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Heterogeneous disconnection nucleation mechanisms during grain boundary migration
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Shear-coupled grain boundary (GB) migration has been evidenced as an efficient mechanism of plasticity
in the absence of dislocation activity. The GB migration occurs through the nucleation and motion of
disconnections. Using molecular simulations, we report a detailed study of the elementary mechanisms occurring
during heterogeneous disconnection nucleation. We study the effect of a preexisting sessile disconnection in a
symmetric £17(410) [001] tilt GB on the GB migration mechanism. Shearing this imperfect GB induces its
migration and reveals a new GB migration mechanism through the nucleation of a mobile disconnection from the
sessile one. Energy barriers and yield stress for the GB migrations are evaluated and compared to the migration
of a perfect GB. We show that the migration of the imperfect GB is easier than the perfect one and that a sessile
disconnection can operate as a source of disconnection driving the GB migration. This GB migration mechanism

has been observed on two other high-angle GBs.
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The plastic deformation of polycrystalline solids is gen-
erally due to the mobility of dislocations. Grain bound-
aries (GBs) are considered as static obstacles to mobile
dislocations as drawn by the Hall-Petch law [1]. Conse-
quently, in nanocrystalline materials (grain sizes <100 nm),
the dislocation-mediated plasticity is reduced or even absent.
Recent results have evidenced that in such cases, GBs under
stress can migrate and participate in the plastic deformation
[2-5].

Among the possible GB-based mechanisms [6], both
experiments [2,7-10] and molecular dynamics simulations
[11-13] have evidenced the shear-coupled GB migration
(SCGBM) as an efficient plastic mechanism at low temper-
ature for low- and high-angle GBs. The application of a shear
stress on the GB induces its migration (over a distance m)
coincidentally with the relative in-plane translation d of the
two grains forming the GB. The coupling factor 8 = ,‘f—l char-
acterizes the migration.

The SCGBM has been abundantly studied using atom-
istic simulations investigating, for instance, the dependence
of the GB mobilities on the GB misorientation or structure
[11,13-15]. The elementary mechanisms of SCGBM have
been numerically investigated on a flat perfect model GB:
the GB migration results from the nucleation of two mobile
disconnections with opposite Burgers vectors (BV) and their
migration in opposite directions [16-23]. Disconnections are
GB line defects that have both step (height) and dislocation
character [24]. Various experiments have given strong clues
of the role of these disconnections in the SCGBM [9,10].

However, real GBs are far from being flat and perfect,
and the role of preexisting defects as GB steps or triple
junctions [25,26] has been considered on the GB migration.
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In the presence of defects, the nucleation of disconnections
will certainly be heterogeneous. In this study, we investigate
the heterogeneous disconnection nucleation in the presence of
a preexisting disconnection with a BV out of the GB plane.
Indeed, bulk dislocations interact with GB through various
processes [27,28]: they can be transmitted or absorbed, totally
or partially. In the case of a total or partial absorption, a
residual disconnection remains in the GB. While glissile
disconnections quickly move as they easily couple to a shear
stress, disconnections with a BV out of the GB plane are ses-
sile and potentially affect the GB migration. We examine here
this latter case and reveal a new SCGBM mechanism through
the nucleation of mobile disconnections from a sessile one.
As a representative and simple case, we study the mi-
gration of a symmetric tilt GB in response to an external
shear deformation in a copper bicrystal using the molecular
dynamics (MD) simulation package LAMMPS [29] and an
embedded-atom potential [30]. Figure 1(a) reports a sketch
of the simulation cell under study. Initially, the simulation
cell is prepared with two symmetric grains of a perfect fcc
copper crystal disorientated relatively to each other by an
angle & = 28.07° around the [001] direction and separated by
a perfect £17(410)[001] GB. Periodic boundary conditions
(PBCs) are applied in the [140] (y axis) and [001] (z axis)
directions. The simulation cell x (x direction along [410]),
y, and z sizes are, respectively, 32.4, 11.9, and 2.9 nm.
The cell contains 94 216 atoms. Two 1.5-nm-thick slabs at
the top and bottom of the cell that contain atoms with relative
positions frozen to the perfect lattice ones are used to impose
a shear stress on the GB. Equilibrium structures of the system
are obtained by minimization of the potential energy at 0 K
using a conjugated gradient algorithm. In order to create the
preexisting disconnection with a realistic structure, a 1/2[110]
edge bulk dislocation is artificially introduced in grain 1
[Fig. 1(a)]. This dislocation is moved toward the GB by the
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FIG. 1. (a) Sketch of the simulation cell before the absorp-
tion of the dislocation used to create a preexisting disconnection.
(b) Dichromatic pattern of £17(410)[001] GB evidencing the BV
of the disconnections 8, 8, Moy, and o). The horizontal solid
line evidences the GB interface. (c-i) Configuration of the system
(GB+disconnection §). Green atoms and blue arrow indicate the
main atomic displacement inducing the nucleation of 5 and K110y
disconnections. (c-ii) Configuration for RC = 0.22 and d = 0.57 nm
along the MEP after the decomposition of the disconnection § into
5 and Maioy- The black solid lines, a guide to the eyes, reveal the
structural units. Black (gray) and red (pink) atoms belong to different
grains. Black (red) and gray (pink) atoms do not have the same z
coordinate.

application of a stress and is fully absorbed in the GB: it
creates a disconnection, referred to as & in the following
[31]. Figure 1(c-i) reports the atomic configuration of the
disconnection §. The BV of the disconnection § is the same
as the 1/2[110] bulk dislocation [32] and has both normal and
coplanar components to the GB plane. Figure 1(b) reports this
BV in the dichromatic pattern. Due to the normal component
of the BV, this disconnection § is sessile, as seen in any of our
simulations.

The SCGBM of this system (GB+disconnection &) is
studied at O K: the slabs are translated relatively to each
other in the y direction by small increments (0.002 nm). At
each step, the potential energy is minimized. Figure 2 reports
the shear stress (calculated using the virial stress tensor) as
a function of the relative shear displacement d of the slab
(for both positive and negative displacements). The shear
stress is a linear function of d in the elastic regime. Shear
stress discontinuities correspond to plastic events, namely, GB
migrations here. For the system (GB+disconnection §), the
GB migrates at d = —0.82 nm in the [410] (x) direction for a
yield stress —1.68 GPa and at d = 0.65 nm in the [410] (—x)
direction for a yield stress 1.3 GPa.
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FIG. 2. (a) Shear stress as a function of the relative shear dis-
placement at O K for the system (GB+disconnection §) (black solid
line) and for a perfect £17(410)[001] GB (orange curve).

For comparison, Fig. 2 also reports the same curve for a
perfect X17(410)[001] GB (for positive displacement only
since this curve is symmetric): the measured yield stress of
the perfect £17(410)[001] GB is 2.45 GPa and occurs at
1.22 nm. The decrease of the yield stress in the presence of
a disconnection (§) evidences the role of the sessile discon-
nection on the SCGBM mechanism, and thus the relevance
of our study [17]. The § BV is asymmetric compared to
a positive or a negative shear, explaining the difference in
yield stresses for positive and negative d: both migrations (at
d = —0.82 nm and d = 0.65 nm) do not occur following the
same mechanism as revealed below. After the GB migration,
the GB configuration is similar to the one before migration;
it still contains the disconnection § at the same position along
the y direction.

In order to reveal the SCGBM mechanisms, the system
after the GB migration is unloaded (Fig. 2) to generate con-
figurations of the system after the GB migration for various
values of d. Nudge elastic band (NEB) calculations [33]
are performed between configurations before and after the
GB migration at given d as a function of a reaction coordi-
nate (RC) [34]. NEB calculations have been performed with
60 images, except a few NEB calculations that have been
performed with 160 images to check the reliability of the
results compared to the number of NEB images. Below, we
first address the mechanism involved by the GB migration
in the [410] (—x) direction investigating the minimum en-
ergy path (MEP) between the initial and final configurations.
The MEP (not shown) is smooth and does not show any
metastable state.

Figure 1(c-ii) reports an atomic configuration along the
MEP (d = 0.57 nm) at RC = 0.22: the SCGBM occurs
through the decomposition of disconnection § into two dis-
connections referred to as § and W10y [35]. Disconnections 5
and pu(110) are respectively sessile and mobile. Disconnection
Koy travels through the simulation cell [in the [140] (—y)
direction] and finally recombines (due to PBCs) with § to
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FIG. 3. (a) Mechanism of homogeneous disconnections nucle-
ation. (b),(c) Mechanism of heterogeneous disconnections nucleation
with and without PBCs. The solid lines feature the GB interface.
Dashed lines are equidistant in order to reveal the disconnection
heights. Double and solid arrows indicate the motion and the BV
of disconnections.

recreate the disconnection §. Figure 3(b) sketches this mecha-
nism of GB migration through heterogeneous nucleation of
disconnections. For comparison, Fig. 3(a) sketches the GB
migration mechanism for a perfect GB [18]. The BV of
disconnections 8, 8, and Mq110) are reported in the dichromatic
pattern of Fig. 1(b). Both conservations of BV and step heights
are ensured: the vectorial and algebraic sums of the BV and
heights of § and 14(110) correspond to those of §. The height of
disconnection § is half that of 1110y [24] and is the opposite
of that of 5. The § BV has a normal component relative
to the GB plane and § is thus sessile. The disconnection
W10y corresponds to the disconnection nucleated during the
(110) GB migration mode. The absence of metastable state
along the MEP agrees with the previous calculations on a
perfect GB for the (110) mode [20].

Examining the configuration along the MEP, a shuffling
mechanism revealed in Fig. 1(b-i) is responsible for the nu-
cleation of the disconnections & and 110y from §: the main
atomic displacements responsible for this nucleation are men-
tioned in Fig. 1(c-1). The motion of the 1110y disconnection
is also produced by a shuffling mechanism already reported in
the literature [20].

In order to complement our characterization of the GB
migration through heterogeneous nucleation of disconnec-
tions, Fig. 4 reports the activation energies calculated from
the MEP for different values of the shear displacement d.
Activation energies are here defined as the difference between
the maximum energy along the MEP and the energy of the
initial equilibrium configuration (before GB migration, i.e.,
RC = 0). These activation energies have been calculated for
both the (GB+disconnection §) system (black curve) and
for the perfect GB (orange curve). For the perfect GB, the
GB migration occurs through the homogeneous nucleation
and motions of two mobile disconnections ft(110y and fi (110
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FIG. 4. Activation energies as a function of the relative shear
displacement at 0 K for the system (GB+disconnection §) (black
solid line) and for a perfect £17(410)[001] GB (orange curve). The
black (red) solid line corresponds to the migration of the system
(GB+disconnection 8) in the [410] ([410]) direction. The dashed red
line corresponds to the symmetry of the red solid line compared to
d = 0 and corresponds to the activation energies of the SCGBM of a
system (GB+disconnection 8) for positive shear.

following the mechanism sketched in Fig. 3(a) [18]. The BV
and step height of the i1y disconnection are opposite to that
of w110y [see Fig. 1(b)].

As expected, activation energies decrease with increasing
shear displacement and cancel for shear displacements cor-
responding to the spontaneous GB migration at 0 K (at the
yield stress), respectively at d = 0.65 nm and d = 1.22 nm
for the (GB+-disconnection §) system and for the perfect GB.
At given shear displacement, the activation energy for the
perfect GB migration is clearly much higher than that for the
(GB+disconnection §) system (for instance, for d = 0.25 nm,
it is more than three times higher). The migration of a GB is
easier in the presence of a preexisting sessile disconnection
[17,35].

The mechanism of Fig. 3(b) is related to the presence
of PBCs. Indeed, PBCs implicitly involve a network of dis-
connections 8. Therefore, the nucleated disconnection (11
moves away from the disconnection § and recombines with a
PBC image of § as sketched in Fig. 3(b).

In order to address the case of a realistic sample, we have
performed a large MD simulation at 0 K in a cell without
PBCs involving about 350 000 atoms. We have observed
the following full SCGBM mechanism for heterogeneous
nucleation of disconnection [35]. The disconnection § first
decomposes in a mobile 110y and a sessile 5 disconnec-
tion; the disconnection ft(119) migrates away in the [140]
(—y) direction. The § disconnection then decomposes into a
mobile fi(110) that migrates away in the [140] (y) direction
and a § disconnection. The (GB+disconnection §) system is
hence restored after its migration. Figure 3(c) reports this full
SCGBM mechanism. Since both mobile disconnections (110
and fi(110y are characteristic of the (110) mode, the apparent
coupling factor is the (110) mode one: 8 = 6/5.
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FIG. 5. Atomic configurations of the X25(430)[001] (6 =
73.74°) and ¥£41(540)[001] (@ = 77.32°) including a 6 disconnec-
tion. The black solid lines, a guide to the eyes, reveal the structural
units. Black (gray) and red (pink) atoms belong to different grains.
Black (red) and gray (pink) atoms have not the same z coordinate.

We have energetically characterized the decomposition of
the disconnection 8. Since the effect of a (positive) shear stress
on disconnection § is equivalent to imposing a negative shear
stress on disconnection §, we have investigated the mechanism
involved by the migration of the system (GB-+disconnection
8) at 0 K at d = —0.82 nm in Fig. 2. Performing NEB calcu-
lations between configurations before and after GB migration
at d = —0.82 nm, we have retrieved the expected mechanism
described above. Figure 4 reports the activation energies (red
solid lines) extracted from these NEB calculations for the
SCGBM of the system (GB+disconnection §) for negative
values of d. The symmetry of this curve compared to d =
0 (red dashed line) corresponds to the activation energies
for the SCGBM of the system (GB-disconnection §) for
positive values of d. From Fig. 4, the activation energies for
both systems (GB+disconnection §) and (GB+disconnection
8) are comparable and only significantly differs for d >
0.5 nm. The X17(410)[001] GB has a misorientation an-
gle of 6 =28.07° around the [001] direction. In order to
check the robustness of the proposed full SCGBM mech-
anism for heterogeneous nucleation in the presence of a

8 disconnection, we have performed MD simulations without
PBCs for two high-angle GBs X25(430)[001] (0 = 73.74°)
and X41(540)[001] (@ = 77.32°). The atomic configurations
of the £25(430)[001] (6 = 73.74°) and £41(540)[001] (6 =
77.32°) including a § disconnection are reported in Fig. 5.
At both 0 and 300 K, we observe the nucleation of discon-
nections pi10y and fi(i10y from the disconnection § and their
propagation in opposite directions. While at 0 K, we observe
the simultaneous nucleation and motion of the two disconnec-
tions [36], at 300 K, those of the disconnections 1411y clearly
first occur before those of fi(i19y in full agreement with the
mechanism reported in Fig. 3(c).

As a conclusion, a £X17(410)[001] GB with a preexisting
disconnection § can shear couple and migrate. Our work
evidences that sessile disconnections can act as sources of
mobile disconnections ft(110y and fii10y. The presence of a
disconnection source significantly decreases the yield stress
as well as the activation energy barrier for the SCGBM. This
GB migration mechanism reported in Fig. 3(c) is robust as
has been observed in two other high-angle GBs at both null
and finite temperatures. Several perspectives of this work can
be considered. Other disconnections different from the one
studied in this work could be considered: specifically, from
the dichromatic pattern and the decomposition mechanism,
the § disconnection is related to the (110) mode. The study
of the SCGBM of GB including disconnections favoring
other modes would be highly relevant in order to investi-
gate if the presence of a sessile disconnection could favor a
specific mode. In addition, the shearing of a low-angle GB
337(610)[001] incorporating a 6 disconnection without PBCs
at both 0 and 300 K has not shown the mechanism Fig. 3(c)
cited above but a more complex one presumably related to
the preferential activation of the (100) mode for low-angle
perfect GBs at finite temperature [11]. An investigation of the
competition between temperature effects that favor the (100)
mode and the presence of a  disconnection that favors the
(110) mode would be highly relevant for low-angle GBs.

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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