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Roughening and strain-field evolution at a grain boundary in α-Al2O3
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Using a combination of high-resolution transmission electron microscopy (HRTEM), geometric phase analysis
of HRTEM images, and scanning TEM, we study the structural transition and strain-field evolution at the grain
boundary in an α-Al2O3 bicrystal with a misorientation relationship of [0 0 0 1]/30◦. The specimens are annealed
at 300, 500, and 700 °C in the TEM. The grain boundaries in the specimens before annealing and annealed
at 300 °C are observed to be faceted, but the grain boundaries in those annealed at 500 and 700 °C become
defaceted, exhibiting meandering morphology. Interestingly, for the as-received specimen and that annealed at
300 °C, there occurs a periodic strain fluctuation along the grain boundary. However, such a periodic fluctuation
along the grain boundary is not observed in the specimens annealed at 500 and 700 °C. These results suggest
an unexplored possibility that the roughening transition of a grain boundary is enhanced by strain relaxation
occurring at the grain boundary.
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I. INTRODUCTION

Grain boundaries (GB) control many important properties
(e.g., mechanical, electrical, and nuclear) of crystalline mate-
rials and thus a detailed characterization of the GB structure
at the atomic level is crucial for thermomechanical processing
to produce desirable materials properties. Thermomechan-
ical processing techniques involve thermally activated GB
migration.

As is well evidenced, crystalline surfaces undergo thermal
roughening transitions [1–5] for simple thermodynamic rea-
sons: Above a critical temperature, the free energy required to
form a step on a crystalline terrace surface (step free energy)
goes to zero. The thermal roughening transition corresponds
to the disappearance of cusps in the polar plot of the surface
free energy with respect to the surface-normal direction [6],
which is accompanied by faceting–defaceting transitions at
orientations near the cusp ones [6,7]. Even below the thermal
roughening transition temperatures, crystalline surfaces can
be roughened with increasing driving force for migration
because steps on the surface lose their identity with increasing
driving force for migration, the step free energy becoming
zero [8–12]. This is defined as kinetic roughening.

Likewise, such transitions hold for grain boundaries. The
GB thermal roughening transition of a cusp GB plane ori-
entation is accompanied by defaceting transitions of orienta-
tions near the cusp one [13,14]. The GB faceting–defaceting
transition occurs with temperature increasing or with the
introduction/removal of impurities [14–25].

Kinetic roughening of GBs is revealed by transmission
electron microscopy (TEM) studies using bicrystals of SrTiO3

[26], ZnO [27], and GaN [28,29], where the GB was driven
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to migrate by the difference in surface energy between two
grains meeting at the GB and its magnitude was controlled
by the specimen thickness. The GBs underwent a shape
change from atomically stepped to undulating with increasing
the driving force for migration even well below the thermal
roughening transition temperatures, exhibiting a sign of ki-
netic roughening. It is accepted that flat and singular GBs cor-
responding to cusp orientations migrate by a step mechanism
and rough ones advance by a continuous mechanism [26–
29]. As such, the GB structure and migration mechanism is
affected by the GB roughening transition, and thus knowledge
of the GB roughening transition at the atomic level is of great
importance.

The aforementioned results show that GB roughening tran-
sitions are a function of temperature [13,14,19,21,22], solute
[15–19,23,24], and driving force for migration [26–29]. How-
ever, GBs necessarily contain strain originating from misfit
localization and distortion of the lattice at and near to the
GBs. Actually, Merkle and his colleagues [30,31] identified
such structural modulations by contrast effects shown in high-
resolution TEM (HRTEM) images of twist and general GBs in
Au. However, the correlation between strain stored at GBs and
the roughening transition has been out of research interests.

In the present paper we suggest that, besides the above
effects, the GB roughening transition can be induced by
elastic strain developing at GBs. In this study we have used
an α-Al2O3 bicrystalline GB composed of [1 −1 0 0]- and
[1 −2 1 0]-oriented grains and annealed it in a TEM at 300,
500, and 700 °C. The initial GB and that annealed at 300 °C
reveal faceted structure, and intriguingly, a cycle of tensile-
compressive strains appears at the GB. However, at the higher
temperatures of 500 and 700 °C, the GB is roughened and
no periodic strain fluctuation appears. Our study demonstrates
that the GB roughening is partly attributed to the phenomenon
of the strain effect.
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FIG. 1. (a) Schematic diagram of the bicrystal projected along the [0 0 0 1] direction. If the upper grain is rotated about [0 0 0 1] by 30◦,
the lower one is obtained. The GB is bounded by (1 0 −1 0) and (−1 −1 2 0) (highlighted in bold). (b) Crystallographic directions of FIB
specimens extracted from the GB area in the α-Al2O3 bicrystal. (c) HRTEM image showing the as-received state of a GB bounded by (−1 −1
2 0) and (1 0 −1 0) planes of two grains with surface normal directions of [1 −1 0 0] and [1 −2 1 0], respectively. (d) HAADF-STEM image of
the GB with an overlay of a structure model (blue for aluminum and red for oxygen). The image was filtered for noise reduction. (e) Strain maps
of εxx corresponding to the HRTEM image shown in (c) with respect to the upper and lower grains (left and right panels, respectively). The
x and y directions are chosen to be parallel and normal to the GB, respectively. The color bar indicates the full strain range from −0.5 to 0.6.
(f) The strain fields of εxx with respect to the upper and lower grains are also represented along the GB [indicated by white arrows in (e)] as
line profiles.
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FIG. 2. Determination of atom positions in the HRSTEM image
of Fig. 1(d) determined by two-dimensional quadratic fitting func-
tions. (a) Selection of atom positions along the GB. (b) Selection of
atom positions far from the GB in the lower grain side. (c) Selection
of atom positions far from the GB in the upper grain side.

II. EXPERIMENTAL

An α-Al2O3 (trigonal; space group: R3̄c) bicrystal
(Shinkosha Co., Ltd., Japan) was used for the experiment.

The bicrystalline GB had a misorientation relationship of
[0 0 0 1]/30° with a tilt characteristic with an asymmetric
GB plane [bounded by (1 0 −1 0) and (−1 −1 2 0) planes]
[Fig. 1(a)]. TEM specimens were prepared by focused ion-
beam (FIB) lift-out technique from the bicrystal surface with
the surface-normal directions of [0 0 0 1] [Fig. 1(a)] with
the GB passing through the center of the specimens. The
cross-section lamellae specimens for HRTEM were prepared
on a FIB workstation (FEI Nova 200 Nanolab dual-beam
FIB). The specimens were thus composed of two grains with
different surface-normal directions of [1 −2 1 0] [upper
grain, Fig. 1(b)] and [1 −1 0 0] [lower grain, Fig. 1(b)].
The prepared specimens were heated with the electron beam
off to 300 and 500 °C at a heating rate of 20 °C/min in a
high-voltage TEM (HVTEM) operating at 1250 keV (0.12-nm
point-to-point resolution) (JEOL JEM-ARM1300S), which is
equipped with a side-entry heating stage. The base pressure
in the specimen chamber of the HVTEM was ∼2 × 10−6 Pa.
Annealings were done at 300 °C for 5 h, at 500 °C for 2 h, and
at 700 °C for 30 min with the beam still off. All observations
were made after cooling to room temperature to avoid the
possible knock-on damage during in situ observations at the
high temperatures. According to Pells and Phillips [32,33],
the displacement energies of Al and O atoms in α-Al2O3 are
18 and 75 eV, respectively. These values correspond to the
threshold energies for displacement [34] of 187 keV for Al
and 395 keV for O, which are lower than the incident energy
of 1250 keV. Thus, knock-on damage by high-energy elec-
trons is not negligible with increasing temperature [33,34].
Actually, α-Al2O3 tends to dissociate at elevated temperatures
under electron-beam illumination at 1250 keV [35]. This is
the reason why we chose ex situ observations. The thickness
of the specimens was measured by electron-energy-loss spec-
troscopy log-ratio method [36] in the HVTEM.

Quantitative measurements of local strain components at
the GB were carried out by geometric phase analysis (GPA)
[37]. The method is based upon selecting a particular set
of strong noncollinear reflections in the Fourier transform
of an HRTEM lattice image (for two-dimensional displace-
ment/strain fields) and performing an inverse Fourier trans-
form. Comparing it with the reference image obtained at
a perfect crystalline region extracts a two-dimensional dis-
placement vector field, whose derivative then produces lo-
cal strain components. The reference area is independently
defined within each grain of the bicrystal specimen. In the
present study the spatial resolution of the analysis was 1 nm
with a measurement precision of ∼0.1%. To remove strain
artifact induced by projection lens distortions in the mi-
croscope, the GPA processes were calibrated by reference
mapping of local displacement field variation in the HRTEM
image of an unstrained, perfect crystalline Au standard
sample [38].

Atomic-resolution high-angle annular dark-field–scanning
TEM (HAADF-STEM) images were acquired by a spherical
aberration (Cs)-corrected (probe corrector) TEM instrument
with a cold-field emission gun operated at 200-keV accel-
eration voltage (ARM-200CF, JEOL), which is installed at
the National Center for Inter-University Research Facilities
at Seoul National University. The STEM images were ob-
tained under probe convergence semiangle of ∼25 mrad,
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TABLE I. Spacing values obtained from Fig. 2(a).

Point-point 1–2 2–3 3–4 4–5 5–6 6–7 7–8

Spacing (nm) 0.6201 0.5913 0.6516 0.6059 0.6357 0.6069 0.6251

acceptance semiangle between 90 and 370 mrad, and 23-pA
probe current.

III. RESULTS

In the as-received state, the GB is atomically flat, as shown
in Fig. 1(c). A high-resolution STEM (HRSTEM) image
[Fig. 1(d)] shows that the Al(0 0 0 1) plane and the O(0 0 0 1)
plane of the one grain are matched to the O(0 0 0 1) plane and
the Al(0 0 0 1) plane of the other grain, respectively, across
the GB. Figure 1(e) maps in-plane strain fields (εxx ) near and
at the GB with respect to the upper and lower grains (left and
right panels, respectively). Interestingly, there exists along the
GB a strain fluctuation with a periodicity of ∼1.3 nm [also
see a line profile of Fig. 1(f)], although there is a coherence in
the common [0 0 0 1] direction (designated as x) [Fig. 1(b)].
For the maps with respect to the upper grain (left panel),
the region below the GB (indicated by a dashed line) is not
relevant, because it has no phase relation with the upper grain
and just shows featureless noise. For the maps with respect to
the lower grain, conversely, the region below the GB will not
be relevant, because it has no phase relation with the upper
grain.

The periodic fluctuation in εxx shown by GPA [Figs. 1(e)
and 1(f)] is confirmed by analysis results of atom positions
in the HRSTEM image of Fig. 1(d) determined by two-
dimensional quadratic fitting functions [39,40] [Figs. 2(a)–
2(c); Tables I–III; see Supplemental Material [40] for details
of its method]. After determining atom positions in Fig. 1(d),
then we measured the spacing between atom positions aligned
along the GB, as shown in Fig. 2(a). The spacing between
peaks 1–3 (equivalently, 2–4, 3–5, etc.) corresponds to the
interplanar spacing of (0 0 0 1). Very interestingly, the in-
teratomic spacing (1–2, 2–3, 3–4, etc.) is not equidistant, but
alternately enlarging and shortening at ∼30-pm level along
the GB [Fig. 2(a), Table I]. On the other hand, the spacing
between atoms far from the GB remains nearly equidistant
[Fig. 2(b), Table II; Fig. 2(c), Table III]. The spacing values
have a very high accuracy with an error of ∼10-pm level.
These results indicate that there occurs a strain fluctuation
along the GB with a periodicity of the interplanar spacing of
(0 0 0 1), which is in agreement with the GPA result [Figs. 1(e)
and 1(f)].

As for the initial state [Fig. 1(c)], after annealing at 300 °C
the GB is observed to be atomically flat, intermittently sep-
arated by atomic-scale facets, as shown in Fig. 3(a). Also
for the GB annealed at 300 °C, the strain fields of εxx with

respect to the upper and lower grains (left and right panels,
respectively) fluctuate along the GB with the same periodicity
as for the initial state [Figs. 3(b) and 3(c)].

At higher temperatures at 500 and 700 °C, the GB becomes
rough with wavy morphology [Figs. 4(a), 4(b), and 5(a)].
After annealing at 500 °C, the GB became roughened with
wavy morphology [Fig. 4(a)]. As shown in Fig. 4(a), moiré
patterns are formed due to overlapping of the two grains
meeting at the GB, leaving behind a trace of the original GB
position, as indicated by a dashed line. At a different GB
region, the GB is observed to become fully curved [Fig. 4(b)].
In the GB annealed at 700 °C, the GB is also observed to be
rough, as shown in Fig. 5(a). At 700 °C, facet structures seem
to remain. This is probably due to the short annealing time
at the temperature. Regrettably, longer annealing times at the
temperature tend to make the specimen warped. If annealed
further, the GB would be expected to be completely wavy
and rough, as observed at 500 °C. As shown in Figs. 4(c),
4(d), 5(b), and 5(c), the GB after annealing at 500 and 700 °C
does not exhibit any periodicity of strain fluctuation along the
common [0 0 0 1] direction [indicated by white arrows in
Figs. 4(c) and 5(b)]. Of course there is a strain field along the
wavy GB observed, but, as noted before, it does not show any
periodicity along the [0 0 0 1] direction. We have noted the
disappearance of the periodicity at the higher temperatures,
which is a major point of the present study.

IV. DISCUSSION

There is a coherence in the common [0 0 0 1] direction
(designated as x) [Fig. 1(b)]. However, in the z direction
(parallel to [1 −2 1 0] for the upper grain and, equivalently,
to [1 −1 0 0] for the lower grain), the GB is fully incoherent.
Therefore, the elastic coherency strain along the z direction
is neglected. We consider the common [0 0 0 1] direc-
tion for the possible elastic coherency strain. Theoretically
there is no lattice misfit between the two lattices along the
[0 0 0 1] direction, but interestingly there is a kind of co-
herency strain occurring at the GB. This is the main obser-
vation of the present study.

Presently, it is not straightforward why the tensile and
compressive strains alternate in the periodicity of the inter-
planar spacing of (0 0 0 1) in the common [0 0 0 1] direction
[Figs. 1(e), 1(f), 2(a), 3(b), and 3(c)]. However, the atomic
structure models overlaid on the HRSTEM image [Fig. 1(d)]
would be helpful. If we extend the structure models in both
grains to meet each other at the GB (Fig. 6), a structural unit

TABLE II. Spacing values obtained from Fig. 2(b).

Point–point 1–2 2–3 3–4 4–5 5–6 6–7 7–8 8–9 9–10 10–11
Spacing (nm) 0.4018 0.4161 0.4016 0.4120 0.4116 0.4157 0.4112 0.4012 0.4044 0.4219
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TABLE III. Spacing values obtained from Fig. 2(c).

Point-point 1–2 2–3 3–4 4–5 5–6 6–7 7–8
Spacing (nm) 0.6081 0.6163 0.6206 0.6215 0.6157 0.6134 0.6187

with the same atomic environment (indicated by blue circles)
repeats itself along the GB at an interval of the interplanar
spacing of (0 0 0 1) (∼1.3 nm). We relate the periodicity to
the origin of periodic strain fluctuation shown in Figs. 1(e),
1(f), 2(a), 3(b), and 3(c). It is deduced that the periodic strain
contrast is due to the localized structure with the same atomic
environment which appears along the GB. The periodic strain
fluctuation at the GB is taken to be a sign of coherency
strain. Although there were reports [30,31] that periodic misfit
localizations are observed in atomically faceted GBs, those
associated with local strain along flat coherent GBs were not
been identified.

The wavy morphology of the GB occurs by the increase
in temperature from 300 to 500 °C and thus it appears that
the morphological change is thermally activated, i.e., induced
by thermal roughening transition. In addition to the thermal
effect, the disappearance of periodicity in the fluctuation in
εxx at the higher temperatures [Figs. 4(c), 4(d), 5(b), and 5(c)]
certainly indicates that the observed roughening is partly due
to the strain effect. Our experimental results suggest that the
thermal roughening transition temperature critically depends
on strains developed at a GB, which awaits further study.

Since the surface-normal directions of the two grains
meeting at the GB are different, the surface-energy

FIG. 3. (a) HRTEM image of the GB annealed at 300 °C. (b) Corresponding strain maps of εxx with respect to the upper and lower grains
(left and right panels, respectively). (c) Line profiles of εxx along the GB.
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FIG. 4. (a), (b) HRTEM images of the GB annealed at 500 °C for 2 h. (c) Strain maps of εxx corresponding to (b) with respect to the upper
and lower grains (left and right panels, respectively). (d) Line profiles of εxx near the GB. (In this case, the GB is wavy) and, for convenience’s
sake, we obtain profiles from straight lines near the GB [indicated by arrows shown in (c)] parallel to the (−1 −1 2 0) plane for the lower grain
and the (1 0 −1 0) plane for the upper grain.

difference may provide a driving force for migration. Mack-
rodt et al. [41] calculated by the shell model the energies
and relaxed structures of low-index surfaces in α-Al2O3. As
a result, it was estimated that the surface energy of the relaxed

(1 0 −1 0) surface (2.23 J m–2) is lower than that of the
relaxed (1 1 −2 0) surface (2.5 J m–2). Manassidis and Gillan
[40] also predicted a similar tendency by using the density-
functional theory [1.4 J m−2 for (1 0 −1 0); 1.86 J m−2 for
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FIG. 5. (a) HRTEM image of the GB annealed at 700 °C. (b) Corresponding strain maps of εxx with respect to the upper and lower grains
(left and right panels, respectively). (c) Line profiles of εxx near the GB.

(1 1 −2 0)]. However, somewhat contradictory to these
results [41,42], Sun et al. [43] calculated by the periodic
Hatree−Fock model that the surface energy of {1 0 −1 0}
is even slightly larger than that of {1 1 −2 0} (2.44 vs
2.39 J m−2).

Regardless of which grain has the lower surface energy,
however, our experimental results obtained after annealing at
500 and 700 °C [Figs. 4(a), 4(b), and 5(a)] certainly appears to
suggest that that there is no surface-energy anisotropy acting
for GB migration in the present study. The moiré patterns
marking a trace of the original GB position [Fig. 4(a)] indicate
that the GB, initially flat, migrates to either grain, showing a
zigzagged shape. That is, Fig. 4(a) clearly shows that the GB
migrates not in one direction, but to either grain side from
its original position. If the GB migration was caused by the
surface-energy anisotropy, the GB would migrate in one di-
rection according to the surface-energy anisotropy, in contrast
to the observation. It is thus presumed that the surface-energy

anisotropy may disappear due to the entropy associated with
the respective surfaces at the high temperatures used in the
present study. Although the present observations could not
capture the GB migration in situ, the moiré patterns observed
at 500 °C [Fig. 4(a)] fully clarify that the GB migration in the
present study is not driven by the surface-energy anisotropy.

As noted above, the surface-energy anisotropy does not
seem to act as a driving force for migration. Moreover, the
zigzagged GB migration [Fig. 4(a)] even indicates that no def-
inite driving force for GB migration exists. If the roughening
transition (Figs. 4 and 5) was caused by kinetic roughening,
the kinetically roughened GB would migrate in one direction
according to the surface-energy anisotropy, which is in con-
trast to the observation. Thus we can discard the possibility of
kinetic roughening as a reason for the morphological change.

The fact that the roughening at 500 and 700 °C [Figs. 4(a),
4(b), and 5(a)] is accompanied by the disappearance of pe-
riodicity in the fluctuation in εxx [Figs. 4(c), 4(d), 5(b), and
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FIG. 6. Extension the atomic structure models overlaid on the
HRSTEM image [Fig. 1(d)] in both grains to meet each other at the
GB.

5(c)] seems to certainly indicate that the thermal roughening
transition is enhanced by a decrease in the strain energy
stored at the GB. These results strongly demonstrate that the
coherency strain at the GB begins to disappear at the high
temperatures. For a crystalline surface, according to Asaro and
Tiller [44] and Grinfeld [45], the elastic strain energy stored
at a flat surface is released by making it rough with wavy
morphology, which balances the increase in surface energy.
It was observed that misfit strain can cause the film surface to
be roughened without any introduction of dislocations, e.g.,
for Ge grown on Si(100) [46] and for SixGe1−x film grown
on Si(100) [47]. We suggest that such an instability condition
[44–47] holds for our GB case. As for the film surfaces, elastic
strain may provide the driving force for GB roughening: The
roughening transition proceeds at the expense of the strain
energy stored at the GB while there is a gain in GB energy
by increasing the GB area.

V. CONCLUDING REMARKS

To sum up, we could observe that the roughening transition
of an α-Al2O3 bicrystalline GB occurs in conjunction with
a disappearance of periodicity in the strain fluctuation along
the GB. The observed transition occurs by a combination
of thermal and strain effects. This work suggests that the
thermal roughening of the GB can be enhanced by strain
relaxation at the GB. It certainly appears that it is noth-
ing to do with kinetic roughening. This is because the GB
does not migrate in one direction according to the driving
force for migration but fluctuates to either grain side from
the original position at the high temperatures, exhibiting
meandering morphology. The results of this study suggest
that GB roughening can be induced by the strain relaxation
occurring at the GB, as verified for the surfaces [46,47]. This
study provides insights into understanding of the GB structure
and its transition by revealing the strain effect on the GB
roughening transition. Calculation work is in progress for
the simulation of the periodic strain fluctuation. Furthermore,
our study awaits development of atomistic modeling and
simulation of the strain energy distribution at GBs for more
detailed information on the strain effect on the GB roughening
transition, which, we hope, will lead to the development
of more comprehensive models of the roughening transition
of GBs.
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