
In the DOE award, DE-FG02-00ER45823, we have used molecular dynamics (MD)
computer simulations of the intergranular films (IGFs) present in alumina and silicon nitride
materials to address specific questions such as: What is the atomistic structure of the glassy
silicate phase? Because of the extremely thin nature of the IGF, do bulk-like glass structure and
properties prevail? Does distortion exist in the silicate bonds (which affects bond strength and
reactivity) and how is this structure affected by the separation distance between the crystals
and/or by the composition of the IGF? Does a structural ordering caused by epitaxial adsorption
occur at the IGF/crystal interface? What is the correlation length of this order perpendicular to
the interface? How is this ordering affected by composition of the IGF or by the crystals in
question?

In all simulations, a specific number of ions in stoichiometric ratio were placed as the
IGF between two similar crystals, with, in some cases, different crystallographic orientations.
The IGF compositions coincided with some of those observed experimentally (calcium alumino-
silicate (CAS) glasses in the alumina case, calcium silicon oxy-nitride in the nitride case). The
number of ions in the IGF was varied to allow for different thicknesses, although the X and Y
dimensions (parallel to the interface) were usually ~50Åx50Å. The IGF was melted at a high
temperature between the crystals, followed by a slow quench to room temperature, where
structural data were collected.

The results can be summarized as follows:
Results of these simulations show ordering of the ions in the IGF caused by epitaxial

adsorption onto the crystal interface. This occurs for both the (0001) and (112 0) in alumina and
the (0001) and (101 0) surfaces in silicon nitride. This order extends about 1-1.5nm from the
IGF/crystal interface into the IGF. However, the simulations used nearly ideal crystal surfaces
(for ease in computations and subsequent analysis) that may have affected the degree of interface
order and hence extent of this order into the IGF. We had planned to introduce both
compositional variations in the crystal surfaces and topographic, atomistically, roughened crystal
surfaces in future computations to see the effect on ordering over larger scales and correlation
lengths.

Our results showed how the composition
of the glassy calcium alumino-silicate (CAS)
IGF between α-alumina crystals affects growth
in a manner consistent with the experimental
studies. Specifically, the simulations showed
how Ca adsorption retarded growth of alumina
on the (0001) crystallographic plane at several
concentrations of Al in the IGF, up to the
anorthite composition, but had no such effect on
the (1120) orientation, consistent with
experimentally observed anisotropic grain
growth in alumina. Figure 1 shows the results of
simulations of the CAS IGF between dissimilar
planes of α-Al2O3 at different IGF compositions.
The figure shows preferential epitaxial

Figure 1. Area of the first epitaxially adsorbed peak of Al
from the amorphous calcium alumino-silicate (CAS) IGF
onto the different α-Al2O3 surfaces in contact with the IGF,
showing enhanced growth along the prism surface normal in
comparison to the basal surface normal. Results are
consistent with experimental data showing anisotropic grain
growth in polycrystalline α-Al2O3 containing CAS IGFs.



adsorption of Al from the IGF onto the prism surface of alumina, with no such growth on the
basal plane up to the anorthite composition. Additional simulations in our lab imply a
concentration effect on this behavior, with the possibility that with sufficiently high
concentrations of alumina in the IGF, adsorption and growth on the basal plane in alumina may
also occur, although this warrants further study.

Figure 2 shows a sideview of the atom
positions of a thin section into the figure of the
interface between a CAS IGF and the prism
surface of alumina. Red are Al, gray are O, blue
are Si, yellow are Ca. Original crystal atoms are
below the solid black line , while atoms from
the IGF are above it. Label 1 indicates the first
growth layer, which is complete, while label 2
indicates the second growth layer, which is
nearly complete.

Interestingly, in the case of the IGF
between β-Si3N4 crystals, the MD simulations showed that growth of the basal plane in the
<0001> direction is more likely than growth along the < 101 0 >  direction1,2. Hence, the results
of our simulations imply different types of crystal growth for the two systems studied:
preferential growth along the prism plane normal in the alumina case, but preferential growth
along the basal plane normal in the nitride case. Most importantly, this different type of growth
behavior is observed experimentally for each system. Therefore, the simulations reproduce
the differences in these two systems consistent with experimental data. Advantageously, we
can look at the atomistic details and provide the explanation for this different behavior.

The atomistic structure of the IGF shows oriented non-bridging oxygen (NBO) formation
at the IGF/crystal interface in silicon nitride occurring either when the film is too thin or at
certain high concentrations of Ca in the IGF 3. This should have significant implications in the
kinetic behavior of these systems during sintering and local compositional changes or particle
rearrangements. We also observed strained siloxane bonds at the IGF/crystal interfaces, with less
strain farther from the interface 1,2. Results of Si-O bond lengths are consistent with the newest
pair distribution functions found experimentally for the 1nm IGFs between silicon nitride
crystals4.

Our simulations show that the composition of the IGF is not homogeneous, varying
across the IGF between the crystals along the surface normal. This would be expected to alter the
nominal Hamaker constant of the IGF from a single value to a multiple set of Hamaker constants
for each compositionally different ‘layer’, which is consistent with the newest work in this area.

A new graduate student started and was trained in this project; two post-docs sequentially
spent time on the project. The research has been presented as Invited talks at the American
Ceramic Society meeting in 2003, the Electrochemical Society meeting in 2003, the International
Conference on Composites Engineering, 2002, and at several Universities (MIT, Oxford,
Karlsruhe, Cornell, Princeton), plus several talks at the spring and fall meetings of the Materials
Research Society.

Figure 2. Sideview of the prism surface in contact with a CAS
IGF containing a high concentration of alumina. Original crystal
is below the solid line. Atoms from the IGF are above the solid
line, showing growth of the crystal, with 1 showing the first
growth layer, and 2 showing the start of the second growth
layer. Results show that crystal growth of even this complex
system can be observed in MD simulations.
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