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The faceting of two tilt grain boundaries (GBs) in 99.999 %
wt. purity Al bicrystals has been studied. The first GB is a
coincidence twin X3 <110> GB (Z is the inverse density of
coincidence sites) and the second GB has a misorientation
close to the £3 <110> with a tilt deviation of about 3 de-
grees. Orientation of grains along the GB has been con-
trolled with the electron back-scattering diffraction method.
The bicrystalline samples were coated with a layer of Sn—
Al mixture and annealed at 873 K. Contact angles at the
Jjunction of the grain boundary and two solid/liquid inter-
faces were measured by optical microscopy. The ratio of
grain boundary energy and solid/liquid interface energy
has been calculated. Wulff—Herring plots and GB phase
diagrams were constructed. The formation of smooth edges
with rounded rough GB portions was observed in the grain
boundary deviating from £3 <110>.
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1. Introduction

Faceting is well known both for surfaces and interfaces,
particularly, grain boundaries [1-4]. Recently it started to
attract more attention, especially due to the growing role
of nanocrystalline materials. Faceting can be considered as
a phase transition when the original surface or grain bound-
ary dissociates into flat segments whose energy is less than
that of the original surface or grain boundary. Grain bound-
ary faceting proceeds only close to so-called coincidence
misorientations. In this case the lattices of both grains form
the coincidence site lattice (CSL) characterized by the
parameter X (reverse density of coincidence sites). In most
cases the grain boundary facets lie in the CSL planes with
high density of coincidence sites. It has been shown [5] that
grain boundaries possess special structure and properties in
limited areas of temperature T and misorientation @ close
to a coincidence misorientation, 5. In other words, by in-
creasing Afl =1} — Os| and T, the phase transition “special
grain boundary — general grain boundary” proceeds and
the grain boundary looses its special structure and proper-
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ties [6]. This is due to the fact that for the CSLs with low
2 the depth of the energy-versus-misorientation profile for
the densily packed CSL planes is larger than that of
high-X CSLs. Therefore, due to the temperature-induced
disordering the energetically favourable grain boundary po-
sitions disappear at lower 7 for grain boundaries with
higher X' [7]. We can expect that at high temperature or in-
creasing A values only the facets with highest density of
coincidence sites will appear. It has been observed that GB
faceting correlates with the phenomenon of abnormal grain
growth in alumina [8], stainless steel [9], silver [10], and
nickel-based superalloys [4]. Prof. Yoon with coworkers
have demonstrated that above certain temperatures the fa-
ceted GBs are absent and abnormal grain growth does not
appear [4, 8—10].

2. Experimental

For the investigation of grain boundary faceting an Al
(99.999 wt.% purity) a bicrystal with a semi-island grain
was grown using the modified Bridgman technique. Grain 1
in this bicrystal is semi-surrounded by grain 2 forming a X3
<110> tilt grain boundary (Fig. 1). 5 mm thick platelets
were cut from the grown bicrystal perpendicular to the
growth axis. The bicystalline samples were coated with a
layer of Sn—Al mixture and annealed in 80 % Ar +20%
H, gas atmosphere at a pressure of 2x 10~ Pa and a tem-
perature of 873 K (0.94 of melting temperature T,,,) for
2 hours. Then the samples were mechanically ground, pol-
ished, and etched in 50 % HNO; + 47 % HCI + 3 % HF so-
lution. To determine the ratio between grain boundary en-
ergy. agg. and solid/liquid interface energy, og, the
contact angle v was measured in the triple point of the grain

Grainl

Grain 2

Fig. 1. Schematic view of the bicrystal samples.
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Grain 1| Grain 2

Fig. 2. Scheme of the equilibrium contact between the grain boundary
in the solid phase § and the liquid phase L (incomplete wetting).

boundary and the two solid/liquid interfaces (Fig. 2). The
contact angle «v and the geometry of the facets were ana-
lysed and recorded in bright and dark field in a light micro-
scope (Figs. 3 and 4). The agp /os. ratio was calculated
as follows: ogg = 2051 cos(a/2). The cross-sections of bi-
crystals containing exact X3 and “deviated™ grain bound-
aries are shown in Fig. 4.

The electron back-scattering diffraction (EBSD) method
was used to determine the individual grain orientation in
the Al bicrystals and the grain boundary shape in the as-
grown bicrystals. The EBSD method permits observation
of the sample microstructure and determination of the indi-

Fig. 3. The contact angle o of the L3 grain boundary at different
facets: (a) (100)g3cs. facet; (b) 9R facet.

7. Metallkd. 96 (2005) 2

vidual grain orientation in the same experiment. The EBSD
patterns were measured using a Hitachi S-4200 scanning
electron microscope. The spatial resolution in EBSD
reaches 50 nm. We determined the individual grain orienta-
tion using the integrated software package for semi-auto-
mated fit procedure for indexing of the EBSD patterns. For
the first type of samples the misorientation deviation from
exact £3 <110> was less then 1° along grain boundary. For
the second one this deviation was about 3° along the grain
boundary. Remarkably, there were no triple junctions in
the corners of the semi-surrounded grain.

3. Results and discussion

The main goal of the current work was to study the influ-
ence of misorientation deviation A# on the grain boundary
faceting. Main facets in exact X3 and deviated £3 grain
boundaries are symmetric L3 twins {111},/{111},. They
correspond also to the (100) plane of £3 CSL and will be
called below as (100)s3cs facets. Facets other than
(100)s051. facets were observed only in the exact 3 grain
boundary (Table 1). They form angles of 82° and 56° with
the {111},/{111}, [or (100)x3csy] facet. The section of X3
CSL perpendicular to the <110> axis is shown in Fig. 5.
The most closely-packed CSL planes are shown together

: Graih 1

Fig. 4. Light micrographs showing the cross-sections of bicrystals
containing (a) an exact £3 grain boundary and (b) a grain boundary
with 3° deviation.
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Table 1. The presence of different facets at different Af/ values.

Grain boundary Facet Orientation angle ¢
misorientation
exact X3 (100)z3cs1. 0°
9R 82°
(110)x3cs1. 56°
deviating X3 (100)g3cs1 0°

with respective planes for the lattices 1 and 2 forming the
CSL. It can be easily seen that the facet having an angle of
56° with the (100)g3cs. facet is the [100},/{122}, [or
(110)g3¢s;. facet]. However, the facet forming an angle of
827 with the (100)g3¢5;. facet is not a CSL facet.

In Fig. 6 the Wulff—Herring plot is shown for the exact
23 and deviated X3 grain boundaries at 873 K. The
Waulff—Herring plot was constructed using the agp/os ra-
tios measured by optical microscopy. The most important
results following from the comparison of Figs. 6a and b is
that by increasing Af, only the (100)g;3¢s;. facet remains in
the equilibrium shape, and the two other facets become un-
stable. Rough rounded GB portions appear instead.

The energy of the symmetric £3 twin {111},/{111}, or
(100)g3cs1. facet is very low. These facets are very stable
and are observed both in exact £3 and deviated grain
boundaries (see Table 1). The next-closely packed CSL
plane is {211},/{211}, or (010)g3cs. facet (so-called
asymmetric twin GB). The angle between (100)y3¢s;. and
(010)g3csy. facets is 90°. The presence of such facets is well
documented for Al, Au, AuCus, and Ge [11-14]. The typi-
cal rectangular twin plates with (100)g3csp. and (010)s3cs1
facets can be seen, for example, in Au thin films [12]. How-
ever, the twin plates in Cu and Ag are not rectangular. The
end facet forms an angle of 82° with the {111},/{111}, or
(100)s3¢5;, facets [15, 16]. TEM studies revealed that this
82° facet has a so-called 9R structure forming a plate of
bee grain boundary phase in the fee matrix [17-20]. Such
(100)g3c51. and 82° 9R facets in the X3 twin plate are clearly

Fig. 5. Section of the £3 CSL perpendicular to the {110} tilt axis with
the CSL unit cell and positions of various CSL and non-CSL facets.
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Fig. 6. Wulff—Herring plots for (a) the exact and (b) the deviated £3
grain boundaries at 873 K.

seen also in our samples in Fig 4a. Moreover, the analysis
of the literature shows that the 82° 9R facet appears in Cu
only at high temperatures. At low temperatures the “nor-
mal™ 90° (010)x3cs;. facets are present in Cu [20]. The 82°
9R facet appears instead of the 90° (010)y3¢5;. facet. In our
samples the 82° 9R facet is present in the samples with ex-
act 3 grain boundary. The 90° (010)x3¢5;. facet was absent
in both types of samples in our studies. The stability of the
9R facet may be connected with a very high stacking fault
energy in Al It is significant that the grain boundary shape
was stable at very high temperature (close to the melting
temperature) during long annealing time in both types of
samples. It is supposed that this shape is an equilibrium
shape for both types of samples.

The facet 56° with the { 100} |” |22]2 [()r (1 IO)Z](‘SLI
was observed for the exact £3 boundary and was not de-
tected for the deviated grain boundary. This facet remains
stable in the exact £3 grain boundary even after long an-
nealing time. With increasing Af/ the formation of rounded
rough GB portions was observed. It can be supposed that
with increasing of Afl the length ratio of faceted and
rounded rough GB portions decreases.

In Fig. 7 the phase diagram for £3 facets is shown ac-
cording to the approach proposed in [21, 22] for the equilib-
rium crystal shape. Instead of temperature the deviation
from coincidence misorientation Aé is plotted as ordinate.
Open rings correspond to the facets. Filled squares corre-
spond to the rough GB portions. The stability field of the
(100)x3csr. facet exists both at exact coincidence and Al =
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Fig. 7. Phase diagram for X3 facets in Al according to the approach
[21, 22] for the equilibrium crystal shape in coordinates “deviation
from coincidence misorientation A#” — “inclination ¢". Open rings cor-
respond to the facets. Filled squares correspond to the rough GB por-
tions.

3°. However, the stability field of the (100)y3¢s;. facet be-
comes narrower with increasing A =3° The stability
fields for (110)s3¢s. and 9R facets are restricted and exist
only at low A and do not extend to Af) = 3°. They transform
into rounded rough GB portions. Therefore, starting from
certain A0, the equilibrium shape of the £3 GB in Al be-
comes similar to that in Mo (metal with body-centred cubic
lattice) [23].

5. Conclusions

1. The exact £3 <110> tilt GB and the GB deviating by 3°
from exact £3 become faceted upon annealing at 0.94
Tmo

2. The exact £3 <110> tilt GB is completely faceted. The
(100)g3csr, (110)s3¢s1 facets, and the non-CSL 82° 9R
facet are observed. These facets form sharp edges.

3. The 3°-deviated GB is partly faceted, partly rough. Only
(100)y3¢5,. facets forming smooth edges with rough GB
portions are observed.

4. Wulff-Herring plots were constructed on the basis of
GB energy measurements for the various facets for both
exact and deviated GBs.

5. For the exact £3 GB of the (100)3¢g. (110)g3¢s. and
the non-CSL 9R facets are stable. Upon increasing Af,
the (110)y3cg. and the non-CSL 9R facets disappear
from the equilibrium shape of £3 GB. Le., the roughen-
ing temperature for the (110)g3cs;. and 9R facets is
higher than 7}, for exact £3 GB and lower than T, for
the deviated GB.
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