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Molecular dynamics simulations were performed to study the effect of the composition of the intergranular
film (IGF) on anisotropic and isotropic grain growth inR-Al 2O3. In the simulations, the IGF is formed while
in contact with two differently oriented alumina crystals, with the alumina (0001) basal plane on one side
and the (112h0) prism plane on the other. Five different compositions in the IGFs were studied. Results show
preferential growth along the [112h0] of the (112h0) surface in comparison to growth along the [0001] direction
on the (0001) surface for compositions near a Ca/Al ratio of 0.5. Such preferential growth is consistent with
anisotropic grain growth in alumina, where platelets form because of faster growth of the prism orientations
than the basal orientation. The simulations also show the mechanism by which Ca ions in the IGF inhibit
growth on the basal surface. At compositions with high or low Ca/Al ratios, growth along each surface normal
is equivalent, indicating isotropic grain growth, although the attachment rates are quite different, which may
indicate differences between normal grain growth and abnormal, but isotropic, grain growth. The simulations
provide an atomistic view of attachment onto crystal surfaces, affecting grain growth in alumina.

Introduction

Alumina ceramic is an important industrial material in many
applications for its high hardness, corrosion resistance, and low
thermal expansion coefficient. The green compacts and the
sintering procedures have great effects on the structure and
mechanical properties of the final products. Furthermore, to
improve other mechanical properties such as low fracture
toughness and poor thermal shock resistance, one or several
doping materials are added to get the desired results.

Amorphous intergranular films present between liquid-
sintered alumina grains and nonpure alumina sintering processes
introduce Ca, Si, and other impurities.1-3 Many experiments
show that there are significant differences in the final structure
and mechanical properties between the pure (greater than
99.99%) and the doped alumina ceramics.4 For pure Al2O3

sintered in clean conditions, normal and continuous grain growth
is found, following normal grain growth kinetics. The final
sintered structure is homogeneous and only equiaxed grains are
found experimentally.5 However, when commercial alumina is
used or some sintering aids (like Si, Ca, Mg, and other cations)
are added into the pure alumina before the sintering process,
grain growth behavior changes and the microstructure of the
grains and grain boundaries vary from the pure conditions. Not
only is the grain growth dependent on the purity of the alumina
and the sintering conditions but densification is also affected.
Experimental results show that lattice diffusion dominates the
densification under clean conditions while lattice and grain-
boundary diffusion both contribute to the densification under
normal sintering conditions.6

Some experiments show that abnormal grain growth (AGG)
is not found at the initial stage of the sintering while the grain

size is quite small but grain size in itself is not the reason for
AGG.4 Even in the sintering of pure alumina, AGG was
observed after a very long sintering time because the contami-
nant cannot be avoided completely. AGG is not an intrinsic
property of alumina but an extrinsic property that is controlled
by the impurities or contaminants.7 However, impurity species
in alumina have a different effect on AGG. It is well accepted
that the presence of Ca and Si at the grain boundary triggers
AGG, while Mg inhibits AGG in alumina sintering.8-12 Platelike
crystals form large, flat basal surfaces with thin intergranular
films when AGG happens.13 Because of the possible uneven
distribution of a small amount of liquid between grain bound-
aries and triple points, Kolar suggested that the coexistence of
both wet and dry boundaries may bring about AGG.14 After
investigating four commercial alumina powders, Cho et al.
proposed that chemical inhomogeneity is the reason for AGG
because they found that, in such alumina, a relatively small
portion of coarse particles in all powders contains a significantly
high concentration of impurities.15 On the other hand, by
comparing the alumina crystal shape with AGG experimentally,
the basal planes were found to be very smooth and flat while
the prism planes were rough.16 The energy barrier for the
attachment to the rough surface is negligible compared to that
on the smooth flat surface in the coarsening process controlled
by interface diffusion. So only very large grains would gain
enough driving force for the nucleation on the flat surface and
then coarsening could happen. Because the coarsening caused
by 2-D nucleation will show a discontinuous grain growth
behavior in different orientation planes, Lee suggested that the
nucleation process at different planes is the reason for the
AGG.16 In the Kwon et al. experiments, the appearance of the
liquid phase (IGF) was thought to increase the boundary
mobility and AGG is explained as a result of the enhanced
growth on the nonbasal plane due to the re-entrant edges formed
at the grain boundaries.17
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Experiments also show that significant segregation of Ca and
other cations at the alumina grain boundaries happens while
such impurities are still below the solid solution limits in the
grains.9 The segregation of calcium is anisotropic for different
orientations of alumina. Bae and Baik showed that low
concentrations of either calcia or silica in the IGF or smaller
combinations of both together cause AGG in alumina.6 It is
very hard to study the atomic structure of the IGF in polycrys-
talline ceramics experimentally because of the extremely thin
and amorphous structures of these films, although there has been
recent success in studies of IGFs in Si3N4.18-20 It is proposed
that an IGF should have a stable equilibrium thickness on the
order of several nanometers,21 although the structure of such a
thin glass between crystals should be different than the bulk
glass analogue because of the influence of contact with the
crystal surfaces.

Considering bulk glass structure, Al ions in silicate glasses
occupy tetrahedral sites, as opposed to the octahedral sites in
R-Al2O3. In order for this to occur, a charge-compensating cation
is usually associated with the AlO4- site. Tetrahedral Al is also
observed in siliceous zeolites. With a sufficient concentration
of Ca in the IGF to charge compensate two Al for each Ca, the
Al ions can remain tetrahedrally coordinated (to maintain the
silicate glass network structure). Excess CaO (R ) [Ca]/[Al]
> 0.5) in a silicate glass would cause the formation of so-called
nonbridging oxygens (NBOs), which are singly coordinated to
a strong network former (such as Si) and less strongly bonded
to the network modifier (Ca). (A brief discussion of the role of
Al and modifier ions in silicate glasses using alkali alumino-
silicates is available in ref 22 and references therein.) As related
to the IGF in contact with a basal oriented alumina surface,
any Ca in excess of the charge equivalence point (Re ) [Ca]/
[Al] ) 0.5) would mean either formation of NBO in the IGF
or segregation of the Ca to the basal crystal surface to charge
compensate undercoordinated O present at the surface.23 The
combination of NBO in the IGF glass and undercoordinated O
in the crystal lattice surface is energetically less favorable than
no NBOs in the glass and no undercoordinated O in the surface.
The latter situation was the case in our earlier study of IGF
compositions,23,24 where Ca ions preferentially segregated to
the alumina basal crystal surface. However, with increasing
amounts of alumina in excess of the CaO equivalence (R <
Re), behavior might change.

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 oscil-
lations into the IGF induced by the crystals.23-28 Recent high-
resolution TEM (HRTEM) studies observe such density oscil-
lations.20 These density oscillations decay within 1 nm 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.24,27 “Growth” in our 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 particular plane
in contact with the IGF. In the nitride case, growth along the
basal surface normal was more rapid than that along the prism
surface normal. In the alumina case, the simulations showed
preferential growth along the [112h0] direction on the (112h0)
oriented crystal and no such growth in the [0001] direction on
the basal crystal. Both results are consistent with anisotropic
grain growth in the respective systems seen experimentally.
Concerning the alumina system, the presence of Ca ions in the

IGF affected adsorption of Al ions from the IGF onto the crystal
lattice sites on the (0001) surface creates the anisotropy in
growth behavior. However, experimental data clearly shows that
normal grain growth occurs in the alumina system, so composi-
tion of the IGF must play an important role. In this paper, higher
concentrations of Al in the IGF (R < 0.5) than those previously
considered are used to evaluate growth behavior.

Computer Procedures.Similar to previous studies,23-25,29-31

a multibody interatomic potential was used in the simulations
and is given as

whereVij
BMH is the pairwise modified BMH potential term and

Vjik
3-body is the 3-body potential term. The modified BMH

potential is defined as

The first term is the repulsion term in the modified BMH pair
potential and represents the core electron overlap when the two
atoms get too close; the second term is a screened Coulombic
interaction.rij is the separation distance between the ionsi and
j, zi andzj are the formal charge of the ions, andâij is a species-
dependent term that reduces the formal charges as a function
of distance between theij pair. The values for the parameters
Aij, âij, and Fij of each pair type were determined in this lab
and previously presented23,24,30(see Table 1). Atomic charges
for the silicon, oxygen, aluminum, and calcium ions are+4,
-2, +3, and+2, respectively.

The partial covalent bonding of the species has preferred
bonding angles at which the bonded species have the lowest
energy. When the bonding angle deviates from the preferred
one, the energy will increase. The 3-body potential accounts
for this effect by raising the energy on a central ion within a
triplet as the angle deviates from an ideal angle. The 3-body
potentials applied to all Si, O, and Al ions as central ionsi are
given as

whenrij < rij
0 andrik < rik

0 . Otherwise,Vjik
3-body ) 0 whenrij >

rij
0 or rik > rik

0 .
The angular part,Ωjik, is given as

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

TABLE 1: Parameters for Modified BMH Pair Potential

atom pair Aij (fJ) âij (pm) Fij (pm)

O-O 0.0725 234 29
Si-Si 0.1877 230 29
Al-Al 0.0500 235 29
Ca-Ca 0.7000 230 29
Si-Al 0.2523 233 29
Si-Ca 0.2215 230 29
Al-Ca 0.2178 230 29
Si-O 0.2962 234 29
Al-O 0.2490 234 29
Ca-O 0.5700 234 29

V ) ∑
i*j

Vij
BMH + ∑

i*j*k

Vjik
3-body (1)

Vij
BMH ) Aij exp(-rij

Fij
) +

zizje
2

rij
erfc(rij

âij
) (2)

Vjik
3-body ) λjik exp( γij

rij - rij
0

+
γik

rik - rik
0) Ωjik (3)

Ωjik ) (cosθjik - cosθjik
0 )2 (4)
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where the three atoms form angleθjik with the central atoms as
the vertexi in these triplets for both conditions. Since Ca is
considered mainly ionic, no 3-body potential centered on Ca
as ionsi in the jik triplet is used. The parameters, shown in
Table 2, were also developed in previous studies.25,30,32,33

Previous simulations using this potential and parameters
generated stable crystals of bothR-Al2O3 andγ-Al2O3,30 where
the coordination of the Al ions differs. Surface energies were
calculated, with results providing an explanation for the stability
of small crystals ofγ-Al2O3 in comparison toR-Al2O3. Relevant
to the current work, simulations of the surface structure and
energy ofR-Al2O3 showed that the single Al termination plane
of the basal orientation is the lowest energy configuration,30

consistent with previous shell model calculations and subsequent
ab initio DFT calculations (all near 2( 0.5 J/m2).34,35The single
O termination layer for the (112h0) gave a slightly higher surface
energy. Simulations of silicate glasses using this potential also
reproduce experimental data.32,33,36,37

Five calcium alumino-silicate IGF compositions were chosen
for the current work. They are identified by their species ratios
(CaO:Al2O3:SiO2) and are given in Table 3, along with system
sizes. The glassy IGFs were made between two dissimilar
R-alumina orientations, the (0001) and (112h0), creating a ((0001)
oriented crystal)/(IGF)/((112h0) oriented crystal) system. A
schematic drawing of the system is shown in Figure 1. The
simulation procedure is the same as that previously published,24

where it is discussed in detail. The only difference is that
different IGF compositions are studied here.

Briefly, each crystal is aligned such that the appropriate
crystal terminating plane would be in contact with the IGF, as
shown in Figure 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 boundaries can be used in all three
dimensions. That is allowed because these frozen atoms are
never central atoms in the potentials, so they never “see” each
other, although they can act as neighbors (j) to the mobile atoms.
Previous simulations have shown that the effect of frozen atoms
∼2 nm away from the surfaces have no effect on the surface
structure.38

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
shown in Table 4. Both NVE and NPT simulations are used,
and a time step of 1× 10-15 s is used throughout the
simulations. To minimize interface mixing and roughening, the
crystal atoms do not respond to the interatomic forces at the
high melt temperatures. While dissolution and reprecipitation
of the crystals would be more realistic, the computational time
would be prohibitive. In addition, the roughened interface would
be considerably less amenable to subsequent analysis, and the
time required to attain a resmoothed surface might again be
computationally prohibitive. At these higher temperatures, the
crystal atoms nonetheless do relax en-masse to the external
pressure applied in the direction perpendicular to the IGF/crystal
interfaces. This procedure allows attainment of the appropriate
thickness for the constant number of atoms in the IGF based
on the resultant IGF structure. At lower temperatures, all atoms
respond to the interatomic forces except those in the frozen
layers farthest from the crystal/IGF interfaces, which still moved
en-masse to the external pressure. Thex, y, andz dimensions
are approximately 5.2, 5, and 10 nm, respectively, with thex
and y dimensions changing with the thermal expansion coef-

ficient of the crystal to minimize elastic effects. The IGF is∼4
nm in all simulations. Again, details have been presented
elsewhere.24 In addition, the results from those previous
simulations are included here to show the effect of composition
of the IGF on growth on the different crystallographic orienta-
tions.

Results and Discussion

Snapshots. Similar to previous simulations, the interior
portions of the IGF were amorphous.24 For brevity, they are
not shown or discussed in this paper. The thin slabs of ordered
structures at the (0001) basal and (112h0) prism interfaces of
two representative systems are shown in Figure 2. The original
crystal and the IGF atoms are separated by a solid, straight line
in the snapshots, with the crystal atoms below the line. The
snapshots of these systems show the evolution of the interface
structures for two different IGF compositions. At the basal side,
the ordered “cage” structures previously reported are clear and
almost fully occupied by Ca ions in the 221 system because of
the high Ca concentration in this system. The two Ca ions in a
single cage in the 221 basal image are offset by the third
dimension into the plane of the image. Ca ions preferentially
segregate to the “cage” sites in calcium silicate IGFs,23 where

Ωjik ) [(cosθjik - cosθjik
0 )sin θjik cosθjik]

2 (5) TABLE 2: Parameters for 3-Body Potential

atom triplet λij (fJ) γij (pm) rij
0 (pm) θjik

0

Al/Si-O-Al/Si 0.001 200 260 109.5
O-Al/Si-O 0.024 280 300 109.5

TABLE 3: Composition and System Sizesa

specific number of atoms

sample no.
mole ratio

CaO:Al2O3:SiO2 Ca Al Si O total

334 3:3:4 720 1440 960 4800 7920
123 1:2:3 400 1600 1200 5200 8400
221 2:2:1 1000 2000 500 5000 8500
121 1:2:1 550 2200 550 4950 8250
141 1:4:1 340 2720 340 5100 8500

a The other four compositions included in Figure 5, the 112, 216,
313, and 14 5 35 systems, can be found in ref 24. The number of atoms
in the alumina crystals in the simulation are 7920 and 8640 for the
basal and prism orientations, respectively.

Figure 1. Schematic view of the IGF/crystal system used in this work.

TABLE 4: Melt/Quench Process for Making Glassy IGF
between Crystals

quench temperature conditions duration

10 000 K NVE, crystal frozen 10 ps
8000 K x andy constant,a Pz ) 5 GPa 20 ps
6000 K as above 40 ps
4000 K as above 40 ps
3000 K x andy constant,a Pz ) 3 GPa,

crystal unfrozen
50 ps

2000 K NPT,p ) 0.1 MPa 100 ps
1000 K as above 100 ps
300 K as above 20 ps

a x andy dimensions change with thermal expansion coefficient as
T changes.
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they charge compensate the tetrahedrally coordinated terminal
Al on the crystal surface (similar to a zeolitic Al) and the
undercoordinated O in the crystal surface. This “cage” structure
has been discussed previously.23,26

At the prism side, growth of the crystal is observed in both
examples, with multiple crystalline layers forming on the prism
surface of the 141 system. The atoms above the solid line are
from the IGF, and those between the solid line and the dashed
line clearly show the growth of the crystal layer in the [112h0]
direction at this composition. Even the atoms above the dashed
line show the beginnings of order similar to the crystal.

Density Profile Analysis.The density profiles of atoms near
the basal and prism interfaces for all of the systems studied in
this paper are shown in Figure 3. The concentration of Al in
the IGF is increasing in the order of 334, 123, 221, 121, and
141. The density profile of atoms in the basal-oriented crystal
shows the single O peak and the double Al peaks while that of
atoms in the prism-oriented crystal shows the double O peaks
and single Al peak, consistent with each crystalline orientation.
The lowest surface energy configurations of these crystals are
the single Al termination plane for the basal surface and the
single O termination plane for the prism surface. Therefore,
continuation of each crystal along the specific surface normal
of each orientation requires a second Al peak to occur on the
basal side, followed by an O peak and a second O peak to occur
on the prism side, followed by an Al peak.

Previous simulations showed that Ca ions preferentially
adsorbed onto the basal surface in calcium silicate IGF
compositions,23 inhibiting Al adsorption in calcium alumino-
silicate IGF compositions.24,25 This is again the case for most
of the compositions studied here, as shown on the left side of
Figure 3. At the basal side, for all but the 141 composition, the
first adsorbed Al peak from the IGF is much smaller than the
terminal Al crystal peak on this side and the first adsorbed Ca
peak is present at the same position as the first O peak
(indicative of the cage structure shown in Figure 2).

At the equivalence point (Re ) 0.5) in the 334 and 221
systems, the first adsorbed Ca peak is larger than that in the
other compositions and the first adsorbed Al peak adjacent to
the basal surface is smaller than that in the other compositions

which have excess Al (R < Re) in the IGF. In the 334 and 221
systems, one might anticipate that Ca and Al would remain
equally associated within the IGF (as would be the case in a
silicate glass). However, the presence of the crystal surfaces
modifies this behavior, and as seen in all of the compositions,
a very strong second adsorbed Al peak forms on the basal side
(which is at the “top” of the cage structure).25 The Al atoms in
this second peak are predominantly four coordinated, as shown
in the 334 system in Figure 4, thus requiring charge compensa-
tion by the Ca. So the first adsorbed Ca layer charge compen-
sates the tetrahedral Al in the terminal plane of the original
crystal and the undercoordinated O in the crystal surface23,26,28

as well as the Al in the second adsorbed peak.
The results also indicate that the Ca ions are inhibiting Al

adsorption onto the basal surface. With less Ca in the IGF, the
first adsorbed Ca peak is decreased and the first adsorbed Al
peak is increased (123, 121, and 141 compositions).

Figure 3 also clearly shows that behavior is quite different
in the 141 system. Here, the peak of the first Al adsorbed from
the IGF onto the basal-oriented crystal has a density nearly that
of the terminal Al layer in the crystal, and the first adsorbed
Ca peak is missing. At this composition, withR , Re, the Ca
ions remain in the IGF to charge compensate the Al, with excess
Al moving to both interfaces. In addition, in the 141 composi-
tion, the next adsorbed Al peak on the basal side has a shoulder
and the beginning of a splitting of the peak, consistent with the
double Al peak of the crystal with this orientation. The
implication is that the 141 composition enables growth of the
basal crystal along its surface normal in the [0001] direction
becauseR is so low. In the current version of the simulation
protocol, it would be expected that eventually enough Al would
be removed from the glassy IGF to lowerR to the point where
its behavior is similar to the other compositions and adsorption
(growth) slows. Of course, in a real system, a supply of ions
from a source, such as dissolving alumina grains or a triple point,
could offset this depletion process.

On the prism side, O from the IGF appropriately adsorbs
initially, followed by a strong Al peak that grows to nearly equal
that in the crystal. In the 141 composition, the strong first O
and first Al peaks are followed by the next adsorbed O peak,

Figure 2. Snapshots of thin cross-sections of atoms into the plane of the page near the basal and prism interfaces of two compositions in the
simulations. Atoms from the crystal are below the dark solid horizontal line in each image; atoms originally from the IGF are above the dark
horizontal line. Atoms between the dashed line and the solid line in the 141 prism image indicate the degree of ordering of the atoms from the IGF
that adsorbed onto the crystal surface, forming an extension of the prism-oriented crystal: Al) red, O) gray, Si) blue, and Ca) yellow. Ca-O
bonds are not drawn.
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which shows a splitting consistent with continuation of the
crystal structure with this orientation. Ca has little effect on
adsorption and growth on the prism side.

Therefore, the simulations show that Ca ions inhibit growth
on the basal surface for most compositions but have little or no
effect on the prism surface. This effect will be discussed more
fully below.

Coordination Number Analysis. The coordination numbers
(CNs) of Al and O are distinctly different inR-Al2O3 vs the
alumino-silicate glass (the Si are four coordinated). The CNs

of Al and O in theR-Al2O3 crystal are 6 and 4, respectively. In
alkali and alkaline earth alumino-silicate glasses, Al is tetra-
hedrally coordinated and, depending on the alkali or alkaline
earth-to-Al ratio, O is a mix of two coordinated (bridging
oxygen), one coordinated (nonbridging oxygen), or three
coordinated. The coordination of Al and O as a function of
distance perpendicular to the IGF/crystal interfaces is shown
in Figure 4 for two systems (334 and 141). The main features
are that the Al and O in the IGF are predominantly four and
two coordinated, as expected in the glass, with higher coordina-

Figure 3. Density profiles of individual species at the basal and prism sides of the IGF for the five compositions as a function of distance perpendicular
to the IGF-crystal interface. Thicker lines are for ions in the IGF. Line color associated with atom type is shown at the bottom of the figure.
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tion for each at the interfaces, which is consistent with the higher
coordination of each in the crystal. Also, with significant excess
of Al in the IGF (the 141 system), the coordination of Al and
O increases in the glassy interior of the IGF. The correlation
between coordination number of Al and O in alkali alumino-
silicate glasses as a function of modifier content has been
previously discussed,22,39,40with coordinations similar to those
shown here. The increased coordination of Al and O in the
glassy part of the IGF indicates a strain instability in the glass
in comparison to a four-coordinated Al charge compensated by
Ca and normal two-coordinated O that would be consistent with
the network structure of a silicate glass. The implication is that
Al (and O) should segregate to the interfaces to reduce the strain
sites in the IGF when theR value is low. Another implication
is that with sufficiently low Si content, the silicate glass structure
might not dominate the IGF and a crystalline aluminate might
form.

Relationship between the Crystal Growth and the Al
Content in IGF. Figure 5 shows the integrated intensity of the
first adsorbed Al peak on each interface normalized by the
integrated intensity of the Al peak in the appropriately oriented
crystal as a function of the ratio of Al ions to the sum of all
cations. Included in the figure are the data from the IGF systems
previously reported.24 The normalized integrated intensity of
the first adsorbed Al peak onto the crystal surface is used as an
indicator of growth of the crystal. As mentioned above, “growth”
here 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 particular plane in contact with the IGF. The results clearly
show more rapid growth along the [112h0] direction on the prism-
oriented crystal than along the [0001] direction of the basal-
oriented crystal, except at the highest Al concentration in the
IGF. This difference in growth behavior is consistent with
anisotropic grain growth observed experimentally in this system.
In anisotropic grain growth in the alumina system, growth along

the prism surface normal is much faster than that along the basal
surface normal. Clearly, over most of the compositions used
here, growth along the prism surface normal is 2-4 times faster
than that on the basal surface.

At sufficiently high concentrations of Al in the IGF, near
0.8, growth along the basal surface normal is equivalent to that
on the prism surface, indicating isotropic grain growth. That
is, when the composition within the IGF has a sufficiently large
concentration of Al present, Al and O ions adsorb onto both
crystal surfaces epitaxially and extend the crystal dimension out
in the direction of each surface normal. At this 141 composition,
there is clearly a large excess of Al in comparison to Ca,

Figure 4. Coordination of Al and O species in the IGF and crystal surfaces for two compositions. Note the different scale of the concentrations
in the Al profile in the 141 system. Al and O are predominantly four and two coordinated, respectively, in the IGF, as expected for the glass, with
increasing coordination at the interfaces, consistent with the higher coordination of each in the crystal.

Figure 5. 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 for the compositions presented here and the four
compositions previously studied (see ref 24). Note the significantly
faster growth along the prism surface normal than the basal surface
normal for most compositions, except at the lowest and highest Al ratios.

2238 J. Phys. Chem. B, Vol. 110, No. 5, 2006 Zhang and Garofalini



allowing for more Al to adsorb onto the crystal sites before the
Ca/Al ratio gets too high and inhibits continued growth.
Therefore, with a sufficient supply of Al in the IGF, isotropic
growth would be expected as Al adsorbs equally onto both basal-
and prism-oriented crystal surfaces.

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 significant occurring at this specific
composition. The 123 data point on the basal side is ap-
proximately the same as the value in the 121 system (seen at
0.66 Al/all cations). While the concentration of Si increases from
the 121 to the 123, theR value remains the same. Considering
the effect of the Ca/Al ratio (R) on the normalized adsorbed Al
peak intensities provides clarification.

Figure 6 shows the plot of the adsorbed Al peak intensities,
normalized by the crystal peak intensities, and averaged over
equivalentRvalues in the IGFs, as a function of the Ca/Al ratio,
R. The results clearly show that withR . 0.5, little Al adsorbs
onto the surfaces, although slightly more Al adsorbs onto the
prism surface. AtR∼ 0.5, Al adsorption onto the prism surface
increases significantly, with little change on the basal surface,
indicating anisotropic grain growth. WithR < Re, adsorption
onto the basal surface increases until it attains the same relative
peak intensity as the prism surface at the lowestR value used
here. At this lowestR value composition, isotropic growth is
expected. The results imply grain growth would be most
anisotropic near the equivalence pointR ) 0.5 and the most
isotropic at very high and very lowR values.

While crystal growth is complicated and depends on a variety
of complex behavior, including dissolution of small grains or
high energy surfaces, lattice vs grain boundary transport,
reprecipitation, local stresses and strains, etc., the results shown
here indicate the important role of the composition of the IGF
on local behavior on prism and basal surfaces under the exact
same conditions. Most importantly, the results show anisotropy
in growth consistent with experimental observations, where

growth along the basal surface normal is much slower than that
on the prism surface normal, creating a platelet alumina
structure.

Conclusions.Molecular dynamic simulations show the effect
of the composition of the intergranular film (IGF) between
dissimilarly orientedR-Al2O3 crystals on growth in the direction
of each surface normal. The IGF in contact with the alumina
(0001) basal plane on one side and the (112h0) prism plane on
the other showed preferential growth in the [112h0] direction at
all but the highest and lowest Ca/Al ratios in the IGF.
Anisotropic grain growth in alumina is observed experimentally
as excessive growth along the prism surface normal in com-
parison to the basal surface normal, creating platelet morphol-
ogy. These simulations are consistent with such results and
indicate the mechanism by which growth on the basal plane is
inhibited, affecting growth. The role of Ca in the IGF is
important and affects growth on the basal plane by poisoning
surface sites based on the attraction of the Ca to charge
compensate O on and adjacent to the basal surface. At Ca/Al
ratios.0.5, which is the charge equivalence ratio, Al adsorption
onto both surfaces is similar, but low, indicating slow isotropic
growth. At Ca/Al ratios,0.5, Al adsorption is also similar on
both surfaces, but fast, again indicating isotropic growth.
Between these extreme Ca/Al ratios in the IGF, growth along
the surface normal of the basal plane is inhibited in comparison
to that on the prism plane, indicating anisotropic grain growth.
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