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Abstract Composition of the intergranular film
(IGF) found between alumina crystals has been shown
to affect growth. Here, we employ molecular dynamics
(MD) computer simulations to study the effect of the
composition of calcium alumino-silicate IGFs on
preferential adsorption and grain growth in a-Al,O5 at
an atomistic level. The IGF is formed while in contact
with two differently oriented crystals, with results
showing preferential adsorption and growth along the
[1120] direction of the ( 1120) surface in comparison to
that along the surface normal on the (0001) surface for
certain calcium alumino-silicate compositions. Such
preferential growth is consistent with experimentally
observed anisotropic grain growth in alumina, where
platelets form because of faster outward growth of the
prism orientations than the basal orientation. The
simulations show the mechanism by which Ca ions in
the IGF inhibit growth on the basal surface and the
important role that the Ca/Al ratio in the IGF plays in
the change from isotropic to anisotropic grain growth.
At compositions with high or low Ca/Al ratios, growth
along each surface normal is equivalent, indicating
isotropic grain growth. The simulations provide an
atomistic view of attachment onto crystal surfaces,
affecting grain growth in alumina, and the importance
of local chemistry of the IGF on local adsorption and
growth behavior.
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Introduction

Amorphous intergranular films often form between
crystals in commercial ceramics because of the pres-
ence of impurities in the materials or because of the
addition of sintering aids [1-8]. While these films make
up only a small volume percent of the material, they
can significantly affect microstructural and mechanical
properties [9-11]. Ultrapure Al,Oj3 sintered in clean
conditions usually shows normal grain growth [12, 13],
while commercial alumina usually contains sufficient
impurities that modify microstructure, via anisotropic
grain growth, and resultant properties. This anisotropic
growth forms platelet crystals that have large, flat basal
surfaces with thin intergranular films [14-17]. Silicon
nitride is another well-studied material that shows
anisotropic growth. Although silicon nitride requires
sintering aids to enable densification during sintering,
these aids create silicate IGFs that also affect the
microstructure and properties of the nitride [4, 10, 11,
18-20]. In the nitride case, anisotropic grain growth
causes formation of whiskers rather than platelets.
While various mechanisms have been invoked to
describe grain growth, in both the oxide and nitride
cases the IGF affects grain growth, with the implication
that the composition in the IGF affects adsorption and
growth along the surface normal of specific planes.
Experiments showed that small (ppm) levels of
either calcia or silica cause abnormal grain growth
(AGG) in alumina [21]. Studies of yttria and silica or
titania and silica additions to alumina showed the
importance of co-doping on affecting AGG [14, 17].
Understanding the atomistic structure of the IGF in
the polycrystalline ceramics is experimentally difficult
because of the thin and amorphous structures of these
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films, although there has been recent success in studies
of IGFs in SizN, using high resolution transmission
electron microscopy (HRTEM) and aberration-cor-
rected High-Angle Annular Dark Field-Scanning
Transmission Electron Microscopy (HAADF-STEM)
[22-25]. In concert with experiment, computational
studies have been used to address these films at the
atomistic level [26-40].

One of the more important results from high res-
olution studies of IGFs is that the concentration
within the IGF is often clearly different than the bulk
average, with excess species sitting in the triple point
or pocket [41]. In that paper, they state that the
STEM image of the grain boundary (GB) shows “‘two
neighboring GB films with remarkably different cal-
cium excesses.” In fact, the two GB films had the
same triple point connecting them, thus showing the
importance of the actual grain boundaries and not just
the bulk composition. Similar observations regarding
preferential Ca segregation at two surface grain
boundaries have also been shown by others [9].
Therefore, while bulk composition is important, the
local composition within the IGF between different
grains appears to play a dominant role in behavior
and is different from the bulk composition. As will be
shown below regarding our simulation results, this
difference in local behavior can significantly affect
growth locally and should be a part of our under-
standing of material behavior.

Our previous simulations of amorphous silicate
IGFs in contact with alumina crystals and silicon
nitride crystals clearly showed ordered structures at
the interfaces and density oscillations into the IGF
induced by the crystals [27-29, 36, 37, 42]. Recent
aberration-corrected HRTEM studies observe such
density oscillations [24]. These density oscillations
decay within a nanometer of the interface, attaining a
glassy structure in the interior of the thicker films.
Most importantly, the previous simulations of IGFs
between the differently oriented crystals showed
anisotropic growth [37, 42]. The term ‘growth’ in this
discussion means adsorption of species from the IGF
onto the crystal surface consistent with the crystal
orientation and composition such that the crystal
lattice extends along the surface normal of the par-
ticular plane in contact with the IGF. In a real system,
such adsorption of species from the IGF would re-
quire the neighboring crystal to move away as the
adsorbing crystal extended outward if the separation
distance between the crystals were to remain nearly
constant. Such a process could involve dissolution of
one crystal, diffusion of species across the interface,
and adsorption onto the growing crystal, although
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other mechanisms can be considered [43]. The
adsorbing species from the IGF must be replenished if
growth is to continue, so a triple point may also act as
a source of ions for the growing crystal. In the sim-
ulations, the use of constant pressure along the sur-
face normal enables the crystals to move according to
the structural changes in the IGF and at the inter-
faces. However, we do not replenish the IGF in the
current simulations, although the use of a variety of
compositions provides useful information regarding
the effect of changing local composition on adsorption
and growth behavior.

Computational procedure
Similar to previous studies [26-28, 42-28, 44, 45], a

multibody interatomic potential was used in the simu-
lations and is given as:

3—bod
SRS S 0
7 7k
where VM is the pairwise modified Born-Mayer—

Huggins (BMH) potential term and Vfl.;bo‘jy is the
three body potential term. The modified BMH poten-
tial is defined as

. 702 .
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The first term is the repulsion term in the modified
BMH pair potential and represents the short distance
core electron overlap; the second term is a screened
Coulomb interaction that reduces the nominal charges
of the ions based on ¢ (which is a complimentary error
function). r; is the separation distance between the
ions i and j; z; and z; are the formal charge of the ions;
Bij is a species-dependent term that reduces the formal
charges as a function of distance between the ij pair.
The value of the parameters A, f; and p; for each
pair type were previously presented [27, 37, 39, 42, 44].
Ion charges for silicon, oxygen, nitrogen, aluminum
and calcium ions are +4, -2, =3, +3 and +2, respec-
tively, although the use of the screening term reduces
these charges to values more in line with those
observed in ab-initio calculations (which also show
variations among them).

The 3-body potential accounts for the effect of
partial covalency of some of these species by raising
the energy on a central ion within a triplet as the angle
deviates from an ideal angle. The 3-body potentials
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applied to all Si, O, N, and Al ions as central ions i is
given as:

3—body __ Vij Vik
Vik = jikexp 5+ o | Qiik 3)
Fip =Ty ik — Fige
when r;<r% and ry<rd
) ij ik ik*
Otherwise,
3—body 0 0
Vik = Owhen ry>r;; or ryg>ry,

The angular part, Qjy, is given as
0 \2
Qi = (cos Ojix — cos Gﬁk) 4)

for the Si/Al/Ca—0-Si/Al/Ca and O-Si-O structure,
while for the O-AI-O triplet, it is defined as

0\ o 2
Qi = Kcos Ojix — cos ()ﬁk) sin 0jix cos Ojix (5)

where the three atoms form angle 0 with the central
atoms as the vertex i in these triplets for both condi-
tions. Since Ca is considered mainly ionic, no 3-body
potential centered on Ca as ions i in the jik triplet is
used. The parameters used here have been previously
presented [28, 37, 39, 42, 44, 46, 47].

The glassy IGFs were made between two dissimilar
x-alumina orientations, the ( 0001) and ( 1120), creat-
ing a (0001) oriented crystal)/(IGF)/( 1120) oriented
crystal) system. A schematic drawing of the system is
shown in Fig. 1. The simulation procedure is the same
as that previously published [38, 42], where it has been
discussed in detail.

Briefly, each crystal is aligned such that the appro-
priate crystal terminating plane would be in contact
with the IGF, as shown in Fig. 1. The atoms in the top
few layers of the upper crystal, and the bottom layers
of the lower crystal are always frozen so that periodic

[1120] alumina

CAS IGF y

[0001] alumina

» X

Fig. 1 Schematic view of the IGF/crystal system used in this
work. Periodic boundary conditions are used in the X and Y
directions

boundaries can be used in all three dimensions. These
frozen atoms are never used as central species in the
summations above and therefore never see each other.
However, the frozen atoms can act as neighbors to the
mobile atoms in the summation over pairs and triplets.
These frozen sections move en-masse to any imposed
pressure.

The glassy IGFs are made between the crystals by
randomly inserting the atoms of the IGF composition
in the volume between the crystals, followed by a melt/
quench procedure. Both NVE (constant number, vol-
ume, and energy) and NPT (constant number, pres-
sure, and temperature) simulations are used and a
timestep of 1 x 10™"s is used throughout the simula-
tions. The x, y, and z dimensions are approximately
5.2 nm, 5 nm, 10 nm, respectively, and the IGF is
~4 nm thick. IGF thickness in alumina from 1 nm to
5 nm have been reported [14]. We have previously
discussed thinner 1-2 nm films [27]. The x and y
dimensions change with the thermal expansion coeffi-
cient of the crystal to minimize elastic effects. Table 1
gives the nomenclature and the number of atoms in
each IGF, as well as the number of species in each
alumina crystal. Additional details have been pre-
sented elsewhere [42].

Results and discussion

Figure 2 shows the density profiles as a function of the
Z. coordinate for the atoms in the basal and prism ori-
ented crystals and the sum of the atoms in the IGF for
one of the alumina systems. There are density oscilla-
tions in the IGF near the interfaces, decaying within
~1 nm from each interface, showing a glassy density
profile in the interior of the IGF. Similar density
oscillations are observed in the other IGF composi-
tions, as well as in our simulations of the IGF in silicon

Table 1 Composition and system sizes

Sample No. Mole ratio  Specific number of atoms Total
CaO:ALLOs3: ;
5102 Ca Al Si O
112 1:1:2 665 1,330 1,330 5,320 8,645
313 3:1:3 1,296 864 1,296 5,184 8,640
216 2:1:6 640 640 1920 5,440 8,640
14535 14:5:35 770 550 1,925 5445 8,690
334 3:3:4 720 1,440 960 4,800 7,920
123 1:2:3 400 1,600 1,200 5,200 8,400
221 2:2:1 1,000 2,000 500 5,000 8,500
121 1:2:1 550 2,200 550 4950 8,250
141 1:4:1 340 2,720 340 5,100 8,500

The number of atoms in the alumina crystals in the simulation
are 7,920 and 8,640 for basal and prism orientations, respectively
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Fig. 2 Density profile of the atoms in the crystals and the sum of
the atoms in the IGF as a function of distance in Z, with the basal
oriented crystal on the left and the prism oriented crystal on the
right. Density oscillations occur in the IGF near the interfaces. A
glass-like profile exists in the interior of the IGF

nitride [37, 39], although the thinner dimension (1-
2 nm) of the IGF in the nitride means that these density
oscillations may impinge on each other. Such density
oscillations have been observed in recent aberration-
corrected HRTEM [24, 25, 48]. Additional simulations
also show that the extent of these oscillations into the
IGF would be affected by structural and compositional
perturbations in the crystalline surface [49]. Density
oscillations could be expected based on data from ear-
lier studies of inert gases in contact with hard walls, but
in the current simulations, there is much more chem-
istry involved in these complex systems than that
occurring in simple inert gas systems. The four species
present in the IGF (Si, Al, Ca, O) all interact with the

Fig. 3 Expanded view of the BASAL

density profiles of individual
species in the 221 IGF (top)
and 141 IGF (bottom) and
crystals in the alumina
system. The solid arrows in
the 221 images point to the
first adsorbed Al peak on

MNUMBER DENSITY

two terminated crystal surfaces differently. In order to
evaluate these different interactions and their effect on
the structure at the interfaces, density profiles of
individual species were determined.

Figure 3 shows the density profiles as a function of
the Z coordinate for the individual species for the
alumina system with the 221(top) and 141 (bottom)
calcium alumino-silicate IGF compositions (221 and
141 in Table 1), in which the Al and O are labeled
separately in the IGF versus those in the crystals.
Growth of a crystal is inferred from the extension of
each crystal along its surface normal in each case. This
would require adsorption of Al (and O) ions from the
IGF onto the specific crystal surface. The basal ori-
ented crystal has crystalline density oscillations of 2 Al
peaks, 1 O peak; the prism oriented crystal has crys-
talline density oscillations of 1 Al peak, 2 O peaks. On
the basal side, the crystal terminates with a single layer
of Al ions (which has been shown to be the lowest
energy configuration [44, 50]), whereas the crystal
terminates with a single layer of O on the prism sur-
face. Therefore, extension of the crystals have different
required adsorptions from the IGF species: the basal
side requires Al to adsorb, creating the second Al layer
for extension of the crystal in the surface normal
direction, while the prism side requires O adsorption to
form the second O layer needed for continuation of the
crystal on the prism side, followed by a single Al layer.
The arrows in the 221 images indicate the first layer of
Al adsorbed from the IGF onto the crystal (or onto O
from the IGF that have adsorbed onto the crystal in the
prism side). The 141 system shows a much larger first
adsorbed Al peak on the basal side, with a splitting of
PRISM

=—Si from IGF
=0 from IGF
—AL from IGF
=—Ca from IGF
—0 from Crystal
— Al from Crystal

,[\;{L%ZL

each side, while the dashed ORORD
arrow shows the second
adsorbed Al peak. Note the
splitting of the second Al
peak on the basal 141 IGF
and the second O peak on the
prism 141 IGF profiles; these
are indicative of the dual peak
nature of these species in the
respective crystal orientations
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the second adsorbed Al peak (into the dual Al peak,
consistent with extension of the crystal with this ori-
entation). Similarly, on the prism side of the 141 sys-
tem, there is a splitting of the second adsorbed O peak,
consistent with the dual nature of the O peaks in the
prism oriented crystal.

The first adsorbed Al peak is necessary for growth
and can be used to indicate the potential for growth of
the specific orientations as a function of composition in
the IGF. The area under the first adsorbed Al peak,
normalized by the area under the peak of the Al in the
crystal for each appropriate crystal orientation, will be
used as a measure of the ‘growth’ of each crystal along
its surface normal.

Figure 4 shows the integrated intensity of the nor-
malized first adsorbed Al peak (normalized to the
integrated intensity of the crystalline Al peak for the
appropriate crystal) for the basal and prism orienta-
tions for the alumina case as a function of the Al
concentration in the IGF (normalized by the sum of
the cations in the IGF). Clearly, adsorption and growth
of the alumina is more rapid on the prism surface than
on the basal surface over most compositions, indicating
anisotropic grain growth. This anisotropy is consistent
with experimentally observed anisotropic grain growth
in alumina, in which growth along the basal surface
normal is slower than that on the prism surface normal.
Kwon reported a factor of 5-8 faster growth of the
non-basal planes in comparison to the basal plane [14]
in alumina with titania-silica codopants in the IGF.
The maximum difference in growth in the simulations
inferred from the intensities implies a factor of 3.5 for
alumina with the CAS IGF. At the highest and lowest
Al concentrations, adsorption on the basal surface is

u
= BASAL
= -4
S o8 e PRISM
[«
E L ]
2 06 5
€
22 *n
3 0.4 @ L]
o
E 0.2 % -
< o n .
0
0 0.2 0.4 0.6 0.8 1
Al/CATIONS

Fig. 4 Normalized area under the first adsorbed Al peak from
the IGF onto the different crystal surfaces as a function of the
ratio of Al/all cations. Note the significantly faster growth along
the prism surface normal than the basal surface normal for most
compositions between 0.25 and 0.7

similar to that on the prism surface, indicating isotropic
grain growth, although the apparent rates would be
slow for both surfaces at low Al concentration and
much higher for high Al concentration.

The data point at 0.5 Al/all cations (from the 123
system) and the two data points on either side (the 334
and 221) were reproduced in additional simulations
with only minor variance, indicating something signif-
icant occurring at this specific composition. Consider-
ing the effect of the Ca/Al ratio (R) in the IGF on the
normalized adsorbed Al peak intensities provides
clarification.

One Ca ion charge compensates 2 Al in the tetra-
hedral sites in the glassy silicate structure. This means
that the equivalence point in the glassy structure would
have an R value of 0.5. Ca in excess of this equivalence
point would create non-bridging oxygen in the silicate
glass structure. Similarly, Al in excess of the equiva-
lence point would mean that the glass structure would
have to change in a manner previously discussed in
detail [51]. Either condition puts the glass structure
into a less energetically favorable condition.

Analysis of adsorption behavior as a function of the
Ca/Al ratio in the IGF gives a more accurate view of
the trends in composition affecting adsorption and
growth and is shown in Fig. 5. Here, the normalized
integrated intensities of the first adsorbed Al peak are
plotted versus the Ca/Al ratios of the IGFs. While
there is some spread in the intensity data at any Ca/Al
ratio, the trends are quite obvious. At high and low Ca/
Al ratios in the IGF, adsorption and growth are similar
on both types of orientations, which may be indicative
of isotropic growth. Near the Ca/Al ratio equal to 0.5,
there is a clear separation of peak intensities and
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[
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Ca/Al

Fig. 5 Normalized area under the first adsorbed Al peak from
the IGF onto the different crystal surfaces as a function of the
Ca/Al ratio (R). The equivalence point, R., is at 0.5. Below R.,
excess Al in the IGF allows for more rapid adsorption of Al onto
the basal surface than that above the equivalence point
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adsorption behavior onto the two surfaces, which is
indicative of anisotropic growth. Again, because of the
need to charge compensate Al ions in the silicate glass
structure using Ca ions, there is a competition between
Al plus associated Ca within the silicate glass, creating
a silicate with no non-bridging oxygen, versus Al
adsorbing onto the crystal and excess Ca remaining in
the glass, forming non-bridging oxygen.

This could also be viewed conversely, in which Al
additions to silicate glasses containing network modi-
fiers such as alkali or alkaline earth ions are known to
enhance the properties of the glass, such as corrosion
resistance, because the Al additions remove the non-
bridging oxygen that weaken the silicate network
structure. Al addition in excess of associated modifier
content in silicates make glass formation difficult
because of an increased ease in devitrification [52]. The
local structure around the Al ions changes with Al in
excess of the modifier content, creating an energeti-
cally less favorable condition [51]. In the IGF, excess
Al concentrations (R values below 0.5) would similarly
have Al ions in less energetically favorable sites in the
glass. These would be expected to adsorb onto either
crystal surface, with remaining Ca ions charge com-
pensating the Al ions remaining in the IGF. As the Al
concentration in the IGF is depleted by this adsorption
process, there would be a lowering of the driving force
for adsorption onto the crystal surfaces, with adsorp-
tion onto the basal surface decreasing first. With a
source of ions from a triple point, which could be
similarly replenished by nearby dissolving crystals at
high processing temperatures, depletion could be off-
set, but that is not the case in the current simulations.

At low Ca/Al ratios, Al in the IGF is in excess of Ca
and therefore readily adsorb onto either surface. At
the high Ca/Al ratios used here, Al adsorption onto
either crystal surface is much lower.

Fig. 6 Sideview of atoms in
the basal oriented crystal
interfaced with atoms from
the IGF. Cage structure forms
at the interface, allowing
yellow Ca ions adsorption.
Red = Al, blue = Si,

grey = O, yellow = Ca. Ca-O
bonds not drawn
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The different adsorption and growth behavior on
the different surfaces is caused by the presence of Ca in
the IGF and the Ca/Al ratio. The concentration of Si
may be expected to play an important role in the
extremes of compositions [9], but not in the systems we
studied here. Figure 6 shows a snapshot of a side view
of the basal oriented crystal that has an anorthite
composition. The figure clearly shows the ‘cage’
structure formed at the interface with the IGF. Ca ions
preferentially adsorb into the cage interiors, inhibiting
Al adsorption onto the crystal sites that would other-
wise continue the crystal structure in this orientation.
With excess Ca in the IGF and the presence of avail-
able surface sites at the crystal surfaces, Ca ions seg-
regate to the interface to charge compensate
undercoordinated O at the crystal surface, as well as
the zeolitic oxygen in the Al-O-Si sites at the ‘cage’
sides. As will be shown in Fig. 7, with sufficiently high
concentrations of Al in the IGF (in excess of the
compensating Ca concentration), Al ions epitaxially
adsorb onto the crystal on the basal side, extending the
crystal in this direction.

On the prism side, Al ions adsorb onto the surface
with increasing concentration of Al in the IGF. There
is a competition for these adsorption sites with the Si
and Ca from the IGF, but Al dominate adsorption with
increasing Al concentrations.

Figure 7 shows snapshots of thin sections into the
plane of the image of the basal and prism interfaces of
two IGF compositions. The upper images are from the
221 system, showing poisoning of the basal surface by
Ca ions and no growth on that surface, while there is
adsorption and extension of the prism side. The lower
images show the 141 system, with significant adsorption
of Al onto both the prism and basal surfaces, with
clearly more growth on the prism side, although the
first adsorbed layer on each surface is nearly complete.
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Fig. 7 Snapshots of thin cross-sections of atoms into the plane of
the page near the Basal and Prism interfaces of 2 compositions in
the simulations. Coordination not accurately depicted in the
images because ‘bonds’ to neighboring atoms not in the image
are not drawn. Atoms from the crystal are below the dark solid
horizontal line in each image; atoms originally from the IGF are

The 221 system has a Ca/Al equal to 0.5, which would
imply no Ca segregating to the basal surface. However,
Ca ions are clearly seen at this interface. The reason
for this behavior can be explained by consideration of
the concentration of Al in the second adsorbed Al
peak, indicated by the dashed arrow in Fig. 3. This
second peak of Al is caused by those Al that form at
the top of the ‘cage’ structure shown on the basal side
of the 221 system in Fig. 7, providing the second tet-
rahedrally coordinated Al ion near the Ca ions
adsorbed onto the basal surface (the other tetrahe-
drally coordinated Al ions at the interface are the final
layer of Al on the original crystal surface). The con-
centration of the adsorbed Al in this second Al layer is
approximately the same as that for Ca adsorbed onto
the basal surfaces for all systems that have a Ca/Al
ratio = 0.5 (the 334, 112, and 221 systems). Therefore,
the presence of Al in the second adsorbed Al layer
enable Ca ions from the IGF interior to segregate to
the interface.

Conclusions

The molecular dynamic simulations used here repro-
duce the appropriate growth anisotropy observed
experimentally in alumina without biasing the inter-
atomic potentials to do so. The simulations show the
effect of the composition of the intergranular film

Prism Interface

above the dark horizontal line. Atoms between the dashed line
and the solid line in 141 Prism image indicates the degree of
ordering of the atoms from the IGF that adsorbed onto the
crystal surface, forming an extension of the prism oriented
crystal. Colors given in Fig.6

(IGF) between dissimilarly oriented o-Al,O5 crystals
on preferential adsorption and growth in the direction
of each surface normal. Results show anisotropic
adsorption and growth at certain IGF compositions
and more isotropic growth at other compositions. Ca
ions play the important role of poisoning surface sites
on the basal surface, thus inhibiting adsorption of Al
onto the surface for growth. The changes in anisotropic
and isotropic growth behavior are affected by the Ca/
Al ratio in the IGF.

During the kinetic evolution of a system during li-
quid phase sintering, the composition of the IGF is
expected to change in time before reaching an equi-
librium composition and thickness. The simulations
show that these different compositions affect adsorp-
tion of ions from the IGF onto the different crystallo-
graphic orientations, subsequently affecting growth
and morphology.
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