

To make a quantitative estimate of how the extrinsic
solubility (Cex) varies with the grain diameter, D, we define
it in the following way:

Cex ¼
1
2CA
FAlV

(2)

where Γ is the grain-boundary excess of Y in alumina, in
Y atoms per area, A is the grain-boundary area of a grain
with diameter D, V is the grain volume, FAl is the number
of Al atoms per volume, and the factor of ½ accounts for
the fact that each grain-boundary is shared between two
grains. If we assume cube-shaped grains, A=6D2 and
V=D3. Based on crystallographic data for alumina,
FAl=47 Al/nm3. This leads to:

Cex ¼
0:064C

D
(3)

According to G€ulg€un et al.,11 a typical value for Γ at
saturation is 5 Y/nm2. Therefore, at a grain size of 1 lm,
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the extrinsic solubility can be as high as 300 ppm. By the
time a grain size of 10 lm is reached, the excess solubility
falls to about 30 ppm. For the 100 ppm Y sample, this
implies an intrinsic solubility of at least 70 ppm, which is
within the range of values reported previously.18,19 Note
that while the assumption of grain shape will affect the
exact values, it will not change the order of magnitude.
Considering that these are typical grain sizes in alumina
ceramics, this may explain the wide range apparent solubil-
ities that have been reported. It should be noted that there
can also be another component to the extrinsic solubility
associated with co-doping and this might also affect the
apparent solubility.

Another factor that should not be ignored in the consid-
eration of the data is the change in the types of grain
boundaries in the samples as a function of temperature. In
general, the populations of different grain-boundary types
are inversely correlated with the grain-boundary energy31,32

and they depend on the type and concentration of segregat-
ing impurities.33 Because of this, when Y-doped alumina
goes through the complexion transition, there is a change
in the grain-boundary character distribution that reflects a
change in the grain-boundary energy anisotropy.29 This
new grain-boundary character distribution is frozen in at
high temperature, so the grain-boundary distribution in the
100 ppm Y-doped sample is different from the distribution
that existed on heating. This might partially account for the
differences between the heating and cooling curves in Fig-
ure 6. Note that the relative grain-boundary energy for the
100 ppm Y-doped sample after cooling to the lowest tem-
perature is consistent, within experimental uncertainty, with
the energy at the lowest temperature that could be mea-
sured in the sample before heating. The constancy of
energy for a material with a different grain-boundary char-
acter distribution and grain size is likely the result of an
interplay between changes in the grain boundary excess,
the specific grain-boundary types, and how the excess
affects the energies of those boundaries. Although we
observe only an average result, the relationship between
grain-boundary excess and the grain-boundary energy is
likely to be different for each boundary.

The temperature dependence of the relative grain-
boundary energy of the 100 ppm Y-doped sample indicated
that both the segregation of Y to the boundaries on cooling
is reversible and that the complexion transition is reversi-
ble. Overall, there is a decrease in the relative grain-bound-
ary energy from 1600°C to 1350°C that could be explained
by the segregation of Y from the grains to the grain bound-
ary as the intrinsic solubility decreases with temperature.
However, at 1500°C, there is an increase in relative energy.
This is at the same temperature as the complexion transi-
tion that decreases the energy upon heating. Because the
change in energy is more than our estimated uncertainty,

we can conclude that this is the reverse of the complexion
transition that occurs on heating and leads to an increase in
the grain-boundary energy. Note that the reversibility of a
surface complexion transition has been reported previ-
ously,34 but this is the first indication that a grain-boundary
complexion transition is also reversible. The reversibility of
these transitions suggests that it will be possible to define
processing routes that exploit the mobility differences in
different complexions to control the microstructure.30

5 | CONCLUSION

Changes in the relative grain-boundary energy of Y-doped
alumina, detected by the measurement of grain-boundary
thermal grooves, likely result from the redistribution of
solute from the grain boundaries to the bulk during heating
and the reverse during cooling. The relative grain-boundary
energy of a 99.995% pure sample decreases slightly with
increasing temperature. However, there are larger changes
in the measured energies for the 100 ppm and 500 ppm Y-
doped samples during heating and cooling. Overall, the
grain-boundary energies in the Y-doped samples increased
with increasing temperature and (in the case of the
100 ppm Y-doped material) decreased with decreasing tem-
perature. This is explained by Y at the boundaries dissolv-
ing in the bulk during heating, and resegregating to the
boundaries during cooling. There are also abrupt reductions
in the relative grain-boundary energy between 1450°C and
1550°C during heating that are associated with a complex-
ion transition that increases grain-boundary mobility and
leads to abnormal grain growth. For the 100 ppm Y-doped
sample, there is a corresponding increase in the relative
energy at this temperature when the sample is cooled, sug-
gesting that the grain-boundary complexion transition is
reversible.
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Table*S1.!Number!of!grain!boundaries!measured!for!each!concentration!and!temperature!
plotted!in!Figure!6.!(T+)!denotes!measurements!made!while!increasing!the!temperature!
and!(TR)!denotes!measurements!made!while!decreasing!the!temperature!
Concentration* Temperature*(°C)* Number*of*boundaries!
Unintentionally!
doped!

1450! 311!
1500! 124!
1550! 99!

500!ppm! 1400! 65!
1450! 109!
1500! 172!
1550! 57!
1600! 48!
1650! 99!

100!ppm!(T+)! 1450! 107!
1500! 209!
1525! 278!
1550! 106!
1600! 96!
1650! 74!

100!ppm!(TR)! 1350! 82!
1400! 136!
1450! 120!
1500! 95!
1550! 110!
1600! 76!

!

Estimation*of*uncertainties*in*the*relative*grain*boundary*energy*

Each!point!on!the!relative!grain!boundary!energy!versus!temperature!plot!(Figure!6)!is!

the!mean!of!a!distribution!of!grain!boundary!energies.!!To!estimate!the!uncertainty,!we!



randomly!selected!different!numbers!of!observations!from!complete!sets!of!data!and!

computed!the!means.!!As!an!example,!Fig.!S1!shows!the!mean!value!of!the!relative!energy!of!

100!ppm!YRdoped!alumina!sample!heated!at!1500!°C!as!a!function!of!the!number!of!

observations,!for!randomly!selected!subsets.!!This!was!repeated!10!times.!!By!comparing!

these!curves,!it!is!clear!that!when!the!mean!relative!energy!is!calculated!from!at!least!30!%!

of!the!data,!the!results!falls!into!a!relatively!constant!band.!!Based!on!this,!we!used!the!

standard!deviation!of!the!mean!value!of!ten!randomly!selected!subsets!containing!50!%!of!

the!data!as!a!measure!of!uncertainty.!!In!this!case,!the!10!mean!values!of!105!randomly!

selected!boundaries!are!(0.6887,!0.6681,!0.6617,!0.7123,!0.7013,!0.6545,!0.6810,!0.6659,!

0.7173,!0.6611)!and!the!standard!deviation!is!0.02.!!

!
Figure*S1.!Mean!values!of!1500°C!100!ppm!Y!doped!Alumina!are!plotted!in!20!boundary!
increments,!for!the!dataset!randomized!10!times.!Each!colored!curve!is!a!different!
randomization!of!the!same!100!ppm!1500°C!dataset.!
!
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Evidence*for*YAG*precipitation*in*the*500*ppm*Y>doped*alumina*at*heated*at*1450*°C*

The!apparent!second!phase!on!the!surface!illustrated!in!Fig.!4(c)!was!examined!by!

electron!backscatter!diffraction!(EBSD)!and!energy!dispersive!spectroscopy!(EDS).!!The!

green!points!in!the!EBSD!phase!identification!map!in!Fig.!S2(a)!indexed!as!yttrium!

aluminum!garnet!and!red!points!indexed!as!alumina.!!In!the!EDS!map!in!Fig.!S2(b),!the!red!

points!represent!aluminum,!blue!represent!yttrium!and!green!represents!silicon.!The!

combination!of!EBSD!and!EDS!results!indicated!that!a!second!phase!of!SiRrich!YAG!is!

present!in!the!500!ppm!YRdoped!alumina!sample.!!The!source!of!the!Si!contamination!is!not!

known,!but!it!is!a!component!of!the!furnace!insulation!and!heating!elements.!

!

!

Figure*S2.!(a)!EBSD!map!of!YAG!identified!by!green!indexed!points!and!alumina!identified!
by!red!indexed!points!and!(b)!EDS!map!of!elements!aluminum!(red),!yttrium!(blue)!and!
silicon!(green).!
*

Summary*of*reported*solubility*and*ranges*of*complexion*stability*in*the*Yttria>*

Alumina*System*

Publications!that!describe!the!microstructure!of!YRdoped!alumina!were!reviewed!and!

based!on!the!reports!of!phase!stability!and!abnormal!grain!growth,!the!phase!diagram!

highlighting!the!ranges!of!stability!for!different!complexions!was!developed!(Fig.!S3).!!The!

dashed!solvus!line!between!Al2O3!phase!and!Al2O3!+!YAG!phase!is!drawn!based!on!reported!

values!of!the!solubility!limit!as!well!as!microstructural!data!(AGG!observed).!!Points!from!

studies!where!YAG!precipitation!is!not!mentioned!are!differentiated!from!those!where!it!

was!specifically!excluded.!!Complexion!regions!are!also!labeled!as!low!temperature!



complexion!region,!transition!region!and!high!temperature!complexion!region!which!was!

determined!approximately!by!the!onset!of!abnormal!grain!growth!(beginning!of!transition!

region)!and!development!to!a!more!unimodal!microstructure!after!AGG!(beginning!of!High!

T!Complexion!Region).!!The!solidus!and!liquidus!lines!are!approximations.!!

!

!
Figure*S3.!Yttria!doped!alumina!phase!diagram!with!overlaid!complexion!diagram.!The!
current!work!is!highlighted!as!reference![10].!!
!
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