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The observation of atomic-scale structures of grain boundaries (GBs) via axial illumination HREM
has been largely restricted to tilt GBs, due to the requirement that the electron beam be parallel to a
low-index zone axis on both sides of the interface. This condition can be fulfilled for all tilt GBs
with misorientation about a low-index direction. The information obtained through HREM studies in
many materials has brought important insights concerning the atomic-scale structure of such
boundaries. However, it is well known that tilt GBs occupy only an infinitesimally small fraction of
the 5-dimensional phase space which describes the macroscopic geometry of all GBs. Therefore,
although tilt GBs are very important due to their low energy, it would be useful to also study twist
GBs and general GBs that contain twist and tilt components.

We have prepared thin-film Au samples by an epitaxy technique in which (011) and (001) grains are
grown side by side'. The resulting grain boundaries are general GBs, except for special geometries
for which edge-on pure twist or tilt GBs can be produced. Briefly, an (011) Au film is physically
transferred onto a (001) NaCl substrate at an in-plane rotation 0 between the [100] directions in the
film and the substrate. Low energy ion-beam sputtering and physical masking is used to remove
most of the film, except for some seed crystals. Subsequently a film of the desired bicrystal
geometry is grown by e-beam evaporation and equilibrated near 300 °C. Samples suitable for HREM
are obtained by standard ion-milling techniques. HREM observation of GBs along [001] and [011]
is possible as a function of 0 as well as the inclination of the GB plane. The technique can be applied
to any pair of zone-axis orientations'for which epitaxy is achieved in the material investigated.

As an example, a (100) symmetric twist GB with misorientation angle ¥ = 45° is shown in Fig. 1.
The HREM image was recorded utilizing a 4000EX JEOL microscope at a beam voltage of 400 kV
and a defocus value near -65 nm. Under the imaging used conditions both sides of the GB display
white contrast features at the location of the atomic columns. The atomic height ledge is indicative of
the migration mechanism for this GB. A film with the ¥ = 90°, (110) type symmetric twist GB is
expected to be formed at facets that are bounded by the (220) and (0,2,-2) planes in the two grains
respectively. However, Fig. 2 shows that this boundary, in contrast to the (100) twist GB does not
remain planar, but reconstructs into microfacets that are bounded by (100) and (111) planes.
Approximately every second (111) plane is coherently connected to every third (100) plane across
the GB. We believe that this GB reconstructs, because the planar configuration has an extremely
high energy. Atomistic computer simulations indicate that hizgh-angle (110) periodic twist GBs have
the highest GB energies and extremely disordered structures”.

Examples for general GBs, with tilt and twist components, are shown in Figs. 3 and 4. Although all
of these GBs are incommensurate, distinct, almost identical, repeat structures can be recognized.
These structural features are due to misfit localization, which, for example, occur in Fig.3 when two
(200) planes meet with one (111) plane in the upper crystal. The investigations show that general
GBs are well structured at the atomic scale and often display features that are related to tilt GB
structures, such as the tendency for coherence of lattice planes across the GB, misfit localization, as
well as the formation of low-index facets (Fig. 4).
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Fig.1. HREM image of y=45°, (010) symmetric twist GB, viewed along [001]. Note ledge
and structural disorder in atomic planes next to the grain boundary.

Fig. 2. HREM image of y=90°, (110) symmetric twist GB. The grain boundary does not
remain planar, but reconstructs into mixed facets bounded by (111) and (200) planes.

Fig.3. Asymmetric (233)(250) grain boundary with tilt and twist components. Note almost
identical repeat structures characterized by misfit localizations.

Fig 4. HREM image of (755)(100) grain boundary with tilt and twist components. Strain
fields are causing image contrast effects at structural modulations.




