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Abstract

Shear-coupled grain boundary (GB) migration is an effective plastic mechanism in absence of dislocation
activity, ie. more favorably in nanocrystalline metals. For a given GB, several stress induced migration
mechanisms, referred as coupling modes participate to the decrease of the elastic energy produced by the
shear. They operate through the nucleation and motion of interfacial defects known as disconnections,
carrying elementary shear strain characterized by their Burgers vector. However, so far, the coupling modes
have been studied only under a simple shear, a situation much less complex than expected in a strained
polycrystal, where multiple components of the stress tensor are present. Here we propose a more systematic
investigation of the coupling modes when a composite shear is applied. This promotes the activation of
new coupling modes. Using Molecular Dynamics simulations, we evidence these multiple coupling modes
and the operation of their associate disconnections. Moreover, we also show that, even at low temperature,
GB migration may occur by the successive occurrence of two modes: the relaxed shear appears then as an
effective parameter, resulting from the combination of two operating elementary mechanisms.

Keywords: Disconnection and dislocation, Grain boundaries, Vacancies, Plastic deformation, Molecular
Dynamics

In absence of dislocations activity, grain boundary (GB) migration was found to be an efficient plas-
tic deformation mechanism [1]. Among different GB migration mechanisms, shear coupled grain boundary
migration (SCGBM) is considered particularly efficient, especially at low temperature, because it is a conser-
vative mechanism, analogous to dislocation slip. For this reason, SCGBM has drawn a significant attention.
During SCGBM, the GB migrates over a distance h coincidentally with the relative displacement b of the
two grains. The resulting shear, also known as the coupling factor β = b

h is commonly used to characterize
the mechanism.

In the early seminal work of Cahn et al., a theoretical description of SCGBM was first proposed, based
on the motion of intrinsic GB dislocation networks [2, 3, 4]. The nature and density of these dislocations
can be formally determined through the Frank-Bilby equation (FBE) [5]. The multiplicity of solutions of
the FBE, potentially leads to several coupling modes associated to different coupling factors. Cahn et al. [3]
have predicted for instance, in FCC crystals, four coupling modes in symmetric [001]-tilt GBs. While three
of them have been evidenced in Molecular dynamics simulations [3, 6, 7, 8, 9], only two modes have been
experimentally observed in macroscopic sheared Al bicrystals [10, 11, 12].

More recently, it has been found that the elementary processes of SCGBM are not induced by the motion
of the intrinsic dislocations but by the nucleation and motion of disconnections [13, 14]. A disconnection is
a GB defect with both a step and a dislocation character. Both experiments and simulations have evidenced
the role of these disconnections during the SCGBM [15, 16, 17, 18, 13, 19, 8, 9, 20, 21, 22]. The coupling
factor of the SCGBM is directly related to the ratio of the (norm of the) Burgers vector to the step height of
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the mobile disconnection. Hence, a coupling mode is due to the successive nucleation and displacement of a
disconnection along its GB plane. Numerous disconnection types can exist for a given GB. In a coincident
GB, they can be enumerated: their Burgers vectors correspond to the translations that preserve the GB
lattice structure, forming the so-called Displacement Symmetry Conserving (DSC) lattice. Among all these
disconnections, those with Burgers vectors parallel to the GB plane can glide and are thus favored during
the SCGBM 1. But even with this limitation, the number of potential operating disconnections remains
large, while only two modes have been experimentally observed in FCC [001]-tilt GBs [10].

Very few numerical studies have reported coupling factors incompatible with the prediction of the FBE
based model. Among them, some simulations are performed at high temperature [23, 24] so that the coupling
factor presumably corresponds to an effective coupling factor as proposed recently [22], involving several
elementary SCGBM events (and several disconnections). Experimentally, especially in small grained poly-
crystalline metals, low coupling factors have been measured which can be interpreted as alternative modes
but more presumably from a mixture of coupling modes. [17, 25]. It should be noted moreover that at
variance to ideal bicrystals submitted to a simple shear, GBs in real strained polycrystals are expected to
feel locally a more complex stress field. We emphasize that the resolved shear stress on a GB can take any
direction and that some plastic mechanisms should operate in order to relax the associated elastic energy.
More interesting for our present problematic are two studies [26, 27] that have investigated the SCGBM of a
symmetric σ11(131)− [110] GB in four directions some of them involving component along the GB tilt axis
and two asymmetric σ3(1̄1̄5)/(111)− [1̄10] and σ9(115)/(111)− [1̄10] GB in eight directions. These studies
actually report the operation of several disconnections incompatible with the prediction of the FBE based
model and that allows to relax the elastic energy accumulated by the stress.

In this manuscript, we propose to extend these latter studies by investigating a series of GBs under the
application of a general shear stress and by systematically examining the disconnections involved in the
SCGBM. We show that numerous disconnections and thus modes are available to the system in order to
relax the shear elastic energy. We have chosen here to limit our study to shear stress, eluding stresses with
components normal to the GB plane that have been investigated elsewhere [9, 28].

Investigating numerous GBs in FCC materials, we focus on homogeneous nucleation of disconnections
and we evidence some elementary SCGBM events presumably incompatible with the prediction of the FBE
based model proposed in Ref. [3]. To this aim, rather than applying a shear stress in random directions, we
take benefit from the analysis of the DSC lattice, and its associated representation, the dichromatic pattern,
in order to conceive judicious shear solicitation potentially able to activate alternative coupling modes.

In a first section, we explain the methodology to determine directions favoring alternative coupling
modes. We then shear several symmetric tilt GB in Cu using Molecular Dynamics (MD) simulations in
specific directions and evidence multiple coupling modes. We finally extend our study to an asymmetric
[001]-tilt GB and a twist GB.

1. Shear strain directions

The SCGBM of perfect GBs occurs through the (homogeneous) nucleation and further motion of dis-
connections [29, 16, 13, 30, 14]. Both processes are thermally activated. The SCGBM activation energy is
dominated by the disconnections nucleation [13, 30]. This nucleation activation energy barrier typically in-
volves the disconnection core energies, the elastic disconnection-disconnection interaction energy and finally
the Peach-Koehler energy due to the work of the shear stress. In the following, we consider a GB plane
normal to the x direction (see a sketch in Fig. 1), and apply a shear stress σ (σii = 0 with i ∈ {x, y, z}).
Glissile disconnections have thus, Burgers vectors perpendicular to x. Following [13, 30, 14], assuming a
linear isotropic elastic crystal (Poisson ratio ν, and shear modulus µ), the energy interaction of a migrating

GB displaying two (straight) disconnections with opposite Burgers vectors (~b = by~ey + bz~ez) separated by a

1The motion of a disconnection that would have a Burgers vector non parallel to the GB plane would imply climb and then
long range atomic diffusion, which is not considered here.
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distance δ writes:

E(δ) = 2Ecore(δ0) +
µ

2π(1− ν)
ln
δ

δ0
− (σxyby + σxzbz)δ (1)

δ0 and Ecore(δ0) are the core radius and core energy of the disconnections. The activation energy barrier
Eact of the migration can be deduced from the maximum Emax of this energy E(δ) as a function of δ.

Emax = 2Ecore(δ0) +
µ

2π(1− ν)

[
ln

(
µ

2πδ0(1− ν)(σxyby + σxzbz)

)
− 1

]
(2)

The maximum energy Emax is a decreasing function of the applied shear σxy and σxz. Obviously, the appli-
cation of a shear stress reduces the maximum energy and thus the activation energy barrier, and favors the
occurrence of the migration [31, 8, 9]. Eq. (1) and (2) can be written for every potential coupling modes (or
disconnections). Single or multiple [3, 22] coupling modes can operate in order to accommodate the shear.
In most studies [3, 32], the applied stress is a simple shear stress σxz perpendicular to tilt axis in symmetric
tilt GB, while in a real poly-crystal, the local shear stress can have any direction. This variety of potential
stresses can presumably activate alternative disconnections: indeed, from Eq. (2), the nucleation of a given
disconnection (and thus a given SCGBM coupling mode) will be favored if Emax is minimized, i.e. if the
shear stress is applied in the direction of the Burgers vector of the disconnection. Note that for simplicity,
we have considered a SCGBM induced by the motion of two infinite straight disconnections in Eq. (2), but
considering the expansion of a disconnection loop would yield the same conclusion [19].

In the following, we identify the shear directions corresponding to Burgers vectors of mobile disconnec-
tions using the dichromatic pattern and shear a set of GBs in these directions.

2. Molecular dynamics simulations

We perform MD simulations in a FCC material using an embedded-atom potential for copper [33]. We
have investigated a series of [001] tilt GB with tilt angles ranging between 16.26◦ and 73.74◦ : Σ25(710)(16.26◦),
Σ37(610)(18.92◦), Σ13(510)(22.62◦), Σ17(410)(28.07◦), Σ5(310)(36.87◦), Σ5(210)(53.13◦), Σ13(320)(67.38◦),
Σ25(430)(73.74◦). In addition, we have also studied an asymmetric tilt GB Σ11(557)(771)[001] and a [001]
pure twist GB Σ13(320). MD simulations have been performed at 0K and in several cases at finite temper-
ature.

Each of these GB has been studied using the same procedure. Figure 1 shows a sketch of the simulation
cell in the case of a [001] tilt boundary (the cells for the asymmetric and twist GB are similar). The
simulation cell contains two grains of a perfect FCC crystal disorientated relatively to each other around
the [001] direction and separated by a perfect GB. Periodic boundary conditions (PBCs) are applied in the
y- and z-directions. Typical simulation cell x-, y-, and z- sizes are, respectively, 10.8, 5.9, and 4.3 nm. The
cell typically contains from about 30000 to 100 000 atoms depending on the investigated GB. Equilibrium
structures of the GB are obtained by minimization of the interface energy between the two grains and we have
checked that they agree with GB structures reported in the literature. Two 1.7-nm-thick slabs at the top
and bottom of the cell contain atoms with relative positions frozen to the perfect lattice ones. The slabs are
translated relatively to each other parallel to GB plane by small increments in order to impose a shear stress
on the GB. After each translation, a conjugate gradient algorithm minimizes the potential energy during
which slabs can move freely in the x-directions. Elementary mechanisms of GB migrations are determined
following the procedure reported in Ref. [13]: from the configurations before and after the GB migration
at a given shear strain, the disconnections involved during the GB migration are evidenced from Nudge
Elastic Band (NEB) calculations [34]. In addition, on few GBs, some simulations of GB migration at finite
temperature were performed using a Nose Hoover thermostat to check the robustness of our findings. All
simulations have been performed using the LAMMPS simulations sofware [35, 36]. Below, in order to avoid
a fastidious catalog of the observed GB migration for all investigated GB and all shear directions, we have
chosen to detail our results for two symmetric tilt GBs Σ17(410)[001] and Σ13(320)[001]), an asymmetric
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Figure 1: (color online) Sketch of the simulated system. A GB perpendicular to the x direction separates two grains G1 and
G2.

tilt GB Σ11(557)(771)[001] and a pure twist GB Σ13[001]. Results for other tilt GBs will be synthesized in
a figure.

3. Disconnection notation

The notation commonly used to designate a disconnection is the so-called p/q notation introduced in
Ref. [37]: p and q are related to the step height in each grain (perfect lattice). Unfortunately, this notation,
though very simple is ambiguous because several different disconnections have the same p/q notation. In
the present study, we need to unambiguously designate a disconnection. We thus propose a notation based
on the crystal lattice coordinate systems (Fig. 1). In the following we propose to identify a disconnection by

the triplets (n1m1p1)/(n2m2p2): the Burgers vector ~b(n1m1p1)/(n2m2p2) and step height h(n1m1p1)/(n2m2p2) of
this disconnection are respectively:

~b(n1m1p1)/(n2m2p2) = ~t2(n2m2p2)− ~t1(n1m1p1) (3)

h(n1m1p1)/(n2m2p2) =
1

2

(
~t1(n1m1p1) + ~t2(n2m2p2)

)
.~ux

where ~ti(nmp) refers to the vectors expressed in grains i:

~ti(nmp) =
1

2
[ni,mi, pi] (4)

and ~ux is a unitary vector normal to the GB. The factor 1
2 in Eq. (4) could have been eluded, but it avoids

numerous fractional numbers when designating disconnections in the following. We adopt this notation
(n1m1p1)/(n2m2p2) to designate a disconnection in this manuscript. But in order to avoid a confusing
notation for readers familiar with the common p/q notation, we also mention this latter one in bracket
when designating a disconnection. Note that the introduced notation (as the p/q one) does not provide any
information on the core structure of the disconnection.
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4. Results

4.1. Σ17(410)− [001]

We first explicit below our finding for the Σ17(410)− [001] symmetric tilt GB. Fig. 1 shows a sketch of
the proposed system with x,y and z axis respectively along [410], [1̄40] and [001̄] crystal (grain 1) directions.
Fig. 2 shows the dichromatic pattern of the Σ17(410)− [001] symmetric tilt GB and the grain orientation.

4.1.1. Disconnection and shear direction

Figure 2 shows numerous potential disconnections labeled using the notation introduced above. All
these disconnections have Burgers vectors parallel to the GB plane and are thus glissile. Each of these
disconnections can be related to a disconnection with opposite Burgers vectors and step height (associated
to the same coupling mode): for clarity, we have chosen to mention only disconnections with positive Burgers
vector y-components.

Let’s first focus on the (101)/(1̄01)[4/4] and (1̄1̄0)/(110)[−5/ − 5] disconnections. The glide of such
disconnections respectively induces a GB migration under the so-called 〈100〉 and 〈110〉 modes [3, 8]. The
Burgers vector norm (step height) of the disconnections (101)/(1̄01)[4/4] and (1̄1̄0)/(110)[−5/ − 5] are

respectively 0.088 nm (0.175 nm) and 0.26 nm (0.22nm). Since the Burgers vectors ~b(101)/(1̄01)[4/4] and
~b(1̄1̄0)/(110)[−5/−5] are both parallel to the y-direction, the most efficient shear stress to activate these modes
is given by σxy 6= 0 (σxz = σyz = 0), which is indeed verified [3]. The activation barriers of these two
modes decrease as a function of an applied pure shear stress: the occurrence of a given mode depends on
the relative values of the activation barriers of these modes [8].

Let’s now consider the glissile disconnection ~b(2̄11)/(130)[−7/−7]. Its Burgers vector norm, 0.28 nm, and
step height, 0.31nm, are comparable to those of the (1̄1̄0)/(110)[−5/−5] disconnection, ie. 0.26 nm and 0.22
nm, respectively. Hence, the activation energies for the (2̄11)/(130)[−7/−7] and (1̄1̄0)/(110)[−5/−5] modes
are expected to be of the same order of magnitude [14]. However, to our knowledge, the (2̄11)/(130)[−7/−7]
mode has never been evidenced experimentally nor numerically.

The shear stress that is the most efficient to activate the nucleation of the disconnection (2̄11)/(130)[−7/−
7] at 0 K, has the direction of its Burgers vector.

4.1.2. The example of the (2̄11)/(130)[−7/− 7] shear direction

The Σ17(410) − [001] symmetric tilt GB is sheared at 0 K in a direction parallel to ~b(2̄11)/(130)[−7/−7].

Note that the Burgers vector ~b(2̄11)/(130)[−7/−7] has a screw-component, i.e. along the [001] tilt axis (z-axis).
During the shear, we observe a stick slip displacement of the GB evidencing a succession of elastic and
plastic regimes. Fig. 3a shows the shear stresses σxy and σxz as a function of the y-slab displacement. Each
stress drop corresponds to a plastic event, here a GB migration. This behavior is consistent with previous
numerical results [3, 13]. These curves suggest two kind of GB migration: type i) occurs at 0.17 nm y-slab
displacement, and type ii) occurs at 0.31nm, 0.41nm and 0.52 nm...

For a reason that will appear below, we first focus on type ii) GB migration. Fig. 3b shows the atomic
configurations along the minimum energy path (MEP) evidencing the disconnections that homogeneously nu-
cleate during this type ii) GB migration. This disconnection actually corresponds to the (2̄11)/(130)[−7/−7]
as can be revealed by a Burgers circuit analysis. The nucleation of this disconnection is also corroborated
by the stress-strain curve: the successive yield stresses σxy and σxz for all type ii) GB migrations are equal
(except small variations due to finite sizes of the simulations cells): this coupling mode exactly dissipates

the elastic energy accumulated while displacing the slabs in the direction ~b(2̄11)/(130)[−7/−7]. Analyzing the

type i) GB migration using the same method, we evidence the nucleation of a ~b(1̄10)/(031)[−3/−3] disconnec-
tion that was not expected. The Burgers vector norms (and step height) of the (1̄10)/(031)[−3/− 3] and
(2̄11)/(130)[−7/ − 7] being respectively 0.35 nm ( 0.22 nm) and 0.28nm (0.31 nm), the core energy of the
(1̄10)/(031)[−3/− 3] and (2̄11)/(130)[−7/− 7] disconnections are expected to be of the same order of mag-
nitude [14]. But more important, the activation energy of the disconnections nucleation depends on both
shear stress components σxy and σxz: the nucleation of disconnections (1̄10)/(031)[−3/− 3] occurs for yield
stresses σxy = 1.72GPa and σxz = 1.58GPa and allows to accommodate 90% of the shear stress along xz
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Figure 2: (color online) Projection of the dichromatic pattern of the Σ17(410)− [001] GB along the [001] z-direction reporting
the shearing direction (black and blue arrows) and the observed disconnections (blue arrows). The GB plane is reported by a
dashed black line. Black (Grey) and Red (Pink) atoms belong to different grains. Black(Red) and Grey(Pink) atoms have not
the same z-coordinate. Green solid lines correspond the coincident lattice site cell.
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Figure 3: (color online) a) Shear stress-strain curve Σ17(410)− [001] as a function of the y-slab position when shearing along

the ~b(2̄11)/(130)[−7/−7]. b) Disconnections (2̄11)/(130)[−7/ − 7] in the Σ17(410) − [001] symmetric tilt GB corresponding to
the atomic configuration along the MEP at reaction coordinate 1The reaction coordinate is 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 0.73 (the slab displacement is 0.17nm). The black solid lines, a guide to the eyes join atomic rows to
reveal the structural units. A Burgers circuit around the right disconnection is reported as a blue solid line. The atom color
code is identical to the one of Fig. 2b excepted in the region delimited by a dashed rectangle. In this region, a uniform atom
color code has been used: indeed, the screw component of the Burger vectors of disconnections (2̄11)/(130) imposes a relative
displacement of grain 1 compared to grain 2 in the direction [001].

but only 63% of the one along xy. While both shear stress components σxy and σxz were almost equal before
the operation of the disconnection (1̄10)/(031)[−3/− 3], the operation of this latter one induces a smaller
σxz drop than the σyz: this regime is transitional. The nucleation of (2̄11)/(130)[−7/ − 7] disconnections
then operate with yield stresses σxy = 2.10GPa and σxz = 1.49GPa and lead to a stationary stick-slip
regime.
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4.1.3. Other directions

We also tried to activate other disconnections by shearing in the direction of the (011)/(1̄30)[1/1],
(020)/(1̄21)[2/2], (1̄10)/(031)[−3/− 3], (1̄01)/(040)[−4/− 4], (110)/(2̄31)[5/5)], (121)/(2̄20)[6/6] disconnec-
tions Burgers vectors at 0 K: all these shear directions are reported in the dichromatic pattern in Fig. 2.

For numerous cases, we have observed a shear coupled GB migration under the expected or an alternative
coupling mode or a periodic succession of different coupling modes. The GB structure is conserved during
this GB migration and hence, the nucleated disconnections can be characterized. But we have also observed
shear coupled GB migration mechanisms during which the GB structure is not conserved and beyond,
the GB sometimes does not remain planar. In such cases, the characterization of the disconnections and
especially the elaboration of a relevant Burgers circuit is tricky: to our knowledge, a recent method of
disconnections analysis available in this case has been reported in the literature [38]. GB defect between

two different GB structure can be characterized by a Burgers vectors ~bDSC +~bdefect where ~bDSC and ~bdefect
respectively do and do not belong to the DSC lattice. Because GB migration conserving the GB structure
are numerous in our study, we have focused on them and did not try to address cases with GB structures
changes. In the following, we report only results concerning cases where the GB structure is conserved and
when disconnections can be analyzed.

Tab. 1 summarizes all the disconnections observed in the NEB calculations while investigating the
Σ17(410)− [001] GB.

By varying the shear directions, the disconnections (1̄10)/(031)[−3/−3], (101)/(1̄01̄)[4/4], (1̄1̄0)/(110)[−5/−
5], (2̄11)/(130)[−7/− 7] have been activated. These disconnections are reported with blue arrows in Fig. 2.
Note that though their p/q notations are identical, the (101)/(1̄01̄)[4/4] disconnection differs from the
(101)/(1̄01)[4/4] one (mentioned previously as operating under the 〈100〉 coupling mode). Indeed, the
(101)/(1̄01̄)[4/4] Burgers vector has a screw component along the [001] direction, while the (101)/(1̄01)[4/4]
has not. Note that since Fig. 2 shows the projection of the dichromatic pattern on the [001] direction, both
disconnections (101)/(1̄01̄)[4/4] and (101)/(1̄01)[4/4] superimpose on Fig. 2.

When shearing along the (1̄10)/(031)[−3/− 3] and (2̄11)/(130)[−7/− 7] directions, the coupling modes
and disconnections (1̄10)/(031)[−3/ − 3] and (2̄11)/(130)[−7/ − 7] are activated and accordingly allow to
relax the applied shears.

Surprisingly, when shearing at 0K along the (1̄10)/(231)[5/5], (011)/(1̄30)[1/1] or (1̄01)/(040)[−4/ − 4]
directions, none of the observed disconnections (1̄1̄0)/(110)[−5/ − 5] and (1̄10)/(031)[−3/ − 3] have their
Burgers vectors parallel to the applied shear stress. In these cases, the shear stress is relaxed by a periodic
succession of several coupling modes: an illustrative example of such a case will be detailed below in the
case of the Σ13(320) GB. Finally, when shearing along the (121)/(2̄20)[6/6] directions, several elementary
GB migrations reported in the Tab. 1 are first observed before the GB changes its structure.

4.1.4. Finite temperature simulations

Several MD simulations at 100 K and 200 K have been performed. They have evidenced the nucleation of
the (1̄1̄0)/(031)[−3/−3] and (2̄11)/(130)[−7/−7] disconnections in the Σ17(410)−[001] GB. However, apart
from few simulations that have allowed an observation and characterization of the nucleated disconnections,
the GB structure is most often not conserved during the SCGBM yielding to the impossibility to directly
analyze the elementary mechanism in terms of disconnections. However, we emphasize that we have always
observed a shear coupled GB migration, though we did not try to characterize this coupling in term of
elementary mechanisms.

4.2. Σ13(320)− [001]

Fig. 4a shows the dichromatic pattern of the Σ13(320) − [001] GB and several potential glissile dis-
connections (black and blue arrows): we have investigated the shear of this GB in all the Burgers vectors
directions of these disconnections at 0K. The nucleation of the (020)/(2̄11)[4/4], (1̄1̄0)/(110)[−5/ − 5] and
(101)/(1̄01̄)[3/3] disconnections reported by blue arrows in Fig. 4a have been observed. Note again that
the (101)/(1̄01̄)[3/3] coupling mode differs from the (100)/(1̄00)[3/3] (operating during the 〈100〉 coupling
mode) since it has a screw component (along the [001] axis).
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Shear direction Characterized Disconnections ( [p/q] notation)

(011)/(1̄30)[1/1] (1̄1̄0)/(110) [-5/-5]
(1̄10)/(031) [-3/-3]

(1̄10)/(031)[−3/− 3] (1̄1̄0)/(110) [-5/-5]
(2̄11)/(130) [-7/-7]
(1̄10)/(031) [-3/-3]

(1̄01)/(040)[−4/− 4] (1̄1̄0)/(110) [-5/-5]
(1̄10)/(031) [-3/-3]

(110)/(2̄31)[5/5] (1̄1̄0)/(110) [-5/-5]
(1̄10)/(031) [-3/-3]

(121)/(2̄20)[6/6] (2̄11)/(130) [-7/-7]
(101)/(1̄01̄) [4/4]

(2̄11)/(130)[−7/− 7] (2̄11)/(130) [-7/-7]
(1̄10)/(031) [-5/-5]

Table 1: Summery of the Σ17(410) − [001] GB behavior depending on the shear direction. All observed and characterized
disconnections are reported.
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Figure 4: (color online) a) Projection of the dichromatic pattern of the Σ13(320)− [001] along the [001] z-direction reporting
the shearing direction (black and blue arrows) and the observed disconnections (blue arrows). The GB plane is in the (yz)
plane. Same atoms color code as in Fig. 2. b) Shear stress-strain curve Σ13(320) − [001] as a function of the y-slab position

when shearing along the ~b(1̄10)/(1̄21)[−1/−1].
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Below we detail an interesting behavior previously mentioned: the successive operation of different
disconnections.

Fig. 4b shows the stress-strain curve measured when shearing the Σ13(320)− [001] GB at 0 K along the
(1̄10)/(1̄21)[−1/− 1] direction. A periodic succession of two types of plastic events operates. A first one (in
Fig. 4b at 0.24nm, 0.39nm, 0.54 nm...) induces a drop in the σxy stress but no σxz drop : the examination of
this event using the NEB method shows the operation of (1̄1̄0)/(110)[−5/−5] disconnections (corresponding
to the operation of 〈110〉 coupling mode). Accordingly, the absence of component along the z-direction of
the Burgers vector of the disconnection (1̄1̄0)/(110)[−5/−5] agrees with the absence of σxz stress drop. The
corresponding coupling factor is negative. The second plastic event (at 0.27nm, 0.42nm, 0.57nm..) induces
stress drops for both σxy and σxz: the examination of this event using the NEB method reports the operation
of the (101)/(1̄01̄)[3/3] disconnection. The Burgers vector of such disconnections have both a component on
the y- and the z-directions allowing the relaxation of the stress in both directions. The corresponding coupling
factor is positive. The combination of these two plastic events (1̄1̄0)/(110)[−5/ − 5] and (101)/(1̄01̄)[3/3]
fully accommodates the shear stresses when shearing along (1̄10)/(1̄21)[−1/− 1]. Indeed, we note:

~b(1̄1̄0)/(110)[−5/−5] +~b(101)/(1̄01̄)[3/3] = 2~b(1̄10)/(1̄21)[−1/−1]

h(1̄10)/(110)[−5/−5] + h(101)/(101̄)[3/3] = 2h(1̄10)/(1̄21)[−1/−1]

This relation can be derived from the sum of the coefficients

(1̄1̄0)/(110)[−5/− 5] + (101)/(1̄01̄)[3/3] = (01̄1)/(011̄)[−2/− 2]

moreover, invoking (2̄31̄)/(2̄33)[−13/0] a vector of the coincident site lattice, we get:

(01̄1)/(011̄)[−2/− 2] + (2̄31̄)/(2̄33)[−13/0] = (2̄20)/(2̄42)[−2/− 2]

= 2(1̄10)/(1̄21)[−1/− 1]

Hence, even at 0 K, the SCGBM can successively involve several different elementary events, each of
them associated to a disconnection and thus a coupling factor. Surprisingly, the imposed shear is not relaxed
by the single (1̄10)/(1̄21)[−1/−1] mode (and its corresponding disconnection). This result has already been
established at finite temperature: SCGBM is a thermally activated process so that different coupling modes
can compete with each other [3, 8, 22]. Here, we extend it to the low temperature case. While in the
literature, most authors, including us, used to believe that at low temperature, the disconnection mode with
the lowest energy barrier was the only activated one [13, 8, 22], our present results precise this assertion:
several disconnections can compete with each other even at low temperature since the activation energy is
a multivariate function of the shear stresses σxy and σxz.

Since the coupling factors (along the y-direction) of the (1̄1̄0)/(110)[−5/−5] and (101)/(1̄01̄)[3/3] discon-

nections are opposite and their values are respectively β[−5/−5] =
by [−5/−5]
h[−5/−5] = −0.399 and β[3/3] =

by [3/3]
h[3/3] =

1.33, the effective coupling factor is βe =
by [−5/−5]+by [3/3]
h[−5/−5]+h[3/3] = 3.00 2. If we relate this value to experimental

measurements, the successive operation of multiple coupling modes seems not to be a relevant argument to
explain the low coupling factors reported by experiments on poly-crystalline metals.

4.3. Symmetric [001]-tilt GB: a synthesis

Fig. 5 presents a synthesis of our results on all investigated [001] tilt GBs. Fig. 5 shows the misorientation

angle of the GB as a function of the coupling factors βy =
by
h and βz = bz

h of the disconnections that we have
evidenced. Both solid lines mention the 〈100〉 and 〈110〉 coupling modes derived from the FBE [3]. Fig. 5
clearly evidences that the GB disposes of numerous coupling modes to accommodate the shear stress. The
〈100〉 and 〈110〉 coupling modes only represent a small fraction of available coupling modes. This conclusion
is general and applies for all investigated GBs.

2Note that the effective factor is not the average nor a linear combination of coupling factors
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Figure 6: Projection of the dichromatic pattern of the Σ11(557)(771) − [001] GB along the [001] z-direction reporting the
shear direction (black and blue arrows) and the observed disconnections (blue arrows). The GB plane is in the (yz) plane.
Same atoms color code as in Fig. 2. For clarity, two CSL cell have been shown.

4.4. Asymmetric GB : Σ11(557)(771)[110]

In order to show the generality of our procedure to generate alternative coupling modes, we have consid-
ered an asymmetric GB Σ11(557)(771)− [110] which dichromatic pattern is showed in Fig. 6. The response
of Σ11(557)(771)− [110] GB to a pure shear stress σxy > 0 has been previously studied by Zhang et al. [39]:
Zhang et al. showed that the deformation mechanism consisted in the emission of the dissociated partial
dislocations and the nucleation and propagation of the partial dislocations from the GB plane. They did
not report that the GB migrates and couples with the shear. We found the same results. However, applying
a negative component σxy < 0 of the shear stress, we observed a GB migration coupled to the shear. We
have thus investigated numerous shear stress directions (all of them involve a negative value of the xy shear
stress component σxy < 0) corresponding to the glissile disconnections reported in Fig. 6. Two coupling
modes corresponding to the disconnections with Burgers vectors indicated by blue arrows in the dichromatic
patterns were observed. In some cases, a periodic succession of these two coupling modes similarly to our
observations for the Σ13(320)− [001] tilt GB were evidenced.

4.5. Twist GB: Σ13(001)

Finally, we would like to address a question hardly mentioned in the literature: does a twist GB shear
couple ? Fig. 7a) and b) show the dichromatic patterns of the Σ13(001) twist GB projected along [001] (x
direction) and [320] (z direction), respectively. Lattice planes above and below the GB plane are identical
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in the dichromatic pattern, because (001) is a mirror plane of the DSC. Hence, applying a shear stress
(parallel to the GB plane) in any direction, is not expected to lead to GB migration since its migration
in the opposite direction is totally equivalent: for any potential glissile disconnections of Burgers vector
~b and step height h, there exists a disconnection of Burgers vectors ~b and step height −h. However, GB
sliding an operate: there exists disconnections with Burgers vectors ~b 6= ~0 and no step heigh h = 0 3.
Applying a shear stress on a twist GB, we thus expect that the average position 4 of the GB will not
evolve with time, and that the shear elastic energy will be relaxed by a sliding of the two grains. We have
performed MD simulations at 0 K to shear the twist Σ13(320)− (001) GB in directions parallel to various
disconnection Burgers vectors parallel to the GB plane. We have actually observed some sliding without
migration. Seldom, we have observed some fluctuations of the GB position around its average position. This
behavior is reminiscent of the random nucleation of disconnections with identical Burgers vector but with
opposite heights h = ±0.18nm as expected.

5. Discussion and conclusion

Investigating numerous GB types (symmetric, asymmetric, twist) and numerous shear directions, this
work clearly highlights that SCGBM generally operates through the motion of disconnections. The oper-
ation of a given disconnection can be tentatively predicted and favored by imposing a shear stress in the
Burger vector direction. This approach combining geometry, local stress field distribution and disconnec-
tions nucleation energetic considerations is thus expected to provide a description of the coupling modes at
the grain scale.

At the beginning of this manuscript, we mentioned that the coupling factor for SCGBM has been previ-
ously explained by: 1) modeling the GB by an intrinsic dislocation network using the FBE and 2) predicting
the coupling factor from the glide of these dislocations [3]. As mentioned previously, for a symmetric tilt

3Note that some authors reserve the term disconnection for GB defects with h 6= 0 and ~b 6= ~0.
4We refer here to a statistical average.
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GB in a FCC crystal, this model predicts four potential coupling modes [3] in disagreement with our present
results (evidencing the operation of numerous disconnections/coupling modes). However, as previously no-
ticed [4], and as a consequence of the FBE multiplicity, several intrinsic dislocation networks can describe
a given GB. Any of the coupling modes we have evidenced above can be explained by one of these de-
scriptions [4]. In that sense, both dislocation and disconnection models are completely equivalent from a
geometrical point of view: both deals with transport of a shear either using an intrinsic dislocation or a
disconnection formalism. Note that pure geometric models [40, 41] equivalent to these two models have also
been elaborated.
We think that the disconnections model is more physical to describe the SCGBM . Indeed, the SCGBM ef-
fectively operates through the nucleation and motion of disconnections. Moreover, the disconnections model
relies on the dichromatic pattern, a characteristic of the GB that includes all the potential disconnections
and equally describes them. Hence, we agree with the conclusion of Ref. [22] that the SCGBM is not an
intrinsic property of the GB. In that sense, GB based plasticity is not different from dislocation based crystal
plasticity, except the variety of disconnections has to be taken into account.

Another important conclusion of the present work is that the coupling factor measured at the meso-scale
is not an intrinsic property of the underlying elementary mechanisms (disconnection nucleation and motion),
even at very low temperature. Hence, an investigation of the GB migration at the atomic scale in order to
characterize disconnections is necessary to raise a reliable conclusion on the elementary mechanisms operating
during a GB migration. The analysis of the elementary processes of the GB migration is unfortunately
difficult at both high and low temperatures both experimentally and numerically. Experimentally, only
in situ HRTEM have the required atomic scale resolutions [21]. But these experiments are technically
highly challenging and require ultra fine samples where diffusion effects at free surfaces need to be taken
into account. Numerically, two main issues restrains the analysis of the elementary mechanisms: first, GB
based plasticity can involve several elementary mechanisms that may operate simultaneously and potentially
cooperatively [42]. Second, the atomic structures of GBs can evolve during their migration and to our
knowledge, there is no method to analyze disconnections in these cases. The understanding and knowledge
of GB based plasticity would highly benefit from significant advances on these two issues.

In this manuscript, we have focused on shear directions that could be accommodated by a disconnection
present in the dichromatic pattern. But we have also tentatively investigated several general shear direction
corresponding to none of the disconnection displayed in the dichromatic pattern. We have most often
observed the operation of the disconnections that accommodate most but not totally the shear and then,
a destabilization of the GB yielding a rough GB caused mainly by large fluctuation of the GB plane. The
rough GB then migrates in order to accommodate the stress. We think that in rough GB, the presence of
multiple step creates a lot of potential nucleation sources of mobiles disconnections allowing presumably the
GB to relax the elastic energy through the operation of different types of disconnections. Unfortunately,
though this interpretation seems reasonable, identification of GB steps in rough GB is far from obvious so
that a definitive conclusion can not be raised from our present simulations. It seems however rather clear
that a perfectly flat GB has less channels to relax the elastic energy than a rough GB. The understanding
of the migration of rough GBs is clearly an important research perspective for the GB based plasticity.

Finally, we have limited the present study to homogeneous disconnections nucleation and have observed
the operation of numerous disconnections (or coupling mode). But numerous other potential disconnections
(the one represented by black arrows) present in the dichromatic patterns did not activate. These latter
ones may be activated by heterogeneous disconnection nucleation: vacancies[43, 44], triple junctions [45],
sessile disconnections [46, 47] or other GB imperfections can be a source of glissile disconnections and could
potentially produce disconnections that have not been observed.

This work was performed using HPC resources from CALMIP (Grant No. 2012-12172) and was funded
by ANR-17-CE08-0007.
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