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Grain boundary motion and grain rotation in aluminum
bicrystals: recent experiments and simulations
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52056 Aachen, Germany
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Abstract. The results of experimental and computational efforts over recent years to study the
motion of geometrically different grain boundaries and grain rotation under various driving
forces are briefly reviewed. Novel in-situ measuring techniques based on orientation contrast
imaging and applied simulation techniques are described. The experimental results obtained on
specially grown aluminum bicrystals are presented and discussed. Particularly, the faceting and
migration behavior of low angle grain boundaries under the curvature force is addressed. In
contrast to the pure tilt boundaries, which remained flat/faceted and immobile during annealing
at elevated temperatures, mixed tilt-twist boundaries readily assumed a curved shape and
steadily moved under the capillary force. Computational analysis revealed that this behavior is
due to the inclinational anisotropy of grain boundary energy, which in turn depends on
boundary geometry. The shape evolution and shrinkage kinetics of cylindrical grains with
different tilt and mixed boundaries were studied by molecular dynamics simulations. The
mobility of low angle <100> boundaries with misorientation angles higher than 10°, obtained
by both the experiments and simulations, was found not to differ from that of the high angle
boundaries, but decreases essentially with further decrease of misorientation. The shape
evolution of the embedded grains in simulations was found to relate directly to results of the
energy computations. Further simulation results revealed that the shrinkage of grains with pure
tilt boundaries is accompanied by grain rotation. In contrast, grains with the tilt-twist
boundaries composed of dislocations with the mixed edge-screw character do not rotate during
their shrinkage. Stress driven boundary migration in aluminium bicrystals was observed to be
coupled to a tangential translation of the grains. The activation enthalpy of high angle
boundary migration was found to vary non-monotonically with misorientation angle, whereas
for low angle boundaries the migration activation enthalpy was virtually the same. The motion
of the mixed tilt-twist boundaries under stress was observed to be accompanied by both the
translation of adjacent grains parallel to the boundary plane and their rotation around the
boundary plane normal.

1. Introduction

The grain microstructure of crystalline solids decisively determines their physical and mechanical
properties. Grain boundaries, i.e. interfaces between crystallites of the same phase with different
crystallographic orientations, have the unique property to react to applied forces by their displacement.
Grain boundary migration, by which the crystalline solid is reconstructed atom by atom, as well as
grain rotation are essential parts of grain microstructure evolution in polycrystals during plastic
deformation and in the course of recrystallization and grain growth during annealing at elevated
temperatures.
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It is commonly accepted that grains rotate towards a low energy grain boundary configuration
associated with the low X CSL orientation relationships [1-3]. This was confirmed by atomistic
computer simulations by several groups [4-6]. According to the theoretical model by Cahn and Taylor
[7], grain rotation can be induced by grain boundary motion due to the coupling between boundary
motion and tangential translation of the adjacent grains, which is proportional to the normal boundary
displacement. Since Cahn and Taylor have proposed their approach to describe grain boundary
motion, grain translation and grain rotation [7], significant progress was achieved with respect to the
theoretical analysis of the shear-migration coupling [8-15]. Also, a substantial body of experimental
evidence of this phenomenon was obtained for planar boundaries [16-23]. Further, it has been experi-
mentally shown that stress driven boundary migration can be accompanied by grain rotation [24].

The motion of grain boundaries is controlled by their mobility m and the applied driving force p.
As was predicted theoretically [25,26] and shown by numerous experiments [16,27-31], the rate of
boundary migration v is proportional to the acting driving force

v=mp (1)

The grain boundary mobility can be extracted from the temporal change of the grain size during
annealing, since polycrystals are always liable to grain growth owing to a driving force arising from
the curvature of the grain boundaries. The large part of the grain boundary mobility data was derived
just from such kind of experiments. However, measurements of boundary mobility based on the
change of the mean grain size with time in polycrystals give only a mean value, averaged over many
different types of grain boundaries. Specific data on grain boundary mobility can only be obtained
from the behavior of individual boundaries with well-defined geometry. This can be accomplished in
experiments on specially grown bicrystal.

It is well established that both grain boundary energy and mobility to a great extent depend on
grain boundary character, which is commonly reduced to misorientation between neighboring grains
and inclination of the boundary plane [32]. A dependence of grain boundary energy on inclination can
result in the formation of low energy grain boundary facets [33-40], which in turn can substantially
affect grain boundary motion [41-45] and, therefore, be crucial for processes of microstructural
evolution in polycrystals [46-50].

It is widely accepted that grain boundary faceting relates to high angle boundaries with mis-
orientations close to low £ CSL orientation relationships [33-36]. It has been, however, experimentally
proved that the same behavior also applies to low angle tilt grain boundaries with low index rotation
axis [51-54]. In experiments on aluminum bicrystals with <100> and <111> tilt grain boundaries with
misorientation angles 6 in the transition range from low to high angles it was found that, in contrast to
expectations for the used bicrystal geometry (Fig. 1), only boundaries with misorientation angles
larger than 15° could assume a curved shape and steadily move under a capillary driving force. Low
angle boundaries (0 < 15°) did not assume a continuously curved shape [55] and, correspondingly, did
not move under a capillary driving force [51-54]. In the entire investigated temperature range they
remained flat or formed facets which met the initial boundary at a sharp edge (e.g. Fig. 5 in Ref. [52]).
The observed faceting behavior of tilt grain boundaries and its change with increasing misorientation
was attributed to the dependence of grain boundary energy on inclination [51,52].

It is important to note, however, that a geometrically pure tilt grain boundary with a low index
rotation axis is a specific model case. Actually, most previous experimental and modeling studies of
grain boundary dynamics were performed on tilt boundaries [32], since they are easier to fabricate in
both experiment and simulations. In a real polycrystal most boundaries are not pure tilt or pure twist
but rather of general type. Their structure is more complex than that of pure tilt boundaries, which are
composed of edge dislocations. Therefore, the migration and faceting behavior of random grain
boundaries can be expected to differ substantially from that of pure tilt boundaries. Also, the
dynamic/rotation behavior of grains with random boundaries can be very different from that of grains
with pure tilt boundaries. In the current paper the results of experimental and computational efforts
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over recent years to study the motion of geometrically different grain boundaries and grain rotation
under various driving forces are briefly reviewed.

2. Applied driving forces and measuring techniques

The experiments were conducted on specimens (Fig. 1) fabricated by electro-discharge machining
from high purity Al bicrystals (99.9995%) grown by the vertical Bridgman technique. Details of the
crystal growth, bicrystal characterization and sample preparation are given elsewhere [16-18,51,52].

2.1. Boundary migration under a curvature driving force

The well approved experimental technique [51-63] for measuring grain boundary migration under a
constant curvature driving force p. provided by the boundary energy y, p. = y/a (Fig. 1) was
applied. Grain boundaries with various rotation angles around a <100> axis and different orientations
of this axis with respect to the boundary plane and sheet normal were examined. The investigated
mixed tilt-twist grain boundaries were composed of a rotation angle 8 around a common [001] axis
and grain boundary plane rotated by an angle & = 20° with respect to the tilt boundary plane (Fig. 1a).
The angle &, therefore, specifies a twist component of a mixed grain boundary. In particular, <100>
mixed boundaries with misorientations 4.9°, 9.1°, 12.3° and 20.9° were investigated. For comparison
the behavior of a 9.1° [001] pure tilt boundary, i.e. with § = 0°, was also examined. In two further
investigated bicrystals with 7.0° and 11.4° [100] boundaries a common rotation axis of the adjacent
grains was parallel to the bicrystal surface as shown in Fig. 1b. The initial inclination of a 7.0° [100]
boundary was parallel to the growth (x -) axis of the bicrystal, i.e. this boundary had tilt geometry. The
plane of the 11.4° [100] boundary was initially inclined from the pure tilt position by about 6° (rotated
around z-axis), i.e. it was of a mixed geometry with a twist component & = 6°.
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Figure 1 Bicrystal geometries for measuring the grain boundary migration. (a) Bicrystal with a 6
<100> tilt-twist grain boundary (§ is a twist component); (b) bicrystal with a 8 <100> tilt boundary
with a rotation axis parallel to the specimen surface [54].

The measurements of grain boundary shape and motion in the temperature range between 390°C
and 640°C were performed by an in-situ technique in a SEM equipped with a specially designed
heating stage [64]. The grain boundary shape and location were determined utilizing the orientation
contrast revealed by a secondary electron detector (Fig. 5). The measuring procedure is described in
Refs. [51,52].

2.2. Stress-induced grain boundary migration
Grain boundaries can also be driven by an applied mechanical stress. For a tilt grain boundary with
misorientation angle 6 subjected to shear stress T the migration driving force pg can be expressed as
[65]

ps = 2Tcos@ - tan(p/2) 2)
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where /2 is the angle between the grain boundary normal and the effective Burgers vector b per unit
boundary length as determined from the Frank-Bilby equation [8,9]. For example, for <100> tilt
boundaries ¢ = 6 for the <100> mode of migration-shear coupling and ¢ = 6 — 90° for the <110>
coupling mode [8,9]. For low angle <100> tilt boundaries, for which ¢ is small or close to 90° Eq. (2)
can be approximated by [16]

ps ~ TSing (3)

The recent measurements of stress induced grain boundary migration [19-21,24,66,67] were
performed by in-situ observations and recording of grain boundary migration using a hot deformation
stage integrated in a SEM [19,66].

For an application of a shear stress to the grain boundaries two sets of grips were designed and fab-
ricated (Fig. 2). Each pair of the grips is applicable to specimens with a particular geometry. Grain
boundary behaviour under an applied stress can be observed and measured in-situ utilizing the
orientation contrast on the specimen surface revealed by a secondary electron detector (Fig. 3). An
analysis of the recorded orientation image sequences with a special software reveals the normal
boundary displacement d and the lateral grain translation s.

N\

I

grain boundary

grain boundary

Figure 2 Bicrystal geometry and corresponding grips for the application of a shear stress to the grain
boundary [19].

19.05.2008 15:33:15 60 ym —

Figure 3 Motion of a 76.4°<100> tilt grain boundary in an Al bicrystal under an applied tensile stress
of 0.26 MPa during annealing at 380°C.
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3. Applied modeling techniques

In order to determine the grain boundary energy of both the <100> tilt and mixed grain boundaries the
computation procedure proposed by Lee and Choi [68] was applied. The method does not require
periodic boundary conditions, typically assigned to the simulation sample in the two directions parallel
to the boundary and, thus, can be utilized for computing grain boundary energy for any misorientation
and inclination angles. The second nearest-neighbor modified embedded atom method (2NN MEAM)
potential for Al developed by Lee et al. [68-71] was utilized to describe the interaction between atoms.
The energy of the created bicrystal sample was subsequently minimized by application of 0K
molecular statics. The grain boundary energy was determined as the difference between the computed
potential energies of the bicrystal and the original single crystal sphere [54].

(@ (b)

Figure 4 Cross-sections of the simulation box with the embedded cylindrical grain with the 5.5°<100>
(a) tilt and (b) mixed tilt-twist boundary. The grain and the matrix are rotated by + 6/2 (here
00=5.45°) around the common [100] axis, which (a) for grain with the pure tilt boundary is aligned
parallel to the z axis and for grain with the mixed boundary is tilted by an angle & =~ 20° around the x
axis.

In order to analyze the effect of the inclinational anisotropy of grain boundary energy on the grain
shape evolution and grain growth kinetics molecular dynamics (MD) simulations were employed. The
large-scale atomic/molecular massively parallel simulator (LAMMPS) code [72] was utilized. The
atomic interactions were described by the same 2NN MEAM potential as employed in the molecular
statics (MS) simulations. The configuration used in these MD simulations was composed of a
cylindrical grain embedded in a differently oriented crystalline matrix. The capillary driven shrinkage
of such a grain misoriented with respect to the matrix by different angles 8 around a common <100>
axis was studied. Four pairs of grains with pure tilt and mixed tilt-twist boundaries (Fig. 4) with the
misorientation angles 6y= 5.45°, 10.38°, 16.26°, and 22.61° were examined. The grains with tilt
boundaries were misoriented around the [100] axis aligned parallel to the z axis of the simulation box
(Fig. 4a). The boundaries of these grains retain their pure tilt character over the entire circle/length.
For computing the grains with the mixed boundaries the common [100] rotation axis was additionally
rotated counterclockwise by an angle of about & = 20° (¢ = acos([100]-¢/||c||)) around the
crystallographic direction parallel to the x axis of the simulation box. At the inclination ¥ = 0°,
therefore, these boundaries had a tilt-twist character with a 20° twist component. With increasing
inclination ¥ the twist component & decreases down to zero at i = 90° (Fig. 4b). All simulations were
performed at 400°C. Grain rotation during shrinkage was not prohibited to allow the natural
development of the system. The change of the grain volume with time was tracked by using an
orientation dependent order parameter for the atoms, as defined in [73].
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4. Faceting and migration behavior of low angle boundaries of different character

The experiments revealed that all investigated mixed <100> tilt-twist grain boundaries readily
assumed a continuously curved shape (Fig. 5) and while migrating retained their shape self-similar in
the entire investigated temperature range. All boundaries moved steadily at constant temperature (Fig.
6a), such that the velocity v for each temperature could be calculated. From the obtained boundary
velocity the reduced mobility A was determined as

A=v-a=Ajexp(—H/kT) = my 4

where a is the width of the shrinking grain (Fig. 1), H is the activation energy and A, the pre-
exponential factor. The temperature dependence of the reduced mobility for all investigated mixed
boundaries is shown in Fig. 6b.

(b)

Figure 5 Images of the moving mixed tilt-twist grain boundaries during annealing at elevated
temperatures. (a) 4.9°<100> (twist component & =~ 20°) (Fig. 1a); (b) 11.4°<100> boundary, which in
the original straight configuration (Fig. 1b) had a twist component of & = 6°.
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Figure 6 (a) Displacement vs. time at various temperatures for migration of a 4.9°<100> mixed
boundary; (b) Reduced mobility, i.e. boundary velocity v, normalized by the reciprocal width of the
shrinking grain, a~! (see Eq. (4)), vs. temperature for the migration of the investigated <100> mixed
boundaries.

In contrast to the behavior of the mixed <100> boundaries, the 9.1° and 7.0° <100> pure tilt
boundaries (with geometry shown in Fig la and 1b, respectively) did not assume a curved shape. They
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remained straight and, therefore, did not move during annealing at elevated temperatures up to 640°C.
These observations are consistent with the results of previous experiments on low angle <100> and
<111> tilt boundaries [51,52]: the boundary remained flat and did not move under the driving force
provided by its energy. Obviously, this is due to the anisotropy of its energy with respect to boundary
inclination (Fig. 7). In the original position both the 9.1° and 7.0° boundaries have a local minimum
energy at the symmetrical configuration with ¥ = 0° (as 10.4° <100> pure tilt boundary in Fig. 7).
Accordingly, due to their minimal energy the symmetrical 9.1° and 7.0° tilt boundaries retained the
initial flat/faceted configuration and, therefore, did not move under the driving force provided by their
energy.
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Figure 7 Computed dependence of the grain boundary energy (a) on boundary inclination for <100>
tilt and mixed (twist component § = 20°) boundaries and (b) upon change of the boundary geometry
from pure <100> tilt (§ = 0°) to pure <100> twist (§ = 90°) at 0 K.

As revealed by MS simulations, the change of the boundary geometry from pure tilt to mixed tilt-
twist resulted in an essential change of the inclination dependence of the boundary energy. As seen in
Fig. 7a, the energy of the mixed grain boundaries is essentially constant throughout the entire
inclination range. As a result, according to the tendency of the system to minimize the total boundary
area, the initially straight boundary configuration can easily be replaced by a continuously curved
boundary shape that allows the boundary to move under a capillary driving force during heating at
elevated temperature, as observed in the experiments (Fig. 5).

The computed inclination dependence of grain boundary energy y(¢) in Fig. 7b provides the
explanation of the behavior of 11.4° mixed boundary (see Fig. 1b), which in contrast to 7.0° tilt
boundary became curved and mobile (Fig. 5b). The energy of the investigated 11.4° <100> mixed
boundary in its original position with & = 6° is already outside the energetic minimum at the pure tilt
position with & = 0°. This is obviously high enough to avoid the faceting (retaining the origin straight
configuration) during annealing at elevated temperatures.

5. Grain shape evolution during shrinkage of initially cylindrical grains with boundaries of
different character

The computed temporal evolution of the shape and size of the shrinking initially circular grains with
different boundaries was found to depend on both the misorientation angle and character of the
examined boundaries [54]. Very soon after the beginning of the respective simulation runs the grains
with low angle 5.5° and 10.4° tilt boundaries assumed a faceted shape with well pronounced flat sides
with inclinations close to ¥ = 0°/90° and ¥ = 45° (Fig. 8). The grain with the 16.3° tilt boundary was
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much more rounded but observed to form non-stable facets appearing and disappearing during the
grain shrinkage. In contrast, the shapes of the grains with the same misorientations with respect to the
matrix but mixed tilt-twist boundaries were observed to be essentially rounded. The grains with the
high angle 22.6° boundaries both tilt and mixed were well rounded close to a circle during shrinkage
[54].

Apparently, the results of MD simulations are in direct relation to the results of MS simulations.
The formation of a faceted octagon-like shape of grains with low angle 5.5° and 10.4° tilt boundaries
can be rationalized in terms of the essential inclinational anisotropy of their energy revealed by MS
simulations. The flat sides of these grains represent symmetrical boundary configurations with
inclinations Y = 0°/90° and Y = 45°, where the energy attains distinct minima (Fig. 7a). A closer
inspection of the shape of grains with low angle tilt boundaries (after 1 ns computational annealing)
revealed that they comprise eight symmetrical boundary facets, which in turn are composed of edge
dislocations with Burgers vectors b = a<100> and a/2<110> [54]. The formation of a faceted shape of
grains with low angle tilt boundaries in MD simulations also conforms to the behavior of a 9.1° pure
tilt boundary observed in the experiment, where this boundary remained straight in the whole
temperature range investigated.

e
.ﬁ;; é

i
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Figure 8 Snapshots of MD simulations of shrinking initially cylindrical grains with tilt and tilt-twist
character at equal time of shrinkage t = 1.01 ns. (a) 10.4°; (b) 16.3°; (¢) 22.6°. The grain boundaries
are revealed by displaying only atoms with a coordination number z= 10 and z = 13.

As revealed by MD simulations, in contrast to grains with low angle tilt boundaries, the grains with
16.3° and 22.6° tilt boundaries shrank keeping their round shape (Fig. 8). This is obviously due to a
reduction of inclinational anisotropy of grain boundary energy with increasing misorientation, which
is well seen in Fig. 7 by comparing the y(3) dependency for the investigated boundaries.
Furthermore, the almost isotropic energy of mixed low angle boundaries revealed by MS simulations
(Fig. 7a) seems to account for the formation of a rounded shape of grains with 5.5° and 10.4° mixed
boundaries as observed in MD simulations. As discussed above, for the same reason the
experimentally examined 12.3°, 9.1° and 4.9° mixed grain boundaries, in contrast to the 9.1° pure tilt
boundary, could readily assume the curved shape and move under the capillary driving force.
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6. Mobility of <100> low angle boundaries

The results of the measurements of low angle <100> mixed boundary motion [54] revealed that the
mobilities of boundaries with relatively high misorientations (9.1°, 11.4° and 12.3°) essentially did not
differ from that of the 20.9° boundary and those of high angle tilt boundaries, which due to their
sufficiently isotropic energy are capable to move having pure tilt geometry. This is particularly
apparent in Fig. 9a, where the mobilities of the investigated boundaries at 410°C are shown together
with the data for high angle 18.3°, 20.0° and 23.5° <100> tilt boundaries in Al bicrystals of the same
purity obtained previously [52]. As seen, the mobilities obtained for low angle boundaries with 6 > 9°
are in the range of values, which are typical for high angle <100> boundaries.

In contrast, the 4.9° boundary in our experiments moved with similar velocities as the other boun-
daries only at substantially higher temperatures between 525°C and 590°C (Fig. 6b). Consequently, at
a given temperature it is comparatively much less mobile. As seen in Fig. 9a, its mobility interpolated
to the temperature of 410°C is about three orders of magnitude lower than that of the other (low angle
mixed and high angle tilt) boundaries. This result is in a good agreement with the data obtained in
experiments on Al polycrystals [74,75] as well as measurements on Cu bicrystals [76].
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Figure 9 (a) Reduced mobility A = v - a of investigated <100> mixed tilt-twist boundaries (circle
symbols) at 410°C. The square symbols represent data obtained for the migration of high angle <100>
pure tilt boundaries with misorientations 18.3°, 20.0°, 23.5° in Al bicrystals of the same purity at the
same temperature [52]. (b) Misorientation dependence of the computed rate of grain area change
dS/dt as obtained in MD simulations.

Figure 9b shows the rate of grain area change dS/dt with growing misorientation 6 for all tilt and
tilt-twist boundaries as obtained in MD simulations. For both types of boundaries the rate of grain area
change was found to increase with misorientation, although in different ways. For low angle (5.5° and
10.3°) tilt boundaries it did not differ significantly, but rose much faster with a further increase of 6. It
can be understood, taking into account that both the lower energy y of low angle boundaries and the
smaller local curvature x of most boundary segments of these grains (due to the faceting) caused a
reduction of the capillary driving force p, = yx. The grain with the 5.5° mixed boundary shrank
faster, but not substantially faster, than that with the 5.5° tilt boundary. With an increase of
misorientation from 5.5° to 10.3°, however, the rate of area change for a grain with the mixed
boundary increased very rapidly up to the level of dS/dt values for grains with the medium angle
16.3° and high angle 22.6° mixed boundaries (Fig. 9b).

It is remarkable that the both computed misorientation dependence of dS/dt and dependence A(6)
obtained in experiments (Fig. 9) are qualitatively similar. In both the experiments and MD simulations
the low angle <100> mixed boundaries with a misorientation angle around 10° were found to be quite
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mobile with the mobility similar to that of <100> high angle boundaries (no matter tilt or mixed).
Also, akin to experiments, the simulations revealed that with decreasing misorientation down to about
5° the boundary mobility decreases substantially.

7. Rotation behavior of grains with pure tilt and mixed <100> boundaries

The remarkable result of the MD simulations performed is that they revealed the crucial impact of
grain boundary character on a grain rotation during shrinkage [54,77]. The simulated grains with pure
tilt boundaries rotated towards higher 6, while grains with the mixed tilt-twist boundaries practically
did not rotate during their shrinkage. This is illustrated in Fig. 10, where snapshots of the grains with
misorientation angles 8,= 16.26° and 22.61° after their shrinkage down to the normalized grain
volume of V /Vy= 0.25, where V, is the initial grain volume, are depicted.

(@ (b)

Figure 10 Grain misorientation and grain boundary structure as observed on (100) crystallographic
planes for grains with the (a) 8,= 16.26° and (b) 8,= 22.61° tilt and mixed boundaries (left and right,
respectively) after grain shrinkage to V /V,= 0.25 (V and V|, are a shrinking and initial grain volume,
respectively).
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Figure 11 Dislocation structure of the grain boundary with 6y= 5.45° as it appears on a {100}
crystallographic plane after annealing for (a) 0.11 ns and (b) 0.42 ns. Atoms are colored according to
their coordination number [77].

The observed rotation of grains with tilt boundaries can be understood in terms of the grain

boundary motion coupled to shear [7,8]. The grain rotation induced by grain boundary motion was
analyzed theoretically [7] and observed in computer simulations [78-80]. According to the model [7],
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the grain rotation caused by the boundary motion perfectly coupled to shear is characterized by the
conservation of the dislocation content of the boundary and, therefore, rotation of the shrinking grain
towards higher 0 is associated with the substantial increase of the dislocation density in the grain
boundary. This case is obviously applied to the results of our MD simulations performed for grains
with pure tilt boundaries composed of edge dislocations.

On the other hand, the grains with mixed boundaries were observed not to rotate during their
shrinkage [54,77]. The dislocation content of these boundaries, therefore, was not characterized by the
invariant dislocation number, but rather by the constant dislocation density that preserved essentially
the grain boundary structure. This behavior requires an effective annihilation of grain boundary
dislocations. Indeed, a closer inspection of the atomic configurations in the boundary revealed that
dislocations with the mixed edge-screw character, which compose the respective boundaries, can
easily interact with each other and annihilate as a result of the chains of dissociation and
recombination reactions (Fig. 11) [77].

Therefore, the results of the performed MD simulations distinctly demonstrated a sensitivity of
grain rotation during curvature driven grain shrinkage on grain boundary structure. The availability of
the effectively operating mechanisms of dislocation annihilation in the mixed grain boundaries, for
instance as identified in Ref. [77], was the most likely reason for the missing rotation during shrinkage
of the island grains in thin films of Al [81] and Au [82,83], where grain boundaries were not of ideally
pure tilt character with low index rotation axis.

Obviously, based on the simulation results obtained for the three investigated pairs of orientation
relationships, it is impossible to conclude about the possibility of rotation of grains with all various
boundary structures. However, it can be suggested that if the further studies will confirm the
confinement of grain rotation during capillarity driven shrinkage to grains with pure tilt boundaries
only, this phenomenon can be considered as playing a minor role for microstructure development
during grain growth in conventional polycrystals, but can be probably appreciable in the development
of sharply textured columnar structures.

8. Mechanically induced grain boundary migration and grain rotation

Stress driven grain boundary motion was predicted theoretically by Read and Shockley for low angle
symmetrical tilt boundaries [84] and first experimentally observed for low angle boundaries in Zn [85-
87]. It has been found, also in experiments with some high angle boundaries with low X CSL
relationships in bicrystals of Al, Zn and ZrO, [88-95], that boundary migration under an applied shear
stress is coupled to a strain, which in bicrystals is observed as a translation of the grains parallel to the
boundary plane. According to the common understanding based on these observations, the coupled
boundary migration is confined to symmetrical low angle boundaries composed of edge dislocations
and special low X high angle boundaries comprising secondary grain boundary dislocations: the
dislocation glide under stress leads to a shear deformation of the crystal region swept by the moving
boundary. According to the dislocation model of low angle tilt grain boundaries by Read and Shockley
[84], for symmetrical low angle tilt boundaries the relation between normal boundary displacement d
and grain translation s, also referred to in literature as coupling factor § = s/d (Fig. 12), changes
with misorientation angle 6 according to the tangent rule § = 2tan(6/2). More recent theoretical
models [8-12] predict that the boundary migration-shear coupling can occur for high angle boundaries
as well. This has been also confirmed by computer simulation studies [10,96-99] and observed for
random boundaries by TEM investigations in nanocrystalline and ultrafine-grained polycrystals [100-
102].

8.1. Experimental proof of boundary migration-shear coupling

In a series of experiments [16-18] the stress-driven migration of planar symmetrical <100> tilt bo-
undaries with misorientations in the entire angular range (Fig. 13) was measured. It has been proved
that stress driven grain boundary motion is coupled to a shear strain of the crystal region behind the
moving boundary. The important result of these experiments with various <100> tilt boundaries is that
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contrary to the common understanding the boundary migration — shear coupling is not confined to low
angle and some low X high angle boundaries, but is a typical observation for any symmetrical <100>
tilt boundaries in the entire range of misorientations between 0° and 90°, no matter how close to low X
CSL orientation relationships. Moreover, the experimental results have verified the prediction of the
model by Cahn et al. [8,9] that the tangent rule for calculation of the coupling factor § retains its
validity over the entire misorientation range including the high angle regime: as depicted in Fig. 13a,
the values of the coupling factor calculated according to the model are in excellent agreement with the
values obtained in the experiment. Two branches in the misorientation dependence of the coupling
factor in Fig. 13a confirm that for <100> tilt boundaries there are indeed two geometrically different
mechanisms of shear-coupled boundary migration [8], which can formally be represented by slip of
dislocations with Burgers vector b=a<010> on a {001} plane or b=a/2<110> on {110}, respectively.

P!

final boundary
position

100 um

Figure 12 Migration-shear coupling of a 23.6°<111> tilt boundary moving under a tensile stress of
0.34 MPa (after 30 minutes annealing at 340°C) [18]. Coupling between grain boundary migration and
produced shear is characterized by the factor determined as f =y = s/d. The measured 8 for the
23.6°<111> tilt boundary is § = 0.42, which is equal to the theoretical value SBipeor-
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Figure 13 (a) Measured (points) and calculated (lines) coupling factors £ and (b) activation enthalpy
H of stress driven migration vs. misorientation angle 0 for symmetrical <100> tilt grain boundaries
[18].
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The boundary migration — shear coupling was observed not only for symmetrical but also for
asymmetrical tilt grain boundaries. The structure of asymmetrical low angle boundaries is represented
by a mixed arrangement of dislocations with different Burgers vectors. Particularly, asymmetrical
<100> tilt boundaries consist of dislocations with both a<010> and a/2<110> Burgers vectors. Under a
stress these dislocations should move on different planes. According to Read and Shockley [84] this
renders their concurrent motion impossible without hindering and locking each other. Consequently,
asymmetrical tilt boundaries in the dislocation model cannot be driven by a stress and, therefore,
cannot cause a shape change of a bicrystal. Contrary to this prediction, the experiments with <100> tilt
boundaries [20] as well as measurements on bicrystals with <111> tilt boundaries [67], showed that
the asymmetrical tilt boundaries can move under an applied stress and produce a shear, although the
obtained coupling factors distinctly deviated from the coupling factor calculated according to the
tangent rule.

8.2. Mobility of stress driven boundaries, its dependence on temperature and misorientation
Measurements on bicrystals with various grain boundaries performed at different elevated tempera-
tures revealed that stress driven shear-coupled boundary migration is thermally activated, and the
boundary migration rate v depends on temperature according to an Arrhenius relation v =
voexp(—H/kT), where H is the activation enthalpy of grain boundary migration. Figure 13b depicts
the misorientation dependence of the migration activation enthalpy for <100> tilt boundaries [18]. As
seen, in both low angle regimes (6 < 18° and 8 > 76°) the measured activation enthalpy remains
virtually the same with a value of about H=1.45 eV. In the high angle regime, however, the migration
activation enthalpy changes with the angle in a non-monotonic fashion, such that the lower H values
correspond to boundaries with misorientations close to low X CSL orientation relationships (Fig. 13b).
This suggests that the migration mechanism, which is reflected in the migration activation enthalpy,
remains essentially unaltered for all low angle boundaries, whereas it varies substantially with the
character of structurally different high angle boundaries.

8.3. Stress driven migration of 27 tilt boundary in Al

An unexpected boundary behavior under an applied stress was observed in experiments with X7 tilt
boundaries [21,67]. Specifically, three symmetrical tilt grain boundaries with misorientations close to
38.2°<111>, 73.4°<201> and 135.6°<112>, i. e. the same special £7{132} CSL boundary, were
examined. The experiments showed that the boundaries in the investigated bicrystals moved under an
applied stress, but their migration was not accompanied by a shear strain, i.e. tangential displacement
of the adjacent grains. This result provides evidence that the migration behavior of high angle low X
grain boundaries under stress can differ from that of random boundaries, and their stress driven
migration must not necessarily be coupled to shear, as predicted by the geometrical models of stress
induced boundary migration.

Crystallographically equivalent boundaries in bicrystals of different geometric description behaved
differently with respect to the migration rate and its temperature dependence [21]. The migration acti-
vation enthalpy ranged from 0.7 to 1.3 eV. This reveals that the kinetics of stress driven boundary
migration and its operative mechanism depend on the direction of the applied stress.

8.4. Concurrent grain boundary motion and grain rotation
The remarkable boundary response to an applied stress — boundary migration accompanied by both a
translation of the adjacent grains parallel to the boundary plane and their rotation around the boundary
plane normal was observed in experiments with a 18.2°<100> mixed tilt-twist grain boundary [24].
This boundary was composed of a rotation angle 8 = 18.2° around a common [001] axis and grain
boundary plane rotated by 20° with respect to the tilt boundary plane, i.e. it had a twist component & =
20°.

The observed behavior was quantitatively characterized by measuring the surface topography of the
bicrystal by means of atomic force microscopy after annealing under stress (Fig. 14). The topographic
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profiles across the boundary measured on the opposite sample surfaces clearly evidenced that the
surface of the shrinking crystal (grain 2) after annealing was rotated around the boundary normal.
Also, from the measured topography it is apparent that this rotation proceeded simultaneously with the
normal boundary displacement (Fig. 14), providing evidence that the two processes were related.

The results of this experiment can be rationalized in terms of the dislocation structure of the mixed
boundary, which is assumed to contain a set of edge dislocations accommodating the tilt component of
the misorientation and a set of screw dislocations accommodating the twist component. Under the
applied stress edge dislocations move in the direction normal to the boundary plane and produce shear
deformation of the lattice and, therefore, the coupled boundary motion. At the same time, the applied
stress imposes Peach-Kohler forces on the screw dislocations causing their glide in the boundary
plane. This process induces grain rotation, the sign of which depends on the direction of the shear
stress. It is noteworthy that this grain rotation changes the twist component of the grain misorientation
(increases or decreases), demonstrating the important effect of changing the grain boundary character
by applied stresses.
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Figure 14 Surface topography of the bicrystal with 18.2° <100> mixed tilt-twist (§ = 20°) boundary
after annealing at 392°C under applied tensile stress of 0.23 MPa [24].
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