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In specific conditions, grain-boundary (GB) migration occurs in polycrystalline materials as an alternative
vector of plasticity compared to the usual dislocation activity. The shear-coupled GB migration, the expected
most efficient GB based mechanism, couples the GB motion to an applied shear stress. Stresses on GB in
polycrystalline materials seldom have, however, a unique pure shear component. This work investigates the
influence of a normal strain on the shear coupled migration of a �13(320)[001] GB in a copper bicrystal using
atomistic simulations. We show that the yield shear stress inducing the GB migration strongly depends on the
applied normal stress. Beyond, the application of a normal stress on this GB qualitatively modifies the GB
migration: while the �13(320)[001] GB shear couples following the 〈110〉 migration mode without normal
stress, we report the observation of the 〈010〉 mode under a sufficiently high tensile normal stress. Using the
nudge elastic band method, we uncover the atomistic mechanism of this 〈010〉 migration mode and energetically
characterize it.
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Plastic properties of metals are usually driven by the
mobility of dislocations [1]. Because the dislocations motion
is obstructed by the presence of grain boundaries (GBs), the
yield stress increases with the GB density as described by the
Hall-Petch law [2,3]. However, in nanocrystalline materials
with grain sizes smaller than a few hundred nanometers,
recent studies have shown that GBs can themselves migrate
and participate to the plasticity [4–9]. Among the several
identified GB migration mechanisms [10], the shear-coupled
GB migration has focused a large attention because of its
expected efficiency [11]. The displacement m of the GB
normally to its plane is accompanied by the relative in-plane
displacement d of the two grains forming the GBs. The
coupling factor β = d

m
characterizes the amount of plastic

shear produced by the GB migration.
Several previous studies have investigated various aspects

of the shear-coupled GB migration. For a given GB, geomet-
ric models theoretically predict different possible migration
coupling modes, each characterized by a coupling factor
[12–14]. Numerical studies relying on atomistic simulations
and corroborating theoretical predictions have investigated
GB-based mechanisms concentrating noticeably the efforts on
the coupling factor or the mobility [12,15–20]. Interestingly,
atomistic simulations have also recently succeeded in uncov-
ering the role of disconnections in the migration [9,21–24].

Remarkably, in all of the previous theoretical studies, the
shear-coupled GB migration is induced by applying a pure
shear strain on the GB in absence of any other strain component
on the GB.

Experimental quantitative studies on GB migration remain
difficult: some, however, have succeeded in measuring the
coupling factor [4,7,8] and have partially corroborated theoret-
ical results. However, in these model experiments conducted
on bicrystal, the GB plane normal forms a 45◦ angle with
respect to the straining axis, resulting in a maximum resolved
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shear stress/strain on the GB but also in a normal tensile strain
and stress [4,7,25]. In experiments conducted on polycrystals,
the local stress on a GB certainly has a shear component
inducing its potential migration, but the meanwhile presence
of a normal stress on the GB is highly probable, and surely
even unavoidable.

We propose in this paper to theoretically address the
influence of a nonshear component on the shear-coupled GB
migration mechanism. Though the effect of any component
could, in principle, be investigated, we here restrict our study
on the effect of a normal strain. The effect of a normal load on
the shear-coupled migration of �11(113) GBs in copper has
been previously considered by molecular dynamics at finite
temperature [26] and shown to be nonsignificant on the shear
coupling. Below, we enrich this conclusion and give a deeper
understanding of the effect of a normal stress.

Section I details the simulation methods and the system
under study. In this section, we also describe the detailed
boundary conditions under which the GB migration will be
examined. Section II reports that the yield shear stress inducing
the GB migration strongly depends on the applied normal
stress. The application of a normal stress may even modify
the operating coupling mode. Especially, in Sec. III we show
that a coupling mode, the 〈010〉 mode, which was theoretically
predicted years ago [27] but has never been observed to our
knowledge, can be activated by applying a tensile stress on the
GB. The GB migration mechanism of this coupling mode is
detailed. Finally, the activation energies of the GB migration
are evaluated as a function of the applied shear and of the
normal stress in Sec. IV.

I. SIMULATION METHOD

The shear-coupled migration of a symmetric tilt high-
angle �13(320)[001] GB is investigated in a Cu bicrystal
model using the MD simulation package LAMMPS [28]
with an embedded-atom method potential [29]. The choice
of this peculiar GB and material is based on several previous
studies that have provided a good knowledge of the GB
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FIG. 1. (a) Sketch of the simulation model. (b) Equilibrium
structure of the �13(320)[001] GB projected along the [001]
direction. Red (black) and pink (gray) atoms belongs to grain 1 (2).
Red (black) and pink (gray) atoms do not belong the same (001)
plane. For black and white printing, red, gray, and pink atoms appear
as dark gray, gray, and light gray atoms.

migration mechanisms, i.e., mobility, structure, and energetics
[9,12,15].

Figure 1 reports a sketch of the simulation cell defining the
system under consideration. Two grains of a perfect fcc copper
crystal are symmetrically disorientated relative to each other
by a angle θ = 67.38◦ around the [001] direction: a coincident
site lattice tilt boundary �13(320)[001] results at the interface.
Figure 1(b) reports the GB equilibrium structure displaying
characteristic structural units. Periodic boundary conditions
are applied in the [23̄0] and [001] direction. In this paper, all
crystal directions are given in the grain 1 lattice reference. Cell
sizes are 12.06, 6.5, and 2.88 nm along the [320], [23̄0], and
[001] directions, respectively. The cell contains about 19 200
atoms. Strains/stresses are applied on the GB by displacing two
1.5-nm-thick slabs at the bottom and top of the simulations
cell. In these slabs, the relative atoms positions are frozen
to the perfect lattice ones. The effect of the cell size on the
results will not be reported in the present work, however, the
cell sizes and especially the one along the [320] direction have
been carefully chosen in order to reveal unbiased GB migration
mechanisms in Sec. III.

We have used the following procedure in order to apply
the normal and shear strains/stresses on the GB. Tensile or
compressive normal strains are first applied by displacing the
slab along the [320] directions by increments of 0.022 nm.
After each slabs displacement (normally to the GB plane),
the potential energy is minimized using a conjugate gradient
algorithm. The number of applied increments is chosen in
order to reach the targeted normal stress. After the application
of this normal load, a shear strain is induced by the relative
shear displacement d of the two slabs along the [23̄0] direction
by an increment of 0.022 nm. Again after each displacement,
the potential energy is minimized. While the application of
the shear stress follows a standard procedure widely used in the
literature, we had to consider two extreme boundary conditions
during the normal load.

(i) Clamped conditions (no in-plane strains): GB in-plane
strains are kept null during the normal load, i.e., the simulation
cell sizes along the [23̄0] or [001] directions initially fixed to
their equilibrium values are kept constant during the normal
load. The application of the normal load thus induces stress
components in the GB plane [30].

(ii) Free conditions (no in-plane stress): The cell is fully
relaxed in the [23̄0] and [001] directions at each step of the
normal load resulting in the cancellation of in-plane stress
components.

While the clamped conditions would correspond to the
application of a normal stress on a GB in a polycrystal where
the presence of surrounding grains and/or triple junctions
restrain biaxial relaxation in the GB plane, the free conditions
would correspond to a fully relaxed material in the GB
plane. Realistic conditions certainly stand in between these
two extreme cases explaining our choice to consider both.
While, in principle, both conditions are relevant, only clamped
conditions will be investigated in the following section for
reasons mentioned below.

The system state is characterized by the relative shear
displacement d of the two slabs along the [23̄0] direction and
by the normal and shear stress components. Stresses tensors
are computed using the virial expression [31]. Normal stresses
ranging from −5.5 GPa (compressive) to 6 GPa (tensile)
have been investigated. While, for the clamped conditions,
the grain-boundary structure does not evolve over this range,
for free conditions, we found that below a normal stress of
−2 GPa and above 2 GPa, the grain-boundary structure is
modified presumably after a first order phase transition induced
by the stress. The modification of the GB migration due to a
phase transition of the grain-boundary structure induced by the
temperature has already been observed and studied [32]. In the
following, we have chosen to focus on the migration of GBs
preserving the same structure as the one displayed in Fig. 1(b)
and thus on clamped boundary conditions. We will show that,
though such study may appear limited, it brings significant new
physic to the study of GB under complex loading conditions.
The study of the GB structure and migration mechanism for
free boundary conditions will no longer be considered here
and will be the scope of a forthcoming publication.

II. YIELD STRESS

Figure 2(a) reports the shear stresses as a function of the
relative slabs shear displacement d for a normal stress of σN =
−1.97 GPa and σN = 1.79 GPa under clamped conditions:
these curves are established after the normal load and during
the shear stress load. The normal stresses σN = −1.97 GPa
and σN = 1.79 GPa are chosen here as representative values
among investigated normal stresses. Shearing the GB from
d = 0, the shear stress linearly increases as a function of the
shear displacement d with a slope depending on the applied
normal stress in agreement with the linear elasticity theory
[33]. A shear stress drop signs a plastic event, namely the
GB migration. The shear stress at which the migration occurs
is called the yield shear stress in the following. A further
increment of the shear displacement d would increase the
shear stress until the next GB migration, causing what has
been called a stick-slip motion in MD simulations [15]. On
the contrary, decreasing the shear displacement d after the
migration will result in an elastic distortion of the GB in its
final position. As seen in Fig. 2, the yield shear stress σc

inducing the GB migration is roughly 2.5 times higher in the
presence of a tensile stress σN = 1.79 GPa (σc = 2.3 GPa)
than for a compressive one σN = −1.97 GPa (σc = 0.9 GPa).
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FIG. 2. (a) Shear stress as a function of the shear displacement d

for applied tensile stresses σN = 1.79 GPa and a compressive normal
stress σN = −1.97 GPa. (b) Yield shear stress as a function of the
normal stress. Note that migration occurs at lower shear stress when
the GB is under compression.

Figure 2(b) reports the yield shear stress σc as a function of
the normal stress σN . The yield shear stress σc is maximum for
a normal stress of about σN = 4.5 GPa. For σN < 4.5 GPa, the
yield stress of the shear-coupled GB migration increases with
the normal stress: the measured slope dσc

dσN
is 0.4 at σN = 0. Due

to the magnitude of this slope, yield shear stresses σc have the
same order of magnitude as normal stresses. The dependence
of the yield shear stress on the normal stress is thus highly
relevant to understand experiments performed on a bicrystal
[7,34]. Indeed, in these later experiments, the GB plane normal
is at 45◦ angle with respect to the straining axis imposing the
near equality of the shear and tensile normal stresses.

For σN > 4.5 GPa, interestingly, the yield shear stress
decreases with the normal stress: as shown below, this
change of qualitative behavior corresponds to a change of
GB migration mechanism. Though in Fig. 2(b) the range of
investigated normal stresses is limited, the GB migrations
with applied normal stresses below −6 GPa have also been
tested (not shown). The yield shear stress σc never cancels but
presents a minimum at approximately σN = −6 GPa: below,
σc is a decreasing function of the normal stress. However,
since below σN = −6 GPa, the grain-boundary structure is
modified, this regime has not been investigated.

Instead, in the following, we focus on the GB migration
mechanisms occurring in the range −5.5 GPa (compressive) to
6 GPa (tensile) in order to evidence the two regimes suggested
by Fig. 2(b).

III. GB MIGRATIONS MECHANISMS

In order to reveal the GB migration mechanisms, the
reaction paths of the migration are calculated for different
normal stresses. While at T = 0 K, the migration occurs for

FIG. 3. MEP as a function of the RC for both tensile applied
stress σN = 1.79 (a) and σN = 5.57 (b) at d = 0.22 nm.

an applied shear displacement corresponding to the yield shear
stress, at finite temperature, the GB migration can be thermally
activated for a smaller applied shear displacement [9,24].
In order to investigate the finite temperature migration, the
reaction paths of the GB migration between configurations of
the system before and after the GB migration are calculated
for a given position of the slabs. Hence, each reaction path
is characterized by the values of the normal stress and of the
relative shear displacement. Investigated normal stresses are
the same as the ones used to establish Fig. 2(b). For a given
normal stress, investigated shear displacements d increase by
increments of 0.022 nm from zero to the critical value inducing
the GB migration [for σN = −1.97 GPa and σN = 1.79 GPa,
these values correspond to the ones used to establish Fig. 2(a)].
Reaction paths are calculated using the nudge elastic band
(NEB) method as a function of a reaction coordinate (RC),
an indicator of the GB migration progress [35]: the RC is
here defined as the cumulative distance (normalized by the
total cumulative distance) between adjacent replicas in the
configuration space of dimension 3N with N the number of
atoms. For each NEB calculation, from 50 to 100 NEB images
have been used depending on the normal stress and shear
displacement.

Figure 3 reports the minimum energy paths (MEP) as a
function of the RC at a shear displacement d = 0.22 nm
for both applied normal stress σN = 1.79 GPa and σN =
5.57 GPa. The value of this shear displacement and of the
normal stresses σN = 1.79 GPa and σN = 5.57 GPa are
chosen in order to report MEP that are both representative
of the numerous calculated ones and of the two regimes
suggested by Fig. 2(b), i.e., below and above 4.5 GPa. The
two MEP displayed in Fig. 3 are qualitatively different. First,
the activation energy of the GB migration for σN = 1.79 GPa
is roughly 50 times smaller than the one for σN = 5.57 GPa.
The activation energy is defined here as the energy difference
between the maximum energy along the MEP and the initial
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FIG. 4. Dichromatic pattern of the �13(320)[001] GB. Burgers
vectors of the 〈110〉, 〈010〉, and 〈100〉 migration modes are reported.
The solid line materializes the GB plane. Same atom color code as in
Fig. 1.

energy for RC = 0. Second, while the MEP for σN = 1.79
GPa displays multiple metastable states, the MEP for σN =
5.57 GPa is smooth and does not display any metastable state.
These two main differences can be related to the GB migration
mechanisms at the atomistic scale. The examination of the
atomic configurations along both MEPs of Fig. 3 evidences the
nucleation of two disconnections and their motions in opposite
directions. These two disconnections have opposite Burgers
vectors.

For σN = 1.79 GPa and d = 0.22 nm, performing a Burgers
circuit analysis around one of these disconnections, the
Burgers vector of the disconnection is 1

13a[320] (with a the
copper lattice parameter). From the measure of the normal
GB migration distance (corresponding to the disconnection
step height), we deduce the coupling factor − 2

5 of this
GB migration. Figure 4 reports the dichromatic pattern
of the �13(320)[001] GB and the Burgers vector of this
disconnection. From the position of the Burgers vector in
this dichromatic pattern, we identify the GB migration mode.
Following the denomination of Cahn et al. [12], this mode
corresponds to the 〈110〉 GB migration mode, a known mode
that has been already observed and studied in the literature
[27,36]. As suggested by Fig. 2(b), a close examination of all
nucleated disconnections along all calculated reaction paths
confirms the operation of the 〈110〉 GB migration mode for
σN < 4.5 GPa. The detailed structure and motion mechanism
of the 〈110〉 mode disconnections have already been studied
in Ref. [9] and will thus not be reported here again since we
recover similar results. In this paper, the results concerning the
mode 〈110〉 will be limited to the calculations of the activation
energies as a function of the shear displacement and of the
normal stress in Sec. IV, a key element for the discussion of
Sec. V.

For σN = 5.57 GPa and d = 0.22 nm, Figs. 5(a) and 5(b),
respectively, report the atomic configuration of the system
along the MEP for RC = 0.49 displaying two disconnections
and the details of one of these disconnections. Performing a
Burgers circuit analysis, the Burgers vector of this discon-
nection is 3

13a[320]. From the measure of the disconnection
step height, the coupling factor is − 1

3 . Figure 4 reports
the disconnection Burgers vector in the dichromatic pattern.
Following the denomination of Cahn et al. [12], this Burgers
vector corresponds to the 〈010〉 GB migration mode. While

FIG. 5. (a) Atomic configuration of the system along the MEP
for RC = 0.49 for σN = 5.57 GPa for RC = 0.49 at d = 0.22 nm
projected along the [001] direction. (b) Details of the atomic
configuration of one disconnection. The solid line, a guide to the eye,
displays the GB position and reveals the structural units. A dashed line
reports how this line will be modified by the disconnection motion
(to the left). Same color code as Fig. 1.

both 〈110〉 and 〈100〉 modes are the two known and observed
modes during the shear coupling migration of tilt [001] GB
depending on the orientation or of the disorientation angle
[12], to our knowledge, this work is the first to propose some
numerical conditions under which the 〈010〉 GB migration
mode is observed. In order to explicitly distinguish this mode
from the 〈100〉 one, the Burgers vector of the 〈100〉 modes has
also been reported in Fig. 4. Especially, the coupling factor of
the 〈100〉 mode has an opposite sign to the 〈110〉 and 〈010〉
ones. Examining all the nucleated disconnections along all
calculated reaction path confirms the operation of the 〈010〉 GB
migration mode for σN > 4.5 GPa.

Hence, the change of the qualitative behavior of the yield
shear stress as a function of the normal stress observed
in Fig. 2(b) corresponds to a change of GB migration
mechanism from the 〈110〉 (σN < 4.5 GPa) to the 〈010〉 mode
(σN > 4.5 GPa).

In Figs. 5(a) and 5(b), the large Burgers vector norm of
the 〈010〉 disconnections and the very high normal stress is
responsible of the highly distorted structural units observed
in the vicinity of the disconnections. The 〈010〉 mode dis-
connection carries a Burgers vector with a very large norm

3√
13

a corresponding to about 83% of the lattice parameter.
This Burgers vector norm is three times larger than the one
carried by the 〈110〉 mode disconnection. In Figs. 5(a) and
5(b), the solid line, drawn to highlight the structural units, has
been constructed from the observation of the GB before and
after the migration. The disconnection motion is induced by
atomic displacements corresponding to a shuffling mechanism,
also observed in the case of 〈100〉 or 〈110〉 GB migration
modes [9,24] for the �13(320)[001] and �17(410) GB. The
displacements [displayed by an arrow in Fig. 5(b)] in the [320]
direction of three atoms [blue circle in Fig. 5(b)] are mainly
responsible of the disconnection motion. A dashed line, a guide
to the eyes, features the position of the structural units after
the motion (to the left) of the disconnection of Fig. 5(b). No
disconnection kink along the [001] direction has been observed
during a 〈010〉 GB migration mode for all the investigated shear
displacement and normal stress. The absence of disconnection
kink is related to the limited size of the simulation cell in the
[001] direction. Due to the high number of atoms in the cell and
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FIG. 6. Activation energies of the GB migration as a function of
the normal stress σN and of the shear displacement d . (a) 3D plot and
(b) top view. The operating regions of the 〈110〉 (σN < 4.5 GPa) and
〈010〉 (σN > 4.5 GPa) modes are highlighted.

the high number of images necessary to get the convergence
of NEB simulations, we did not try to increase the size of the
cell in the [001] direction in order to evidence disconnection
kinks [24].

The following section is devoted to the results and dis-
cussion on the activation energies dependence on the shear
displacement and normal stress.

IV. ACTIVATION ENERGIES

Figure 6 reports the activation energies as a function of the
normal stress σN and of the shear displacement d: both a 3D
plot and top view are reported. Figure 6 contains 226 points,
each corresponding to a NEB calculation involving from 50 to
100 images: the computational effort in order to produce Fig. 6
is very significant. Unfortunately, despite these numerous
efforts, we did not succeed to get the convergence of every
NEB calculations, which explains that a few points are missing
on the graph: the number of points is however sufficiently
large to get an overall understanding of the occurrence of
the 〈110〉 and 〈010〉 GB migration modes. In addition, we
have limited the calculation of the activation energies of the
modes 〈110〉 (〈010〉) for normal stresses σN for which the
〈110〉 (〈010〉) mode is observed at 0 K, i.e., for σN < 4.5 GPa
(σN > 4.5 GPa). The activation energies for any normal stress
and shear displacement can, in principle, be evaluated using
the NEB method providing the generation of the judicious

initial and final configurations. These latter configurations can
be prepared from elastic deformations of GB configurations
obtained in alternative conditions: such a work has previously
been performed for the 〈110〉 and 〈100〉 modes of a Cu
�17(410) GB [24] but has not been reproduced here due to
the very high computational cost that it would imply.

The activation energies of the 〈010〉 mode for (σN >

4.5 GPa) are generally much larger, typically one order of
magnitude, than the 〈110〉 one (σN < 4.5 GPa). This difference
is in quantitative agreement with the ratio of elastic energies
carried by the 〈010〉 and 〈110〉 mode disconnections: indeed,
the 〈010〉 disconnection Burgers vector norm is three times
larger than the 〈110〉 one and the elastic energy scales as the
square of the Burgers vector square [1].

For both modes, as expected and already observed [8,24],
GB migration activation energies decrease as a function of
the shear displacement. However, the decrease is much more
pronounced for the 〈010〉 GB migration modes than for the
〈110〉 one: for the 〈010〉 (〈110〉) modes, activation energies
roughly change from around 25–30 eV (2–3 eV) for null
value of the shear displacements to null activation energies for
value of the shear displacements corresponding to about 1 nm
(varying from 0.2 to 1 nm depending on the normal stress). The
difference of activation energies decrease is again related to
the larger Burgers vector of the 〈010〉 mode disconnection
than the 〈110〉 one. Indeed, the GB migration activation
energy is expected to roughly decrease as the product of the
Burgers vector norm times the shear stress (corresponding
to the mechanical work for the shear displacement). Hence,
though the activation energies of the 〈010〉 are generally much
larger than the 〈110〉 one, this latter may become smaller
than the 〈110〉 one at high shear displacement. This situation
precisely occurs for σN > 4.5 GPa and is similar to the
competition between the 〈110〉 and 〈100〉 modes observed in
a Cu �17(410) GB [24].

V. DISCUSSION

The tensile normal stress σN > 4.5 GPa, necessary to
observe the 〈110〉 mode of the �13(320)[001] GB at zero
temperature, is very high: indeed, it is close to the tensile
normal stress necessary to initiate fracture in the GB plane. We
thus think that such tensile normal stresses are not compatible
with an experimental setup. In addition, in our model, for
nonextreme shear displacement values, the activation energies
of the 〈010〉 mode are typically one order of magnitude
higher than the 〈110〉 mode ones. Hence, assuming our results
are transposable to experiments, we would expect that the
actual observation of the 〈010〉 mode �13(320)[001] GB
migration will be quasi-impossible at finite temperature. We
thus conclude that, within a reasonable range of experimen-
tal conditions, the observation of the 〈010〉 mode of the
�13(320)[001] GB in real bicrystals appears very unlikely
by application of a normal load.

However, the present study shows that the effect of a
normal stress on the GB migration mechanism is effective.
This conclusion is reinforced by similar results in dislocation
plasticity: experiments have demonstrated that a high hydro-
static pressure can allow a plastic deformation of materials
at temperature lower than the ductile to brittle transition:
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FIG. 7. Activation energies of the GB migration for the 〈110〉
mode as a function of the normal stress σN for three values of the
shear displacement d reported in the legend.

these results were interpreted by the reduction of activation
energies of thermal activated processes such as dislocation
climb [37] or glide [38]. Therefore, we reasonably expect that
the migration of other GBs (especially other orientations) in
different materials under a normal load will lead to cases for
which the 〈010〉 mode operation will be favorable. In addition,
one can also expect to uncover other unobserved or new GB
migration mechanisms from such studies.

Finally, another interesting information of Fig. 6 concerns
the 〈110〉 mode. Figure 2 shows that for this mode, the
yield shear stress increases with the normal stress, suggesting
that a GB would migrate more easily when submitted to a
compressive stress, i.e., for a smaller applied yield shear stress
than one submitted to a tensile stress at 0 K. This picture is
actually confusing since the system may behave differently
at finite temperature. Figure 7 reports the activation energies
as a function of the normal stress for three different values
of the slab displacement. For a given shear displacement d,
the GB migration activation energy barely depends on the
normal stress as soon as the normal stress is above a critical
value σp depending on the shear displacement:from Fig. 7,
this critical value roughly corresponds to σp = −1.5 GPa for
d = 0.022 nm. Hence, at finite temperature, for normal stresses
higher than this critical value, the application of a normal stress
will have almost no effect on the GB mobility. This result

agrees with the previous simulations on the �11(113) Cu GB
showing that the GB migration at 300 K is not significantly
affected by the presence of a normal stress [26]. Hence, the
effects of the normal stress on GB migration can qualitatively
differ at null or finite temperature depending on the precise
conditions under which the GB migration is studied.

VI. CONCLUSION

This numerical study reports on the influence of a normal
stress on the shear-coupled GB migration mechanism. We
have shown that at zero temperature, the application of a
normal stress significantly affects the values of the yield shear
stress. We have shown that a normal stress can even induce
a modification of the GB migration mechanism. We have
reported simulations conditions allowing the operation of the
〈010〉 GB migration mode. To our knowledge, this mode,
theoretically predicted years ago, has never been observed in
experiments nor numerical studies. We have shown that the GB
migration occurs through the nucleation of two disconnections
that were characterized. Finally, we have calculated the
activation energies for disconnection nucleation.

We believe that the present study complements our previous
studies [9,24]: indeed, our studies have shown that a GB
can migrate following several mechanisms, each of them
characterized by a given disconnection and activation energy.
All of these mechanisms compete with each other. The
activation energies depend on the conditions under which the
migration is induced: with our previous and present studies, we
have explored the effects of temperature (see also Ref. [12]),
shear stress (or shear displacement) and now of the application
of a normal stress.

The present study opens a vast field of possible perspectives.
We report below two possible directions of investigations.
First, this work has been intentionally limited to conditions
that preserves the GB structure. But as mentioned in Sec. I,
the study of the GB migration with free boundary conditions
is also relevant and would certainly also bring additional
interesting information on the shear-coupled GB migration:
it will possibly reveal additional potential GB mechanism.

Second, a more systematic study of the migration of various
GBs (including asymmetric GB) under various conditions will
likely evidence new GB migration mechanisms. The knowl-
edge and the characterization of all these possible mechanisms
is a key ingredient in order to understand and improve the
plastic behavior of nanocrystalline materials under stress.
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