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The sintering process of ceramics involves mass transport across grain boundaries resulting in
the migration of these boundaries. When there is a liquid at the interface—as in liquid-phase
sintering—the mass transport can be enhanced. In this study, electron backscatter diffraction
has been used to examine grain-boundary migration of controlled interfaces in alumina. The
interfaces were prepared by hot pressing single-crystal and polycrystalline alumina to
single-crystal alumina substrates of known orientation. EBSD patterns, taken near the sintered
interfaces, have been used to study the effects of crystallography on migration direction and
rate. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Grain boundary migration (GBM) in the presence of a lig-
uid phase is an important phenomenon that occurs under a
variety of mechanisms and processing conditions. One of
the most common of these conditions is the densification
process that occurs during liquid-phase sintering (LPS).
The processes which occur during LPS have been studied
extensively [1-22]. LPS is an important ceramic process-
ing technique wherein ceramic powders and compacts are
densified. One of the main advantages of LPS over solid-
state sintering (SSS) for densification is the enhanced
matter transport across the interface. For many solid pow-
ders, SSS is a very slow process that must be conducted at
high temperatures. The addition of the right liquid phase
to a solid powder can, in many cases, enhance the kinetics
of sintering and thereby increase the rate of densification
at arelatively low temperature [2, 23, 24]. Another advan-
tage of LPS is the ability to tailor the microstructure and
optimize material properties. There are many industrial
and technological materials for which LPS is an integral
part of the processing, leading to or enhancing the desired
properties of the material. For example, silicon nitride
alloys have shown improved fracture toughness as a
result of LPS [25], and electronic devices made from
barium titanate or zinc oxide are liquid-phase sintered
not only to densify the material but also to enhance the
desired electronic properties [26, 27]. Conversely, there

0022-2461 © 2006 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-006-6482-2

are many applications for which the intergranular glass
layer adversely affects the properties of the material.
The GBM that occurs during LPS, in many instances, is
the process that has the greatest effect on the materials
properties [28]. In order to understand those effects, it is
important to study the factors which affect the GBM.

In this study, single-crystal sapphire substrates and
polycrystalline alumina have been used to study the effects
of crystallography on the migration of grain boundaries
in the presence of a liquid film. The film present at the in-
terface is a glassy phase of anorthite (CaAl,Si,0g), which
forms a liquid during sintering. The solution and repre-
cipitation compositions of the alumina—anorthite system
are equivalent at the sintering temperature, eliminating
this as an influence on the driving force for GBM [29,
30]. The glass-containing interface is fabricated with an
initially flat geometry. This allows for greater control over
the original interface misorientation on the single-crystal
side, and it minimizes the influence of curvature effects
on the mass transport. Electron backscatter diffraction
(EBSD) and electron imaging in the SEM were used to
acquire orientation and misorientation data to comple-
ment grain size and grain shape measurements. These
data were then analyzed to identify the existence, if any,
of correlations between the GBM and the crystallography
of the glass-containing interface and of the free surface
near the interface.
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2. Background

Because of the close relationship between LPS and GBM,
many of the concepts and theories developed for LPS are
directly applicable to GBM. Therefore, a brief summary
of LPS, as it relates to GBM, is presented here. In or-
der to simplify the discussion, it is assumed that three
requirements for LPS, as set forth by earlier studies [3,
5, 31, 32], have been fulfilled. Those requirements are:
(1) a liquid film is present at the sintering temperature,
(i1) there is good wetting of the grains of the solid by
the liquid, and (iii) the solid is sufficiently soluble in the
liquid. With these requirements satisfied, LPS can then
be summarized into three main steps or stages. The first
is the local rearrangement of the wetted solid particles,
which proceeds toward reducing porosity while concur-
rently reducing surface free energy. The second stage is
solution precipitation, which is described as dissolution
of the solid at one surface and the precipitation of the so-
lutes on another surface. The third stage is pore reduction
or pore removal. Although the three stages successively
dominate the densification process during LPS, there is
obviously considerable overlapping between the stages
[5, 19, 31]. GBM in the presence of a liquid phase is
equivalent to grain growth in LPS, in the sense that in
order for grain growth to occur, material from one grain
must be moved to the surface of another. In other words
one grain grows at the expense of another. There are sev-
eral possible pathways by which grain growth may take
place [33-35]. However, in the presence of a liquid film,
and with regard to GBM, the predominant mechanism
is solution/precipitation, wherein material from one solid
surface is dissolved into the liquid phase and then are
reprecipitated onto the solid surface across the interface
[34]. This is also termed liquid-film migration (LFM) [10,
36-39].

In order for GBM to occur by the solution/precipitation
mechanism, there must be adequate wetting of the solid
surfaces by the liquid, sufficient solubility of the solid in
the liquid, and finally, there must be a driving force, which
causes a flux of solutes across or along the boundary.
There are several factors that influence the driving force
for mass transport [40]. For example, it is affected by
a difference in the composition of the dissolved phase
and that of the precipitated phase, the grain boundary
shape, and the crystallography of the bounding planes
at the interface. In different ways, each of these factors
changes the chemical potential of the surface of the grain.
The difference in chemical potential between two solid
surfaces in the presence of a liquid phase can be simplified
to a representation of the solubility of the solids in the
liquid, or

Apn = (RT Inc — RT Inc,) (1)

where ¢ represents the solubility of one surface and c, the
solubility of the other. This difference can be determined
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using the example of a spherical particle (solubility c)
and a planar surface (solubility ¢,). The work required to
change the size of the spherical particle by the volume,
Qn, of one mole of material is equal to a change in sur-
face energy ydA. For the spherical particle Equation 2
becomes

RTIn < = ydA = y8rrldr )
Co

and since the change in radius of a spherical particle is
dr = Qu/47r?, then the increase in solute concentration
around the spherical particle is given by

¢ = coexp [VQ’" %] 3)

RT r

which is the Thompson—Freundlich equation for spherical
particles [27, 41]. The equation for faceted particles is
given by

_ 2Qm aiYi
C_CoeXp[?,RTZ(x_,-)] (4)

where x; is the distance of the ith facet from the particle
center, a; is a shape constant and y; is the specific liquid—
solid interfacial energy of the ith facet. In the presence
of a liquid film the surface-energy term must be replaced
by liquid-solid interfacial energy, which would be spe-
cific to the different facets on the solid surface. Therefore,
in cases where there is no difference between the solu-
tion and precipitation compositions and where there is an
absence of curvature effects, the main influence for the
driving force of GBM arises from the orientation of the
bounding planes. As was shown above, the driving force
for mass transport, F, is proportional to both the solid—
liquid interfacial energy and the grain-boundary curvature
or faceting, both of which are directly dependent on the
orientation.

It has also been shown that the rate of GBM is highly
dependent on the orientation of the bounding planes. The
rate of GBM is determined by F;, and the grain boundary
mobility, My, [42, 43]:

Ve = Mo F; &)

The grain boundary mobility is limited either by the trans-
port of the solutes across the liquid film or by the rate of
atom detachment or adsorption at the liquid—crystal in-
terface. Therefore the rate of GBM in the presence of a
liquid film can be controlled by either a diffusion-limited
or reaction-limited mobility. The diffusion-limited mobil-
ity can be represented as:

N D]CQ
&= SkT

(diffusion limited) (6)



where D is the diffusivity of the solute through the lig-
uid, ¢ is the solubility of the solid in the liquid, €2 is
the volume of the solute in the liquid and § is the film
thickness. It has been shown that for low volume frac-
tions of the liquid phase (<20%), the thickness of the film
at the interface is dependent on the crystallography of
the solid surfaces [44, 45]. High-energy boundaries have
been found to be completely wetted by the film, whereas
low-energy boundaries contained no film [30]. For higher
volume fractions of liquid the film becomes continuous
and the thickness depends on the volume fraction.

When the mobility of the boundary is limited by the
rate of atom detachment or adsoption, it is considered
reaction-limited and can be represented as:

K S
Mg, = ﬁ(reactlon limited) (7

where K is an interface reaction constant that depends on
the density of dissolution/precipitation sites on the surface
of the grain, which is directly related to the orientation of
the surface and the temperature. K is also affected by the
kinetics of the reaction and the driving force [43, 46].

Grain growth and GBM in Al,O3; have been studied
extensively [13, 47]. Many studies have focused on the
effects of impurities, including solutes, liquid phases or
dopants, on the GBM of alumina [48—50]. A common ex-
perimental approach has been to introduce a large, single-
crystal grain into a polycrystalline or fine-grained ma-
trix [51, 52]. The amount of boundary migration over
time at the single crystal is then used to determine the
boundary mobility. It has been confirmed experimentally
that a dependence of the growth kinetics on factors such
as composition, temperature and crystallography have a
broad influence on the grain-boundary mobility [18, 53].
For example, the growth rate of single-crystal sapphire
into fine-grained Al, O3, in the presence of a glass phase,
has been found to be orientation dependent with slower
growth occurring in the (0001) direction, compared with
other crystallographic directions. Even without the glass
phase, the growth of single-crystal sapphire into polycrys-
talline Al,O3 was still found to be orientation dependent
[18].

Another influence of the driving force for GBM is the
wetting behavior of the glass at the interface. Studies con-
ducted using anorthite liquid on free surfaces and inter-
faces of polycrystalline alumina have shown that there is
a strong dependence of the wetting behavior on the crys-
tallography of the surfaces [51, 54-59]. Of course, the
wetting is also dependent on the availability of glass to the
interface. Experimentally, the amount of liquid available
to the interface can be controlled by depositing the glass
film on the single-crystal substrate [21]. Once the glass
becomes liquid, it is expected, although not intentional,
that the liquid will also infiltrate adjacent boundaries in
the polycrystalline material [60]. Therefore, it is expected
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that the amount of liquid present near the fabricated inter-
face will decrease over time so that the wetting behavior,
and therefore the migration rate, may be affected as a
result.

The wetting behavior of the interface can also be af-
fected by the presence of a free surface. Under certain
conditions, it has been observed that the liquid phase mi-
grates out of the boundary at the annealing temperature
[29, 61, 62]. The exudation of the liquid can be mainly
attributed to capillary forces, but is also affected by the
surface energies of the adjacent free surfaces and the com-
position of the liquid, which may be altered near the free
surface due to vaporization of the different components
of the liquid [63]. Upon cooling, the liquid dewets and
solidifies on the free surface [57, 64]. Depending on the
rearrangement of the liquid within the boundary, the ex-
udation and the compositional changes of the liquid near
the surface, may cause a difference in the liquid—solid
interactions occurring near the free surface, and those oc-
curring deeper into the interface.

Other studies on free-surface effects on GBM have fo-
cused on grain-boundary grooving [65—68]. At high tem-
peratures a groove can form at the intersection of the grain
boundary and the free surface. The groove is formed ei-
ther by evaporation or by diffusion of material on the
surface or in the bulk, or by a combination of methods.
The effect of the grain-boundary groove on the migra-
tion of the boundary has been studied in polycrystalline
Cu [65]. It was shown that the groove can temporarily
pin the interface at the surface. Evidence of this can be
seen as remnant grooves on the surface that lie between
the original location of the interface and the migrated
location.

The formation of grain-boundary grooves and the wet-
ting of the free surface by the liquid from the interface are
made more significant to the mobility of the interface by
the fact that the energies of the surfaces of alumina can
differ by as much as 20% [69]. Therefore the change in
energy caused by wetting a free surface by the liquid can
be significant, as can the consumption of a high-energy
surface by the migration of an interface. Many of the
factors which can influence the chemical potential differ-
ence, driving the migration (Equation 2) in alumina can be
directly associated with the surface energies of the crys-
tallographic planes bounding the interface. The energies
of specific low-energy planes in alumina have been cal-
culated using atomistic lattice simulations [69—74]. The
low-energy planes of alumina have also been verified ex-
perimentally by studying the faceting behavior of pores,
interfaces and free surfaces [56-59, 75-77]. In the cal-
culated models the low-energy planes have been shown
to be the ¢(0001), r{1012}, s{1101}, a{1120}, m{1010}
and p{1123}. However, it has been shown experimentally
that the prismatic m {1010} plane, in air and in glass, is
unstable at high temperatures and facets into the s{1101}
and the {1012} planes [77, 78].
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3. EBSD analysis

The relatively recent development of the use of automated
EBSD detection systems enables the improved analytical
study of oxides [79, 80]. A data map of the area is gener-
ated which contains for each data point: the Euler angles
representing the orientation of the material, the band loca-
tions and pattern quality, and of course, the x-y coordinates
of each data point. The orientations of the sample are most
easily illustrated using an inverse pole figure (IPF) map.
The quality of the EBSD patterns is also determined as
the data are collected and can be used to create an image
quality (IQ) map. The IQ map is created by measuring
the quality (i.e., a measure of the contrast of the band
edges) of the patterns and assigning a grayscale value—
white representing the highest relative pattern quality and
black the lowest. The IQ map is useful for locating grain
boundaries and other areas where the pattern quality is
low. The grain boundaries typically have a low pattern
quality because either as the beam crosses the boundary
the pattern becomes very weak, or there are two weak
overlapping patterns from either side of the boundary:
the boundary then appears as a dark line in the IQ map.
Since the sample is tilted 70° about the x-axis (horizontal
in the image) when the EBSD patterns are collected, the
incremental step size used to collect the patterns is ap-
propriately shortened in the y direction so that the desired
step size is maintained with respect to the surface of the
sample. Then the maps can be displayed as a tilt-corrected
image of the surface.

4. Experimental

The samples used in this study were fabricated by joining
polycrystalline alumina to single-crystal, glass-coated
sapphire substrates by hot-pressing. First the polycrys-
talline and single-crystal material were polished flat, with
the single-crystal sapphire polished parallel to either the
(0001) plane or the {0110} plane. A thin layer of anorthite
glass (~100 nm) was then deposited on the polished
surface of the single crystal using pulsed-laser deposition
(PLD). The deposition was carried out at room temper-
ature and 10 mTorr oxygen partial pressure using a laser
energy of 200 mJ/pulse and a 10 Hz pulse repetition rate.
The KrF (A = 248 nm) excimer laser of the PLD system
was focused onto a rotating target of anorthite glass,
which was approximately 6 cm from the sapphire sub-
strate surface. Greater detail on the technique of the film
growth has been given in previous work [81]. The pol-
ished surfaces of the two materials were then hot pressed
together at 1650°C for 30 min. A schematic of the sample
geometry during the hot pressing is shown in Fig. 2a. The
coupled structure was then polished perpendicular to the
newly created interface using successively finer grades of
diamond lapping films. The final polish was performed
using a 0.05 um diamond suspension on a padded polish-
ing wheel. The final specimen geometry was such that the
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TABLE I
this study

Summary of initial orientation of the samples fabricated for

Orientation of single-crystal sapphire

Samples Interface Free surface
¢/poly (m) ¢(0001) m{1010}
¢/poly (@) ¢(0001) a{1120}
m/poly m{1010} a{1120}

glass-containing interface was closely perpendicular to
the polished free surface, approximately 1.5-2.0 mm in
length and initially straight for each sample. A schematic
of the polished sample geometry is shown in Fig. 2b.

This sample design allowed for control of the initial
crystallography on the single-crystal side of the inter-
face in each of the samples, and it allowed for control
of the composition of the interfacial glass. Therefore, the
fabrication and heat treatment of the different samples
was kept constant, but the orientation of the single-crystal
side of the samples was changed. In samples where the
bounding plane on the single-crystal side is the ¢(0001)
plane, the sample is referred to as a ¢/poly sample, and
where the bounding plane on the single-crystal side is the
m{0110} plane, the sample is referred to as an m/poly
sample. Two different types of c¢/poly samples were fab-
ricated and analyzed: c/poly (m) was fabricated with the
m{0110} plane parallel to the free surface and c/poly (a)
was fabricated with the a{1120} plane parallel to the free
surface. Only one type of m/poly sample was fabricated
with the a {1120} plane parallel to the free surface. A sum-
mary of the samples and their initial orientations is shown
in Table I.

SEM CHAMBER

POLISHED
SAMPLE

ELECTRON

TD
EBSD DETECTOR

Figure I A simplified schematic of the EBSD automated detection system.
The system is attached to the SEM chamber and consists of a phosphor
screen placed near a highly tilted (~70°) specimen. The patterns appearing
on the phosphor are imaged using a CCD camera and then analyzed by
computer. The axes shown on the surface of the sample act as a reference
to the orientations acquired by the system. The axis system is labeled “ND”
(normal direction or 001), “RD” (reference direction or 100) and “TD”
(transverse direction or 010).



1650° C
alumina
weight
— alumina
platform
single crystal
sapphire—» glass
polycrystalline |- film
alumina —s=| ) -
g

(a)

glass containing interface

polished surface

polycrystalline single crystal
alumina sapphire

(b)

Figure 2 (a) Schematic of the experimental geometry used during fabrica-
tion of the glass-containing interface. (b) Schematic of the sample geometry
after polishing the surface perpendicular to the glass-containing interface.

All of the samples were annealed for 20 h at 1650°C and
characterized by visible-light microscopy (VLM), scan-
ning electron microscopy (SEM) and electron backscatter
diffraction (EBSD). This first characterization was per-
formed on what will be referred to as the “as-annealed
surface,” which is the surface that was polished prior to
the anneal treatment. No further processing was carried
out on this surface between the anneal treatment and the
first characterization except for the deposition of 1-2 nm
of Pt to reduce charging in the SEM. The free surface was
then ground to remove approximately 400 ptm of material
and polished in the manner described above, parallel to
the original cross-section surface. After the deposition of
the conductive coating, a second characterization, similar
to the first, was performed on what will be referred to as
the “polished surface.”
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Secondary electron (SE) imaging was performed using
a field-emission scanning electron microscope (FESEM)
operating at 5 kV. Single EBSD patterns were acquired
and indexed using a custom-designed EBSD interface sys-
tem that was installed on a LaBg SEM [82, 83]. Orienta-
tion maps, pole figures and grain-size measurements were
performed using a commercially designed EBSD/OIM
system installed on a FESEM [84]. SEM samples were
coated with 1-2 nm of Pt to minimize charging in the
SEM.

In order to study the interface just below the surface,
a transmission electron microscope (TEM) cross-section
sample was prepared using the focused-ion beam (FIB)
technique. The cross section was prepared from an alu-
mina bicrystal in order to control the orientation of both
sides of the interface. The bicrystal was fabricated by hot-
pressing coated, single-crystal ¢(0001)-plane substrates of
sapphire to clean m(0110)-plane single crystals; the thin
films (~100 nm of anorthite glass) were deposited using
the pulsed-laser deposition (PLD) process. The bicrystal
was polished to yield a smooth surface perpendicular to
the grain boundary and annealed at 1650°C for 2 h. The
cross section of the interface was prepared to include the
free surface at the edge of the TEM sample. Images and
diffraction patterns of the sample were acquired using a
Philips CM30 TEM operating at 300 k'V.

5. Results
After the final anneal treatment, all of the samples exhib-
ited an interface line that had migrated from its original
position. In order to observe and measure the migration
at the free surface, the original location of the interface
had to be determined. For the as-annealed surface, this
was accomplished by observing, in the SEM, the surface
grooves left behind by the migrating interface. Fig. 3 is
an SEM image of the surface of one of the ¢/poly sam-
ples that shows the remnant surface grooves. The image
in Fig. 3 was acquired with the sample tilted to 70°. It was
found that the remnant surface grooves were more read-
ily observed if the sample was tilted with respect to the
electron beam. In this case, the sample was also tilted in
preparation for the acquisition of EBSD patterns. The ex-
tent of the migration was then measured from the remnant
groove to the new location of the migrated boundary.
For the polished surface, the original location of the
interface was found by acquiring an image of the entire
interface by VLM or low-magnification SEM. Then a
line was drawn connecting the two sides of the migration
couple where the single-crystal substrate is overhanging
the polycrystalline material. This method is illustrated
in the schematic shown in Fig. 4. The line locating the
original interface is shown on the schematic as a dotted
line. Measurements of the migration distance were then
made from this line to the migrated boundary location. In
order to confirm the validity of this method, the GBM at
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Figure 3 SEM image of a portion of the as-annealed surface of ¢/poly (a).
The image was acquired with the sample tilted to 70° which facilitated the
observation of the remnant surface grooves left behind by the migrating
interface. A portion of the interface (between the arrows) had migrated into
the polycrystalline alumina as much as 12 um. The arrows indicate the
original location of the interface determined by the locations of the remnant
grooves.

single crystal
sapphire

polycrystalline
alumina

Figure4 Schematic of the as-annealed surface of the sample illustrating the
method for determining the initial location of the glass-containing interface.

the free surface was also measured by this method and the
measurements were found to be consistent using either
method for locating the original interface.

The glass-containing interface in all of the samples was
found to move into the polycrystalline side of the sample
such that grains on the polycrystalline side, that border the
initial interface, were partially or wholly consumed by the
single-crystal substrate. However, differences were found
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(b)

Figure 5 (a) VLM image of the interface between the single-crystal and
polycrystalline alumina. Several grains have pinned the interface at its orig-
inal location. (b) EBSD patterns of the grain marked with an “X”, and (c)
the single-crystal side of the interface reveal that the orientation relationship
is that of a “special” grain boundary.

in the amount and uniformity of the migration from sam-
ple to sample. In samples c/poly () and (a), large sections
of the interface line had migrated as much as 12 pm into
the polycrystalline material. This can be seen clearly in
the SEM image in Fig. 3. There are also grains bordering
the interfaces of these two samples at which there appears
to have been little or no migration. A few such grains are
shown in the VLM image in Fig. 5 which is a higher mag-
nification image of a part of the interface in sample ¢/poly
(b). Individual EBSD patterns acquired from the grains
bounding the interface and the single-crystal substrate
were used to determine the orientations and misorienta-
tions. The patterns showed that a few grains had a special
misorientation with the substrate. The grain labeled with
“X” shown in the VLM image in Fig. 5a was found to
have a special (presumably low-energy) grain boundary
at the interface. Indexing of the EBSD patterns indicated
an alignment of the prismatic planes of the grain and the
single crystal. The misorientation angle was determined
to be approximately 180° about a [0110]-type axis (a near-
¥ = 3 grain boundary). Assuming the interface bounding
planes are still perpendicular to the free surface, then both
sides of the interface would be the (0001) plane. The
EBSD patterns acquired from the grain and the sapphire
substrate are shown in Figs. 5b and c.

In the ¢/poly samples, it was found that the majority
of the boundary trace remained parallel to its original
direction. Therefore the interface line between the grains
on the polycrystalline side and the single crystal remained
flat and parallel to a direction on the basal or (0001) plane
of the single-crystal sapphire.



Figure 6 SEM image of a representative portion of the glass-containing
interface of the m/poly sample which shows rounding of the grains at the
interface. The image was acquired with the sample titled 70° to the electron
beam to give contrast to the original location of the interface (indicated by
the arrows).

The migration behavior of the interface in the m/poly
sample was different from that of the ¢/poly samples. In
this sample, it was found that the amount of migration
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across the sample was also very non-uniform, but the
boundary trace did not remain parallel to its original
direction. The grains bordering the main interface
appeared more rounded on the interface side, so that the
boundary traces are no longer parallel to a direction on
the basal plane of the single-crystal sapphire. Fig. 6 is
an SEM image of a representative portion of the main
interface in the m/poly sample, which shows how the
grains have become more rounded and a greater amount
of migration has occurred at the triple junctions. The
image in Fig. 6 was acquired with the sample tilted 70°
to give contrast to the migrated region and in preparation
for EBSD pattern collection.

The amount of migration at each grain in the c¢/poly
samples was determined by measuring the distance from
the location of the original interface line to the migrated
line at the midsection of the grain. Since the migrated
boundary traces were, for the most part, parallel to the
direction of the original boundary traces, this method of
measurement yielded an average migration distance for
each sample, that weights the grains equally, independent
of boundary-trace length. The standard deviation was used
to determine the “uniformity” of the migration. This same
method was used to obtain only the standard deviation of

c/poly (a)

0110
mo

Figure 7 Inverse pole figures of the free surface of samples ¢/poly (m), ¢/poly (a), and m/poly. For each grain bordering the interface, the crystallographic
planes parallel to the free surface are plotted, one point per grain, on the inverse pole figures and colored according to the corresponding amount of migration

at the grain.
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Figure 8 Inverse pole figures of the interface bounding planes of samples c/poly (m), c¢/poly (a), and m/poly. For each grain bordering the interface, the
crystallographic planes parallel to the interface are plotted, one point per grain, on the inverse pole figures and colored according to the corresponding

amount of migration.

the migration for the m/poly sample. The average migra-
tion in the m/poly sample was measured by imaging the
entire interface and using graphics software to measure
the area between the original location of the interface and
the migrated location. The area was then divided by the
length of the original interface to yield an average mi-
gration distance that included the migration at the triple
junctions. The average migration distance for each of the
samples is shown in Table II.

The uniformity of migration, shown in Table II, is sim-
ply a number derived from the average migration, ., and
the standard deviation of the average migration, o. The
equation for the uniformity is then:

o
1—— ®)
n

The calculation of this (average) uniformity is meant only
as a comparison between samples and between the differ-
ent analyses performed. The uniformity of migration of
the two ¢/poly samples was very similar at the free sur-
face. The m/poly sample was slightly more uniform than
the c¢/poly samples.

The entire interface length was scanned with the EBSD
detector, which allowed for the correlation between

668

GBM amount and crystallography at the interface. More
specifically, the migration distance at each grain on the
polycrystalline side of the interface was correlated with
the orientation of the free surface of the grain. These
data are combined for each sample and shown in Fig. 7.
In this figure the crystallographic planes parallel to the
free surface are plotted, one point per grain, on inverse
pole figure (IPF) plots and colored according to the
corresponding migration distance. The migration distance
of each grain was then compared to the orientation of the
grain’s interface bounding plane. This comparison is also
shown by IPF plots (Fig. 8). The plots in both Figs 7 and
8 also indicate alumina planes which have been shown to

TABLE II Summary of average migration distances and description of
migration behavior at the as-annealed surface of all samples

Average migration Uniformity

Samples distance (um) of migration Interface line

c/poly (a) 6.1 0.36 flat and parallel to
c-plane

c/poly (m) 3.7 0.38 flat and parallel to
c-plane

m/poly 5.3 0.47 grains rounded at
interface




Figure 9 A bright-field TEM image of the FIB-prepared cross section. The
boundary had moved from right to left approximately 3 pm.

be stable at high temperatures and the m plane which is
known to be unstable at high temperatures [58, 75, 76].
An examination of the IPF for the free surface of sample
c/poly (m) reveals that there is a definite clustering of
orientations between the r and p planes and also between
the p and ¢ planes. These points are significant because
they represent the grains which showed the lowest mi-
gration distance occurred (0—-3 wm). The IPF of the free
surface of the m-poly sample appears to have only a slight
clustering of the low-migration orientations around the p
plane and a planes. The IPF of the free surface of c/poly
(a) appears to be far more random than the other two.
For the measurements shown in Fig. 8, it was assumed
that the inclination of the interface is perpendicular to the
free surface. This assumption is based on transmission
electron microscopy (TEM) studies of alumina interfaces
which contain anorthite glass. TEM cross sections that
have been prepared of interfaces which have migrated,
have shown that if one of the bounding planes is the
¢(0001) plane, the boundary will remain parallel to the
c-plane side of the interface [53]. Fig. 9 is a bright-field
(BF) image of a FIB-prepared TEM cross section of the
migrated interface of an alumina bicrystal. The interface
is vertical in the image with the direction of migration
being from right to left. Fig. 10 shows an SEM image of
the free surface of the bicrystal prior to cross sectioning,
which reveals that the interface had migrated approxi-
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Figure 10 A secondary-electron SEM image of an alumina bicrystal. The
boundary in the lower half of the image has migrated approximately 3 um
to the left. The arrows indicate from where in the bicrystal the cross-section
sample was prepared.

mately 3 um to the left. The top of the sample shown
in Fig. 9 is part of the original surface shown in Fig. 10
(between the arrows). Electron diffraction analysis of the
two sides confirmed that the bounding planes on the right
and left sides of the interface are the ¢(0001) and 72(0110)
planes respectively. The interface has remained parallel to
the c-plane which appears flat in the image. The m-plane,
however, has faceted with the facets decreasing in size
and frequency the closer they are to the original surface
of the bicrystal.

Greater detail of the interface can be seen in Fig. 11,
which is another BF image of the interface taken at
higher magnification. The selected-area diffraction pat-
tern is shown in the inset. The left side of the bicrystal is
oriented to the [2110] zone axis and the facet planes are
viewed edge—on. The interface plane on the left is actually
facetted parallel to the (0111) and (0112) planes [77].

The as-annealed surface of each of the polycrystalline
samples was then polished down >400 pum in order to
analyze the migration behavior in the bulk. Initially the
only difference between the two c¢/poly samples was the
orientation of the free surface. At the polished surface
however, this difference becomes insignificant and the
behavior and amount of migration become very similar.
Therefore, the data from the ¢/poly samples is combined
in this section.

The flat polished surface gave very little contrast
using either secondary-electron imaging in the SEM or
VLM. Therefore, the polished surface of the samples was
“imaged” using the EBSD data. IPF maps and image
quality (IQ) maps were used to determine the migration
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Figure 11 A bright-field TEM image of part of the interface recorded at higher magnification. The selected-area diffraction pattern of the left grain is shown
in the inset. The bicrystal is oriented such that the facet planes are viewed edge-on.

D 1070
0001

Figure 12 1Q maps and IPF maps of representative regions of a ¢/poly sample (a) and (b) and the m/poly sample (c) and (d). The grain boundaries appear
as dark lines in the IQ maps. The IPF map is a color representation of the crystallographic directions perpendicular to the interface.

distance and the shape of the interface line. Fig. 12
shows IPF and IQ maps of representative regions from a
c/poly sample and the m/poly sample. Similar to that of
the as-annealed surface, the interface line of the c/poly
samples remained parallel to the original direction of the
interface line at most of the grains along the interface.
The migration appears to be more uniform along the
length of the interface with fewer grains that have
pinned the interface at its original location. The average
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migration of the ¢/poly samples was found to be very
similar and is shown in Table III. The interface line at the
polished surface of the m/poly sample, similar to that of
the as-annealed surface, was found to be curved about the
grains, with a greater amount of migration occurring at
the triple junctions. The average migration amount, also
shown in Table III, was found to exceed the migration at
the as-annealed surface. The m/poly sample was slightly
more uniform than the ¢/poly samples in both analyses,



TABLE III Summary of average migration and description of migration
behavior at the polished surface of all samples

Average Uniformity

Samples Migration (um) of migration Interface Line

c/poly (a) 5.8 0.42 flat and parallel to
c-plane

c/poly (m) 59 0.53 flat and parallel to
c-plane

m/poly 6.4 0.54 grains rounded at
interface

with an increase in uniformity in the bulk analysis. The
difference in uniformity between the m/poly and c/poly
samples is attributed to the fact that there were fewer
grains in the m/poly sample that pinned the interface.
The EBSD data were also used to compare the migra-
tion distance of each grain to the orientation of the bound-
ary planes. For this measurement it is again assumed that
the inclination of the interface is perpendicular to the free
surface. This comparison is shown by the IPF plots in
Fig. 13. In this figure the crystallographic planes parallel
to the free surface (one point per grain), are plotted on
IPFs and colored according to the migration distance at

c/poly
0110
m

N, 1010
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that grain. The plots in Fig. 13 also indicate the alumina
planes that are stable at high temperatures and the m plane,
which is known to be unstable at high temperatures. The
IPF data for the c/poly samples are combined into one
plot. A third plot is shown in Fig. 13, which was cre-
ated from a polished surface of the same polycrystalline
alumina material that was used to fabricate all of the sam-
ples. This plot is shown for comparison and represents a
random distribution of over 500 alumina grains. The IPF
plots of both the c/poly and m/poly data appear to have
a fairly random distribution of low- and high-migration
orientations.

6. Discussion

A comparison of the migration behavior of the samples
at the free surface to that in the bulk revealed that two of
the three samples yielded very different results. One of
those, the ¢/poly (m) sample, was found to have a smaller
average migration at the free surface than in the bulk.
Table I indicates that the free surface of the single-crystal
sapphire is parallel to the m{1010} plane. The m plane of
alumina is known to be unstable at high temperatures and
facets into the s{1101} and the {1012} planes resulting

m/poly
0110
m
S w2
ve Wm ot N 1010
k "-ep' £ Pe “um
.o :.. s
% b .0-3 um
g o 36 pm
6-9 pm
(o3 B 912 um
0001

Figure 13 Inverse pole figures of the interface bounding planes of samples ¢/poly and m/poly. For each grain bordering the interface, the crystallographic
planes parallel to the interface are plotted, one point per grain, on the inverse pole figures and colored according to the corresponding amount of migration.
Shown for comparison, the third pole figure displays the orientation distribution from a random surface of the same polycrystalline alumina as that used for

the migration samples.
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in an approximate 10% increase in surface area. Taking
this into account, the migration of the boundary at the
surface may create a locally unfavorable condition by
requiring the creation of a high-energy surface. Of course,
the consumption of interfaces on the polycrystalline side
of the sample could compensate for the energy created
by expanding the faceted surface. However, if the liquid
has exited the interface in order to wet the free surface of
the sapphire, the mobility of the interface near the surface
may be reduced by a lack of a transport medium.

The polycrystalline side of the interface, of course, cre-
ates a complication because of the large amount of in-
terface that can be consumed by even a small amount of
migration of the main interface thereby lowering the total
energy. Therefore, the migration rate in the bulk could
continue to exceed the rate at the surface and still move
toward a lower energy configuration. Studies of GBM
in alumina bicrystals, where two single crystals abut the
interface, have shown remnant boundary grooves at the
surface. The grooves indicate a temporary delay of the
boundary mobility, but in this configuration the interface
at the surface must maintain a migration rate that does
not allow for the creation of an energetically unfavorable
amount of interface [21].

The m/poly sample also showed a small difference be-
tween the migration amount at the free surface and that
in the bulk. The m/poly sample is bounded on the free
surface by the {1120} plane. Therefore, the probability
that the liquid has exuded the boundary to wet the sur-
face is less for the m/poly sample, since the energy of
the free surface is lower than the surface energy of the
bounding plane in the interface. The c/poly (a) sample
is also bounded by the a plane on the free surface, but
showed very little difference in migration amount. It is
unclear why the m/poly sample exhibited a difference in
migration where the ¢/poly (a) sample did not.

The shape of the interface line remained very similar
in shape when comparing the migration at the surface
of a sample to that in the bulk. However there was a
difference in the interface line shape between the samples.
It is apparent from the interface line shape (Fig. 12) that
the m plane of alumina is less stable than the ¢ plane.
This is also evident from the TEM cross section shown in
Fig. 9.

The TEM cross-section sample illustrates several as-
pects of this experiment. The bounding planes of the in-
terface are the m and ¢ planes. The m plane has faceted, but
the facets coarsen as they get further from the free surface.
It has been shown that, at high temperatures, the faceting
behavior of alumina changes in contact with anorthite lig-
uid [55]. The change in size of the faceting indicates a
possible change in the amount of liquid available and/or
a change in the interactions between the surface and the
glass. It is possible that the thickness of the glass layer
near the surface was decreased or completely eliminated
due to exudation of the glass to wet the free surface [57].
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The inverse pole figures of the planes parallel to the
free surface (Fig. 7) show the comparison between the
crystallographic plane parallel to the free surface and the
corresponding amount of migration for each grain border-
ing the interface. The most significant of these pole figures
are those created from the samples that have shown the
greatest difference in migration behavior between the free
surface and the bulk, or the ¢/poly (m) and the m/poly sam-
ples. The observation of low-migration points located on
or near planes that are known to be stable at high tempera-
tures is very significant in terms of the competing surface
energies of the two sides of the interface. The ¢/poly (m)
sample has a high-energy free surface on the single-crystal
side of the interface. Therefore, a low-energy free surface
on a grain of the polycrystalline material may have im-
peded the migration. On the free-surface IPF of ¢/poly (m)
there are clusters of low-migration orientations between
the r and p planes and the ¢ and p planes. It has been
shown that, at high temperatures, the surfaces of alumina
will be faceted, and that the facets coincide with planes
that are known to be stable [30, 55, 77, 85, 86]. The cluster
of low-migration orientations between the r and p planes
could very well be faceted parallel to these two planes.
Since the angle between the r and p planes is only 26°,
the increase in surface area would no more than 2.6%.
The cluster of low-migration orientations that appear be-
tween the ¢ and p planes would not be as low in energy
since the angle between the ¢ and p planes is 61.2°. For a
surface orientation that lies directly between the ¢ and p
planes, the increase in surface area could be as much as
16%. Presently no experimental data exist that indicates
whether another stable surface exists between the ¢ and
p planes. However, even with a 16% increase in surface
area the surface may be lower in energy than that of the
m plane.

The IPF of the surface orientations of the m/poly sam-
ple shows a weak cluster of low-migration orientations
around the a and p planes. These orientations could also
be accommodated by faceting parallel to the low-energy
planes, but it is clear from the figure that more data are
needed to establish a clear relationship between the sur-
face orientations and the migration amount.

The first set of IPF plots of the planes parallel to the
interface (Fig. 8), were also created from the data ac-
quired at the free surface, and were prepared to test for a
relationship between the low-migration orientations and
the high-temperature stable planes. The existence of a
relationship in these plots would weaken the argument
that the energy of the free surface has an effect on the
interface mobility. The low-migration orientations of the
mj/poly and c/poly (a) plots appear randomly distributed.
The c/poly (m) plot, however appears to have a small clus-
ter of low-migration orientations about the p planes. This
could mean, of course, that the interface bounding plane
is determining the mobility of the interface and not the
free surface.



The IPF plots created from the data acquired at the pol-
ished surface (Fig. 13) do not show a clear relationship
with the migration amount. In fact, when compared to the
IPF created from a random distribution of orientations, the
two plots from the samples appear to have a random dis-
tribution of orientations as well. This was an unexpected
result considering that the migration amount has been
shown to depend quite strongly on the crystallographic
orientations of the bounding planes on the single-crystal
side of the interface, or where both sides of the interface
are single crystals, as in bicrystal studies [21, 53].

7. Conclusion

Glass-containing interfaces between single-crystal,
¢(0001) plane and m{1010} plane sapphire and polycrys-
talline alumina (Lucalox™) were annealed at 1650°C for
20 h and studied using a combination of SEM and VLM
imaging and EBSD. The effects of different crystallo-
graphic orientations on the migration at the free surface
were compared to that in the bulk. The c¢/poly (m) sample
was found to have an average migration at the free sur-
face which was much smaller than that found in the bulk.
The c/poly (a) sample had an average migration similar
to that found in the bulk and the m/poly sample had only
a slightly smaller average migration at the free surface.
The interface line in the ¢/poly samples remained mostly
parallel to the original direction of the interface, although
the migration amount varied from grain to grain. The in-
terface line of the m/poly sample became curved with
slightly more migration occurring at the triple junctions.

The c/poly (m) sample was the only sample to show
a strong relationship between the crystallography of the
free surface and the migration. It was found that the grains
adjacent to low migration were oriented such that the
planes parallel to the free surface were close to the r
and p planes. It is proposed that the difference in the
free-surface energies on either side of the interface may
have an effect on the migration rate. TEM observations of
a cross section of a migrated, glass-containing interface
suggest that the amount of interfacial glass near the free
surface may change during the anneal treatment, which
could then affect the migration rate.

The preliminary work also suggests that there is no ob-
vious relationship between the orientation of the bounding
planes on the polycrystalline side of the interface and the
migration amount.
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