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Abstract Recent results of experimental research into
stress-induced grain boundary migration in aluminum
bicrystals are reported. Boundary migration under a shear
stress was observed to be coupled to a lateral translation of
the grains for planar symmetrical (100) tilt boundaries.
This coupling proved to be the typical migration mode
of any (100) tilt boundary, no matter whether low- or
high-angle, low X CSL coincidence or non-coincidence
boundary. The measured ratios of normal boundary motion
to the tangential displacement of grains are in an excellent
agreement with theoretical predictions. The migration-
shear coupling is also observed for asymmetrical (100)
boundaries. Measurements of the temperature dependence
of coupled boundary migration revealed that there is a
specific misorientation dependence of migration activation
parameters. Grain boundaries can act during their motion
under the applied stress as sources of lattice dislocations
that leads to the generation and growth of new grains in the
boundary region. The rate of stress-induced boundary
migration decreases with increasing solute content in alu-
minum. Both the migration activation enthalpy and the
pre-exponential mobility factor were found to increase with
rising impurity concentration.

Introduction
Grain boundary mediated plasticity, i.e., a shape change of

a material due to grain boundary migration, is actively
discussed in the literature owing to the importance of this
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deformation mechanism for mechanical properties of ultra
fine grained and nanocrystalline materials [1-6]. Theoret-
ically predicted by Read and Shockley in their seminal
paper on the dislocation models of grain boundaries in
crystalline solids [7], stress-driven motion of symmetrical
tilt grain boundaries coupled to a shear strain was first
observed in experiments with low angle boundaries in Zn
[8=10], which in turn furnished evidence for the dislocation
character of grain boundary structure. The dislocation glide
under stress causes a shear strain of the crystal region
behind the moving boundary. Since at higher misorienta-
tions the grain boundary structure is no longer represented
by the dislocation model, this mechanism is commonly
considered to be limited to low angle tilt boundaries.
However, the boundary migration-shear coupling was also
observed in Zn, Al, and ZrO, bicrystals for high angle low
> coincidence tilt boundaries [11-18]. Furthermore,
recently developed theoretical models [19-22] are not
confined to low angle boundaries but predict the shear
coupled migration of high angle boundaries as well. This
has been validated in molecular dynamics computer sim-
ulations of stress driven motion of low X coincidence and
non-coincidence tilt boundaries in Cu and Al [23-26].
The boundary migration accompanied by shear for
random boundaries was observed by TEM investigations in
nanocrystalline and ultrafine-grained polycrystals [4-6].
However, the observation of stress-affected grain boundary
behavior in polycrystals cannot be interpreted unambigu-
ously. Besides the applied stress grain boundaries experi-
ence also a curvature driving force for their displacement,
which can even be affected by triple junctions. Due to their
non-planar shape, different sections of the grain boundaries
in polycrystals are exposed to different stress conditions
that substantially complicate an analysis. Moreover, the
observed grain boundaries in a polycrystalline specimen
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cannot be comprehensively characterized, particularly with
respect to the boundary plane inclination that can be crucial
for the boundary response to applied stress. Therefore,
grain boundary behavior under stress is most appropriately
studied on specific boundaries with exactly defined
geometry in specially grown bicrystals. In situ observations
in specimens with planar boundaries under a constant load
and temperature provide the opportunity to measure the
rate of both the normal boundary migration and the shear,
to extract their relation and to determine the temperature
dependence of coupled boundary migration for various
boundaries in a wide range of grain boundary character.

In this article the results of experimental investigations
of boundary migration coupled to shear in bicrystals with
various (100) tilt boundaries are reported.

Specimens and applied measurement techniques

Shear stress-induced boundary motion coupled to a shear
strain was measured in specimens with a cross-section of
about 4.9 x 4.7 mm (Fig. la) fabricated from specially
grown Al bicrystals and subjected to a constant tensile load
ranging from 5 to 20 N at different elevated temperatures.
Details of crystal growth, bicrystal characterization and
sample preparation are given else-where [27-29].

Both discontinuous and continuous methods were used
for coupled boundary migration measurements. Most
experiments so far were performed by utilizing a step-wise
annealing technique and measuring the boundary positions
prior to loading and after unloading. The boundary dis-
placement was revealed by an optical contrast on the sur-
face of the bicrystal (Fig. 1b) and measured by means of
optical microscopy [27-29].

(b)

____— initial boundary
position

50 um

Most recent measurements were performed by in situ
observations and recording of grain boundary migration in
a SEM using a commercial hot deformation (tension—
compression) stage' integrated in a SEM JEOL 820 and
adapted to apply normal stresses to bicrystals with the
respective geometry (Fig. 1a) at elevated temperatures up
to 850 °C [30]. Upon application of a constant load, i.e., a
constant stress to the sample, the boundaries are displaced
as can be observed and measured in situ utilizing the
orientation contrast of the specimen surface revealed by an
electron backscatter detector (Fig. 2) [30]. For character-
ization of the boundary migration-shear relation the surface
of the specimens was scratched parallel to their axis prior
to annealing to produce reference marks (Fig. 3). An
analysis of the recorded orientation image sequences with a
special software® reveals the normal boundary displace-
ment d and the lateral grain translation s (Fig. 3), from
which the migration rate v and shear y=s/d can be
determined.

Experimental proof of the boundary migration-shear
coupling

The response of planar tilt grain boundaries to an applied
mechanical stress was investigated on bicrystalline speci-
mens of high purity Al (99.998%) containing symmetrical
(100) tilt boundaries with 34 different misorientation
angles in the range between 5 and 85°.

The experimental results confirmed that stress-driven
grain boundary motion is coupled to a shear strain of the
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Fig. 2 Migration of a 76.4°(100) tilt grain boundary in Al bicrystal
under an applied tensile stress of 0.26 MPa during annealing at
380 °C

crystal region behind the moving boundary. This is par-

ticularly apparent from marking lines on the surface of the
bicrystals (Fig. 3).
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Fig. 3 Coupling between grain boundary migration and shear strain
is characterized by the factor f, which is defined as the ratio of the
lateral grain translation s to the normal boundary displacement d,
p=7y=s/d

Prior to the recent renewed interest in coupled grain
boundary migration as a mechanism of nanocrystal plas-
ticity and corresponding theoretical and simulation activi-
ties, the understanding of this phenomenon was based on
the experimental results of bicrystal with low misorienta-
tion angle and very few high angle tilt boundaries [8—18].
According to this understanding [31], the coupled bound-
ary motion is typical for low angle tilt boundaries, whereas
in case of high angle boundaries in bicrystals subjected to a
shear stress the strain remains basically localized in the
boundary plane without boundary displacement normal to
its plane (grain boundary sliding), and only for special
high-angle boundaries with low X CSL relationships a
normal migration coupled to shear can be observed and
was attributed to the motion of secondary grain boundary
dislocations [12-14].

Contrary to this understanding the measurements on Al
bicrystals with various (100) tilt boundaries revealed that
the boundary migration-shear coupling is not confined to
low angle and some special low X high-angle boundaries,
but occurs also for non-coincidence high angle (100) tilt
boundaries [28, 29].

The coupling between boundary migration and shear
strain can be characterized by the ratio of the grain trans-
lation s and the normal boundary displacement d, f=y=s/d
(Fig. 3), which is referred to as the coupling factor [32].

As seen in Fig. 4, the values of the coupling factor
experimentally obtained for the investigated (100) tilt
boundaries are in excellent agreement with the values
calculated according to the geometrical model of coupled
boundary migration [19, 20]. This model predicts that the
coupling between shearing and migration can be observed
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Fig. 4 Misorientation dependence of measured (points) and calcu-
lated (lines) coupling factors for the investigated (100) symmetrical
tilt grain boundaries. The experimentally obtained values of the
coupling factor were averaged over all specimens of the respective
bicrystal

for any tilt boundary, no matter whether low- or high-
angle. For (100) tilt boundaries the coupling factor can be
calculated as

0 n 0
,8<010> = 2tan<§>0rﬁ<“0> = —2tan(z — E) (1)

These expressions were initially derived for the motion of
low angle tilt boundaries [7] that can formally be repre-
sented by slip of dislocations with Burgers vector
b = a(010) on a {001} plane or b = a/2(110) on {110},
respectively. Therefore, the experimental results prove that
for (100) tilt boundaries there are indeed two geometrically
different mechanisms ({100) and (110) modes as defined in
[19, 20]) of coupling which switch at a misorientation
angle between 30.5° and 36.5°. Furthermore, the results
substantiate that although in high angle boundaries the
structural dislocations can not be resolved, the Frank—Bilby
equation [31] formally still applies.

Boundary mobility, its temperature and misorientation
dependence

Measurements performed at different elevated tempera-
tures revealed that stress driven boundary migration is
thermally activated and that its rate v, depends on
temperature according to an Arrhenius relation v, =
voexp(—H /kT), where H is the activation enthalpy of grain
boundary migration. The grain boundary mobility m for
(100) tilt boundaries was determined from the normal
boundary velocity v, and the driving force p: m = v,/p.
The driving force was calculated as p = 7 sin ¢, where

was the applied resolved shear stress and ¢ = 0 for mis-
orientations close to 0, whereas ¢ = 0 —90° for 0 close to
90° [27].

Boundary motion was measured in the temperature
range between 280 and 400 °C. The migration activation
parameters (H and my=vy/p) obtained from Arrhenius plots
for all investigated boundaries are given in Fig. 5. As seen
in Fig. 5, in both low angle regimes of the misorientation
angle (0 ( 18° and 0) 76°) the measured activation
enthalpy and the pre-exponential factor do not change
essentially. The values of H vary only slightly around the
mean value of about H = 1.45 eV. By contrast, the high
angle region is characterized by a specific misorientation
dependence of the activation parameters, such that the
lower H and mg values correspond to boundaries with
misorientations close to low X CSL-orientation relation-
ships. Apparently, the migration mechanism for low angle
boundaries remains essentially unaffected by a change of
the tilt angle, whereas it can differ substantially for struc-
turally different high angle boundaries.

It is worth noting that the migration activation enthal-
pies of (100) tilt grain boundaries obtained in this experi-
ment substantially differ from those obtained recently in
our experiments with curvature driven (100) tilt grain
boundaries with misorientations between 15 and 45°
in bicrystals of high purity Al [33, 34]. The activation
enthalpies for curvature driven boundaries were in the
range between 1.7 and 2.8 eV that is much higher than the
activation enthalpy measured for stress driven boundaries
(Fig. 6). This difference in the migration activation
enthalpy for differently driven boundaries strongly indi-
cates that the migration mechanisms may depend on the
kind of driving force for boundary motion and its coupling
with the boundary structure.

Experimental observation of the boundary migration-
shear coupling for asymmetrical tilt boundaries

As has been reported in previous sections, the stress
induced migration of any symmetrical (100) tilt boundary
in Al is associated with a shear strain of the bicrystal and
the relation between normal boundary displacement and
tangential grain translation follows the tangent rule
(Eq. (1)). However, most grain boundaries in a real poly-
crystal are asymmetrical. Therefore, the response of some
asymmetrical boundaries to an applied stress was addressed
in this study.

The structure of asymmetrical (100) tilt boundaries
consists of mixed arrangement of dislocations with both
a(010) and a/2(110)Burgers vectors, which under the
applied stress should move in different planes. For sym-
metrical low-angle boundaries with misorientations close
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Fig. 6 Comparison of the activation enthalpies for stress driven
(solid symbols) and curvature driven migration [33, 34] of (100)
tilt boundaries in commercially pure (99.998%) and high purity
(99.9995%) Al, respectively

to 0° and 90° dislocations of each type can glide on dif-
ferent slip planes and the corresponding grain boundaries
move in opposite directions in response to the same shear
stress. In case of asymmetrical boundaries it seems that the
dislocations with different Burgers vectors gliding on
intersecting slip planes cannot move together without
hindering and locking each other. Therefore, according to
Read and Shockley the motion of the asymmetrical (low
angle) boundaries under stress and, consequently, the lat-
eral translation of adjacent grains are impossible [7]. By
contrast, recent models do not impose any restrictions on
asymmetrical boundaries. In particular, the model by Cahn
et al. [19, 20] predicts that the coupling factor only depends
on the tilt angle but not on the boundary plane inclination.
Also, the model by Caillard et al. [21, 22] describes the
shear-migration coupling for any boundary, no matter
whether symmetrical or asymmetrical.

The experimental results revealed that asymmetrical
(100) tilt boundaries move under an applied stress and that
this motion is accompanied by a shape change of the
bicrystal, but the obtained coupling factors distinctly

@ Springer

for an asymmetrical 17.4°(100) boundary with a 19.1°
inclination of the boundary plane from the symmetrical
orientation.

Therefore, contrary to the expectations based on the
dislocation model of grain boundaries [7], the experiments
proved that the asymmetrical tilt boundaries can move
under an applied stress and produce a shear. Further
investigations, especially molecular dynamics simulations
are obviously needed to clarify the mechanisms of this
phenomenon, specific atomic rearrangements, dislocation
processes, and reactions involved in the process of
boundary migration.

Effect of material purity on boundary migration
under stress

It is textbook knowledge that solutes in solids reduce the
rate of grain boundary motion. The dependence of the
migration parameters upon impurity concentration for
curvature driven boundaries in aluminum bicrystals was
determined in [35, 36]. In this study the impact of solute
atoms on stress-driven boundary motion coupled to shear
was addressed. The experiments were carried out on
bicrystals produced from aluminum of different production
and purity, 99.9999, 99.9995, and 99.998%. The migration
of symmetrical 9.8, 10.5, 11.0, and 11.2°(100) tilt bound-
aries under an applied stress was measured. Since the tilt
angles of the investigated boundaries were very close to
each other and the migration parameters for the (100)
boundaries in aluminum of equal purity practically did not
change up to a tilt angle of 18° (Fig. 5), the mobility data
obtained in the current measurements were considered to
be relevant for (100) boundaries with an average tilt angle
of 10.5°.

Figure 8a depicts the temperature dependence of the
boundary mobility in aluminum of different purity. As
seen, the boundary mobility decreased with increasing
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Fig. 8 Temperature dependence of the mobility for 10.5°(100) tilt boundary in Al of different purity. a Arrhenius plots. b migration activation

enthalpy versus impurity concentration

impurity content. The migration activation enthalpy
obtained from the corresponding Arrhenius plots rises from
1.04 eV in Al with 10~*% solute content up to 1.37 eV in Al
with 2 x 107°% impurities (Fig. 8b). The pre-exponential
factor behaves similarly, increasing over the investigated
range of solute content by more than two orders of magnitude
from 7.2 x 107 t02.9 x 107" m*/J s.

The impact of impurities on grain-boundary motion was
considered in the frame of the impurity drag theory
[37-39]. The theory predicts that the activation enthalpy is
independent of impurity concentration and that the pre-
exponential factor decreases with increasing solute content
in a hyperbolic fashion. Both predictions did not agree with
the results of the current measurements of stress-induced
boundary migration.

It is worth noting that a similar although slighter
increase of the activation enthalpy with rising impurity
concentration was observed in experiments with curved
boundaries moving under a capillary driving force [36].
The pre-exponential mobility factor for curvature driven

boundary migration, however, remained essentially
unchanged with increasing impurity concentration.

The reduction of the boundary migration rate due to an
increase of the activation enthalpy in this experiment sug-
gests that impurity atoms substantially affect the migration
mechanism. Apparently, a higher solute segregation causes a
higher migration activation enthalpy, i.e., to a great extent
defines the rearrangement of atoms between the crystals to
another during boundary displacement. Molecular dynamics
simulations [20] revealed that migration of (100) tilt
boundaries under stress proceeds by a rearrangement of
atomic lattice sites (atomic shuffling), which does not require
“classical” bulk diffusion. However, the measured activa-
tion enthalpy can be attributed to a diffusion of the impurity
atoms segregated to the boundary in a real bicrystal.

As reported above, for stress-induced grain boundary
motion there is a misorientation dependence of migration
activation enthalpy (Fig. 5). The lower H values were
measured for boundaries with misorientations close to low
2 CSL orientation relationships. By contrast, the activation
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enthalpy for grain boundary diffusion is known to be
maximal for low X tilt boundaries and decreases with
deviation from the coincidence misorientation [40, 41].
However, a diffusion of segregated impurities with a
moving boundary must not be necessarily associated with a
diffusion along the boundary measured in experiments
[40, 41], but with the atomic transfer within the boundary
in the direction normal to the boundary plane. This process
can be expected to be more close to bulk diffusion than to
diffusion along the boundary. The segregation behavior of
low X tilt boundaries can be expected to differ from that of
non-coincidence boundaries, which is reflected in their
lower migration activation enthalpy.

On the other hand, lower solutes segregation in a
material of higher purity may result in a less disturbed/
changed boundary structure that, in turn, makes a diffusion
of impurity atoms in the boundary region easier and leads
to the lower activation enthalpy of boundary migration as
observed in the experiment (Fig. 8).

Formation and growth of sub-grains during
stress-driven boundary migration

The experimental observations also revealed that coupled
boundary motion under stress can be accompanied by the
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Fig. 9 Generation and growth of new grains during migration of a
76.3°(100) tilt grain boundary. a optical micrograph after annealing at
370 °C for 60 min under a tensile stress of 0.84 MPa. b single newly
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formation of new grains disoriented with respect to both
original grains of the bicrystal (Fig. 9). These grains are
generated at the boundary, can possess an orientation
gradient and grow by following the moving boundary in
the direction of the consumed grain. Their formation and
growth was associated with the appearance of various folds
on the surface of the sample (Fig. 9), which accommodate
arising plastic incompatibilities. Usually, starting from one
location at the initial boundary these grains develop into
groups of sub-grains separated from each other and the
original consumed grain of the bicrystal by low-angle
boundaries. The boundaries between sub-grains and the
growing grain remain stable and with progressing migra-
tion of the original grain boundary the sub-grains become
wider (Fig. 9). This can eventually result in the transfor-
mation of the extended boundary sections into a band with
polycrystalline sub-grain structure. The described behavior
during stress driven boundary migration was observed for
(100) tilt boundaries with any misorientation angle, but
more often for high-angle boundaries. Orientation mea-
surements by serial sectioning EBSD revealed that the size
of newly formed grains in the direction normal to the
surface was comparable to their size on the surface.

It is well established that grain boundaries and triple
junctions can act as effective sources of lattice dislocations
under an applied stress during plastic deformation [31].
Computational investigations [42, 43] have shown that at
low temperatures where grain boundaries remain stable,
stress concentrations caused by the elastic anisotropy of
adjacent grains or by steps on the boundary plane are of
minor importance with regard to dislocation generation in
metallic materials. However, during grain boundary sliding
at elevated temperatures the existence of a step on a
boundary can lead to very high stress concentrations of about
G/35 (G—shear modulus) that is close to the theoretical
shear stress for dislocation nucleation (G/30) [44, 45].

Apparently, the formation of new grains observed in this
experiment is facilitated by the nucleation of a sufficient
number of lattice dislocations by the grain boundary during
its stress-driven migration coupled to shear deformation.
Then, these dislocations build walls and finally turn into
sessile boundaries between the new grain and the growing
grain of the original bicrystal and the moving low-angle
boundary that separates the new grain from the consumed
grain of the original bicrystal (Fig. 9).

An analysis of available experimental observations in
Fe-3%Si, stainless steels and copper showed [45] that grain
boundary dislocation sources can operate at applied shear
stresses as low as G/1000 to G/400. It can be concluded
from these observations that stress-driven grain boundary
in high purity aluminum can act as a source of dislocations
even at much lower applied shear stresses of about
G/60000.

Summary

The shear stress-induced migration of planar symmetrical
(100) tilt boundaries with tilt angles in the entire misori-
entation range (0° to 90°) in aluminum bicrystals was
observed to be coupled to a lateral translation of the
adjacent grains. This coupling proved to be the typical
migration mode of any (100) tilt boundary, no matter
whether low- or high-angle, low £ CSL coincidence or
non-coincidence boundary. The measured ratios of the
normal boundary motion to the tangential displacement of
the grains were in an excellent agreement with theoretical
predictions.

For stress-induced grain boundary motion there is a
misorientation dependence of the migration activation
parameters. The lower values of the activation enthalpy
and the pre-exponential mobility factor can be associated
with boundaries with tilt angles close to low X CSL-
orientation relationships.

The results revealed that the coupling between normal
boundary migration and shear is not confined to symmet-
rical tilt boundaries only, but also asymmetrical boundaries
are capable to move under an applied stress and produce
shear.

The measurements of the coupled boundary migration in
aluminum of different purity revealed that impurities retard
boundary motion. Both the migration activation enthalpy
and the pre-exponential mobility factor increase with rising
impurity concentration. This observation cannot be
accounted for by the theory of impurity drag of boundary
migration.

The experimental observations provide evidence that the
investigated boundaries can act during their coupled
migration under stress as sources of lattice dislocations that
results in the formation and growth of new grains in the
boundary region.
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