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1.	INTR ODUCTION 

Shear–coupled migration (SCM) [1–24] has been recog-
nized as a particular plastic strain mechanism that can, in 
a wide range of temperatures, complement or compete with 
other plastic intra– or inter–granular mechanisms available 
to bicrystals or polycrystals, such as dislocation–mediated 
slip, grain boundary (GB) sliding, twinning… Conservative 
SCM of pure tilt boundaries is diffusionless. It occurs by 
collective atomic motion without recourse to long–range 
diffusion. The process is thermally activated but can take 
place at low temperatures. In fact, at these temperatures, it 
can be the dominant shear–driven GB migration mechanism. 

This is maintained up to very high temperatures relative to 
the melting point, at least for high shear strain rates [16,19] 
before viscous–like creep processes become prevailing.

The SCM phenomenon implies that a consequence of an ap-
plied shear stress, τ, the bicrystal shows two types of motions 
which are depicted in Fig. 1 [16,24]. The first one is a shear 
displacement, a movement of the upper crystal relative to the 
lower one parallel to the plane containing the boundary and 
characterized by the velocity v//. The second one is the mi-
gration of the GB, a movement perpendicular to the plane 
that contains the boundary and characterized by the migration 
velocity, vn. 

ABSTRACT: In this work, we present molecular dynamics simulations of the shear–coupled migration behaviour of sym-
metrical tilt boundaries Σ17(530)/[001] perturbed by the presence of nanocracks lying on the grain boundary. The simula-
tions were performed for copper bicrystals at 300 K. The focus has been on the study of crack size effects. The simulations 
were carried out using the embedded atom method with temperature control. Systems of constant width, X, and different 
crack sizes, 2a, were generated at 0 K. The ratio 2a/X characterizes the system. Periodic boundary conditions were set along 
the direction of application of the load and the tilt axis. After relaxation, the virtual shear of the bicrystals was carried out at 
a constant rate of 108 s–1. The response of the cracked specimens can be divided into: (i) shear–coupled migration of the grain 
boundary with increasing applied shear stress, (ii) intergranular propagation of the crack and (iii) emission of dislocations 
and closing of the grain boundary dislocation loop.
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RESUMO: Neste trabalho, apresentamos simulações de dinâmica molecular do comportamento de migração duma fron-
teira de grão acoplada à aplicação duma tensão de cisalhamento no caso duma fronteira simétrica de flexão Σ17(530)/[001] 
perturbada pela presença de nanofendas na própia fronteira de grão. As simulações foram realizadas para bicristais de cobre 
a 300 K. O interesse do estudo é o efeito do tamanho da fenda. As simulações foram realizadas utilizando o embedded atom 
method com controlo de temperatura. Sistemas de largura constante, X, e tamanhos de fendas diferentes, 2a, foram gera-
dos a 0 K. A razão 2a/X caracteriza o sistema. Condições de fronteira periódicas foram estabelecidas ao longo da direção 
de aplicação da carga e do eixo da fronteira simétrica de flexão. Após o relaxamento, o cisalhamento virtual dos bicristais 
foi realizado a uma taxa constante de 108 s-1. A resposta das amostras fissuradas pode ser dividida em: (i) ao cisalhamento 
acoplado a migração do limite de grão com o aumento da tensão de cisalhamento aplicada, (ii) propagação intergranular da 
fenda e (iii) emissão de deslocações e formação de deslocações em anel.
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ever, this equation yields a multiplicity of geometrically pos-
sible coupling factors and, from the structural point of view, 
a multiplicity of geometrically possible GB dislocation sets. 
For coincident or near–coincident boundaries, these sets are 
perfect dislocations of the crystal lattice and the displacement 
shift complete lattice.

First references to GB movement as a consequence of applied 
mechanical loads can be found in 1950s [1-3] and 1970s [4-7] 
for small– and high-angle tilt boundaries, respectively. The 
current burst of interest, both experimental [8-13] and nu-
merical-theoretical [14-25], on SCM is due to its active role 
in the mechanical behaviour of nanograined materials and in 
the structural changes taking place in such materials when 
subjected to stress at low temperatures. SCM requires high 
resolved shear stresses that cannot be reached in polycrystals 
with conventional grain size before attaining the activation 
stress for profuse dislocation glide. In this kind of materi-
als, observance of the Hall-Petch relationship is the key point 
for the dominance of low-temperature intragranular plastic 
mechanisms over intergranular plastic processes. However, 
in nanomaterials, inversion of the Hall – Petch effect can be 
observed [23]. Some other examples of SCM activity are 
grain growth during nanoindentation and near loaded crack 
tips, and fatigue of nanograined materials, as reviewed in Ref. 
23. Therefore, a good understanding and mastering of SCM 
in nanostructured materials is essential to warrant their struc-
tural stability.

In this work, we present molecular dynamics (MD) simula-
tions of the SCM behaviour of the symmetrical tilt bound-
ary Σ17(530) perturbed by the presence of nanocracks lying 
on the GB. The simulations have been performed for copper 
bicrystals at 300 K. We have compared the behaviour of a 
perfect boundary with the behaviour of a GB presenting na-
nocracks. We have also studied the crack size effect on this 
kind of systems.

2.	SIMULATI ON CHARACTERISTICS

2.1.	M olecular dynamics technique

The MD technique used for these atomistic simulations was 
the embedded atom method (EAM), proposed by Daw and 
Baskes [27,28]. The potentials that we have used in this EAM 
approach correspond to copper, obtained from Mishin et al. 
[29]. In essence, the EAM considers that each atom of the 
system is embedded in the network formed by the rest of at-
oms of the system and that they interact with their surround-
ing in terms of a nuclear interaction (the pair potential) and 
an electron-nucleus interaction (the so-called embedding po-
tential). Further details of both this MD technique and these 
potentials can be found elsewhere [30,31]. It is particularly 
important to mention the existence of a cut–off radius, rcut, for 
these atomic interactions. This parameter equals 0.55 nm for 
the copper potentials proposed by Mishin et al. 

On one hand, for the numerical integration of the motion 
equations, we use a modified Verlet algorithm [32], as this 

Fig. 1. SCM phenomenon in a planar boundary of a free bicrystal: (a) initial 
configuration and (b) after the application of a shear stress. The dotted lines 
permit following the response of the bicrystal [16]

The effectiveness of the applied shear stress in the SCM phe-
nomenon can be characterized in terms of the shear coupling 
factor, β, defined as the ratio of the shear displacement paral-
lel to the GB surface in the direction normal to the tilt axis to 
the GB migration normal to its surface, this is,
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Note that this definition of β corresponds also to the shear 
strain associated with the passage of the migrating boundary, 
ΓSCM [23]. In this sense, a macroscopic plastic strain associ-
ated to SCM, 
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Where MSCM is an orientation factor and SCM
VV  is the volume 

fraction swept by the migrating boundary. Like GB sliding 
or pure diffusional deformation, SCM is not a self–sufficient 
plastic mechanism for arbitrary deformation of plycrystals. 
Hence, it always needs to be complemented by the activity of 
other deformations mechanisms to provide compatible large 
deformations of grain aggregates [23].

Some authors [16] have proposed a geometrical model based 
on the dislocation content of the symmetrical tilt boundary 
which permits obtaining β in terms of the GB misorientation, 
θ, as
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Eq. 3.a applies to “low” misorientations and produces a “pos-
itive” coupling between the applied shear stress and the GB 
migration, this is, GB moves upwards when τ is applied to the 
right. Eq. 3.b applies to “high” misorientations and produces 
a “negative” coupling, this is, the GB migration occurs in the 
opposite sense compared to “positive” coupling. The transi-
tion between these two behaviours takes place at f ≈ 35º-40º 
[16,17]. The shear coupling factor is related to the tilt misori-
entation through the Frank–Bilby vector, which captures the 
net dislocation content of the GB: <100> dislocations for low 
misorientations and <110> dislocations for high misorienta-
tions, as derived from the Frank–Bilby equation [26]. How-
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Fig. 2. Initial configuration of the cracked copper bicrystals presenting a 
symmetrical tilt boundary Σ17(530)/[001]. The case of 2a/X = 1/3 is shown.

After generation of the bicrystals, the samples were relaxed to 
let the GB acquire a metastable configuration. The relaxation 
process proceeded at 0 K during 5 ps. Then, the temperature 
was increased linearly up to 300 K during 7.5 ps. Finally, the 
samples were kept at 300 K for 12.5 ps. Surface tension leads 
to some global and local geometrical distortion of the initial 
shape, particularly, around the crack tip, where tensional insta-
bilities may appear.

After relaxation, two rigid zones of 0.55 nm of thickness were 
set in the upper and lower layers of the sample. During the sim-
ulations, carried out under displacement control, the lower lay-
er remained fixed, whereas the upper rigid zone was displaced 
along the x axis at constant speed of v// ≈ 2.1 m s–1. This corre-
sponds to a shear strain rate, & , of 108 s–1. The rest of the atoms 
of the system can move freely. Periodic boundary conditions 
(PBC) were set along the x and z axes. Thus, the specimens are 
in fact periodically cracked samples, as shown in Fig. 2.

A comment should be made about & . The high values of this 
parameter are inherent to MD simulations. Note that, although 
the applied displacements may be small (of the order of pi-
cometres), because of the nanometric systems considered and 
the small time steps assigned (of the order of femtoseconds), 
the effective strain rates will range between 108 s–1 and 1010 
s–1. Only the use of especial, more demanding algorithms, 
such as the so-called accelerated MD [18], permits reaching 
lower strain rate values. 

The imposed shear displacement and the resulting required 
force were stored during the simulations, in order to compute 
the shear stress vs. shear strain τ-γ curves. Atomic positions 
were also periodically stored to analyse any structural chang-
es that may occur, such as GB migration and slip, dislocation 
nucleation and emission or crack propagation. The visualiza-
tion of the atomic systems is done making use of the atomic 
configuration viewer called AtomEye, provided by Li [35].

3.	RESULTS  AND DISCUSSION

3.1.	T he calculation of stresses

Before presenting the results of these simulations, we will 
briefly explain the method used for the calculation of the 

numerical intergrator is simple, computationally inexpensive 
and sufficiently accurate. The time increment, ∆t, employed for 
numerically obtain the atomic trajectories equals 2.5×10–15 s. 
Note that this is one of the most important drawbacks of atom-
istic simulations: time increments have to be necessarily small, 
to avoid numerical artifacts and divergences, and this limits the 
effective time span of the simulations. 

On the other hand, the Nosé-Hoover thermostat [33,34] was 
implemented to control the system temperature, T. Essentialy, 
the thermostat maintains the atomic velocities within an ad-
equate range of values, according to the thermal energy of the 
system. This is obtained thanks to the convenient modifica-
tion of the accelerations of the atoms, after each simulation 
step. In the case of these simulations, T equals 300 K.

2.2.	 The Σ17(530)/[001] tilt boundary

In this work, the generated bicrystals present a symmetrical 
tilt boundary Σ17(530)/[001]. Σ is the relationship between 
the number of lattice points in a unit cell of the generating 
lattice and the number of lattice points in a unit cell of the 
coincidence site lattice (CSL). The first Miller indices after 
Σ17, namely (530), indicate the plane where the GB lies. Its 
normal corresponds to the y axis of the simulation system. 
The following Miller indices, namely [001], are the tilt axis 
and correspond to the –z direction of the simulation system. 
In the simulations that a crack had to be introduced, this is 
contained in the plane (530) and the crack tip lies along the 
[001] direction. The symmetrical tilt boundary Σ17(530) cor-
responds to a high–angle misorientation of ϕ = 61.9º. Ac-
cording to Eq. 3.b, this misorientation yields a shear coupling 
factor of β = -0.5 for the case of a planar free GB. Note that 
the obtained shear coupling factor is negative, thus, we will 
observe the GB moving downwards when the shear stress is 
applied to the right.

2.3.	S pecimen generation and test features

Two types of bicrystals were generated for this work, namely, 
uncracked and cracked bicrystals. In all of the cases, the sam-
ples were constructed at 0 K. For both types of samples, the 
number of specimens is three. For the uncracked samples, the 
system dimensions changed from one specimen to another. 
In particular, the X dimension is 4.2 nm, 10.6 nm or 14.9 nm; 
respectively, the Y dimension is 8.4 nm, 21.1 nm or 29.2 nm; 
and, in all cases, the Z dimension is 2.2 nm. In the case of the 
cracked specimens, sample dimensions are the same, namely, 
10.6 nm × 2.2 nm × 21.1 nm. Nanocracks were formed by 
removing the atoms located in a band of 0.55 nm of thickness, 
centred in the GB, along 1/2, 1/3 and 1/4 of the specimen size 
along the x axis. Thus, 2a/X equals 1/2, 1/3 and 1/4 (see Fig. 
2). The change of the 2a/X ratio will permits us studying the 
effect of the crack size on the mechanical behaviour of these 
cracked samples.
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3.3.	C racked samples

Fig. 4 shows the τ–γ responses for the three cracked bicrys-
tals simulated at 300 K. Besides, Table 1 summarizes some 
relevant mechanical properties of these samples, namely the 
shear modulus, G, the shear stress and the shear strain for 
crack propagation, τprop and γprop, respectively, the maximum 
applied shear stress, τmax, and the shear strain at the maxi-
mum shear stress, γmax. The first thing that we can observe 
in Fig. 4 is that the presence of cracks significantly affects 
their mechanical response. Surprisingly, the cracked samples 
are strengthened by the intergranular cracks. In the following 
sections, we detail and explain this behaviour.

3.3.1. SCM behaviour

Fig. 4 shows that the cracked samples behave as uncracked 
specimens do [23,24]. This is, they behave elastically, with the 
values of shear modulus G summarized in Table 1. When a 
critical value of applied shear stress τ is overcome, the SCM 
of the GB occurs, showing the same stick-slip behaviour ob-
served in the uncracked samples. This is the main deformation 
mechanism while γ is lower than 0.05 or 0.07, depending on 
the specimen considered. Unlike the uncracked samples, the 
applied shear stress does not remain at a low level. It needs to 
be increased for producing further deformation of the cracked 
sample. This is caused by the intergranular cracks which pin 
the GB [41,42]. Thus, the SCM can only take place away from 
the crack tips and that makes the GB to bow out, downwards, 
as shown in Fig. 5, because β is negative for the studied sym-
metrical tilt boundary. The misorientation between the GB and 
the crack tip progressively increases and, therefore, further GB 
migration becomes more and more complicated [24].

Fig. 4. Shear stress, τ, vs. shear strain, γ, curves at 300 K of the cracked 
copper bicrystals presenting a symmetrical tilt boundary Σ17(530)/[001].

Table 1. Summary of the mechanical properties of the cracked 
copper bicrystals presenting a symmetrical tilt boundary 
Σ17(530)/[001] at 300 K.

(1)
2a/X = 1/2

(2)
2a/X = 1/3

(3)
2a/X = 1/4

G (GPa) 24.3 26.3 28.6
τprop (GPa) 0.93 1.24 –
γprop @ τprop 0.055 0.073 –
τmax (GPa) 1.35 2.04 2.29
γmax @ τmax 0.096 0.111 0.119

applied stress. The so–called virial expression [36] permits 
computing the applied (global) stress tensor, σ
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where V is the system volume, m is the atomic mass, vi is the 
velocity of atom i, rij is the distance vector between atoms i and 
j and fij is the force between these two atoms. The result of the 
tensor product a ⊗ b is a matrix C such that each matrix ele-
ment Chk = ah·bk (h, k = x, y, z). Thus, the applied shear stress τ 
corresponds to the term τxy of the global stress tensor σ

∞
. 

The virial theorem is generally applied to each atom to get a lo-
cal stress tensor. However, some authors have developed a more 
accurate way of representing local stresses [37,38], namely
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where Ω is the volume of some representative partition ele-
ment, Λi equals 1 if atom i is within the volume element and 
0 otherwise, and λij is the fraction of the length of the bond 
between atoms i and j lying within the volume element. In 
this work, we have chosen the volume element to be a sphere 
of radius equal to the copper lattice parameter, a = 0.36 nm, 
centred on each atom. Therefore, each σ can be associated to 
the local stress at the position of the central atom.

3.2.	U ncracked samples

Fig. 3 shows the τ-γ responses for the three uncracked bic-
rystals simulated at 300 K. The discussion of the main results 
corresponding to the uncracked configuration of the symmet-
rical tilt boundary Σ17(530) can be found elsewhere [23,24]. 
However, it is important to note that:

•	 A negative coupling is observed: the GB migrates down-
wards when the shear stress τ is applied to the right. A shear 
coupling factor β approximately equal to -0.5 is computed.

•	 The slopes of the intermittent elastic loading stages are very 
similar to the elastic shear modulus, namely G = 27.3 GPa, 
for a single crystal [39] with the same orientation as the sam-
ples and considering the elastic anisotropy of copper [40].

•	 The SCM is associated to a stick-slip phenomenon charac-
terized by the overcoming of a critical value of applied shear 
stress, namely τc ≈ 0.4 GPa [18,23,24], although a size effect 
can be observed in that parameter, according to Fig. 3.

Fig. 3. Shear stress, τ, vs. shear strain, γ, curves at 300 K of the uncracked 
copper bicrystals presenting a symmetrical tilt boundary Σ17(530)/[001].
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a significant contribution of the crack length (the 2a/X ratio) 
and the stress concentration at the crack plane. As shown in 
Fig. 5.b, the crack opening near the crack tip produces differ-
ent events of intergranular fracture along the GB when it lies 
on a (100) plane, indicating a possible ductile fracture. Fur-
ther crack propagation is hindered and the SCM mechanism 
is enabled again. 

We are going to analyse the stress distribution ahead of the 
crack front (θ = 0), too. For that, we first calculate the local 
stress associated to the atoms, according to Eq. 4. However, 
we have already mentioned that the crack advances at a par-
ticular angle. Therefore, we have to rotate the obtained stress 
tensor to a coordinate system as the one depicted in Fig. 6. 
This coordinate system is such that the crack propagation oc-
curs along the 1 direction. Note that, in all of the cases, the 
components τ13, τ23 and τ33 of the local stress tensor, are nearly 
zero or small compared with the other stress terms. Therefore, 
they are not presented here. The rest of stress terms are shown 
in Fig. 6. 

a)

b)
Fig. 5. Detail of the cracked copper bicrystal (2a/X = 1/3) presenting a 
symmetrical tilt boundary Σ17(530)/[001] at 300 K with (a) γ = 0.071 (the 
GB bows out), and (b) γ = 0.11 (the crack propagates, the GB keeps on 
migrating)

3.3.2. Crack propagation

When the angle formed by the GB and the crack plane is ~31º, 
a different deformation mechanism activates. The propaga-
tion of the crack through the GB can be observed. That occurs 
at γ = 0.055 and γ = 0.073 for the samples with 2a/X = 1/2 
and 2a/X = 1/3, respectively. However, it does not take place 
in the sample with 2a/X = 1/4. Therefore, there must also be 

	 a) 	 b) 

	 c) 	  d) 
Fig. 6. (a) Local coordinate system for the crack study [29]. (b) σ1, (c) τ12 and (d) σ2, for the cracked copper bicrystal (2a/X = 1/3) presenting a symmetrical tilt 
boundary Σ17(530)/[001] with γ = 0.074 at 300 K.

Fig. 7 shows the stress distribution ahead of the crack for the 
samples which showed crack propagation. In Fig. 7, for each 
simulation, two different groups of data have been collected: 
the data series labelled “Up” refer to atoms just above the 
(100) plane (the crack propagation plane) and lying along the 
[010] direction, and the label “Down” refers to atoms just 
below the (001) plane and lying along [010]. Note that the 
curves depicted in Fig. 7 represent the values of σ1, τ12 and σ2, 

averaged along the z axis, at different distances from the crack 
tip, r. However, it should also be reminded that, connaturally 
to the atomistic simulations, the position of the “crack tip” 
is not well defined, and that concepts such as “sharp crack” 
have no sense here. However, the position of crack tip can 
be bounded in the plane of the crack propagation. For this 
reason, the origin of the distances to the crack tip has been 
considered as a parameter in the fits shown in Fig. 7.
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which the generated dislocations are accommodated in the 
GB as they are emitted. In turn, dislocation generation would 
help explain why SCM is active after crack propagation.

3.3.3. Closing of the GB

As mentioned, the SCM mechanism is enabled again as con-
sequence of the dislocation activity in the sample. When 
crack propagation stops and, as shown in Fig. 4, the applied 
shear stress is as high as 2 GPa (see Table 1), the emission of 
dislocations from the GB takes place (see Fig. 8.a) [24]. That 
occurs at γ = 0.111 and γ = 0.119 for the samples with 2a/X = 
1/3 and 2a/X = 1/4, respectively. However, it is not observed 
in the cracked sample of 2a/X = 1/2 as τ is not high enough.

a)  

b) 
Fig. 8. Detail of the cracked copper bicrystal (2a/X = 1/3) presenting a 
symmetrical tilt boundary Σ17(530)/[001] at 300 K with (a) γ = 0.116 (partial 
dislocation emission and closing of the GB), and (b) γ = 0.2 (the GB is free 
from the crack and other obstacles).

The dislocations emitted during this step of the simulation are 
partial dislocations in the {111}<211> system. As it can be seen 
in Fig. 8.a, they propagate in the lower crystal until they permit 
closing the GB dislocation loop. This implies the formation of 
a new GB below the crack and, thus, the pinning effect exerted 
by the crack starts to disappear. In the case of the cracked sam-
ple of 2a/X = 1/3, this process is helped by the reduction of 
the crack size, as shown in Fig. 8.b. Nevertheless, the sample 
of 2a/X = 1/4 does not show that crack size reduction. Once 
the GB gets to detach from the crack (and from other softer 
obstacles formed during the unpinning process: note, in Fig. 
4, the differences in the τ–γ response after the big stress drop 
in these two cracked samples), the boundary configuration of 
the cracked specimens and the GB of the uncracked bicrystals 
look very much alike. Therefore, further deformation of the 
samples produces SCM of the GB at shear stresses of the same 
order of the τc observed in the uncracked samples.

Finally, it is worth mentioning that, in the cracked sample of 
2a/X = 1/2, as the nucleation of dislocations does not occur, 
the SCM of the GB cannot be enabled again. Nevertheless, 
a different mechanism activates in order to accommodate 
the introduced deformation. That mechanism is the GB slip 
[24], which is also possible due to the reduced dimension of 
the ligament. As a consequence, the crack shape changes, as 
shown in Fig. 9.

a) 

b) 
Fig. 7. Stress distribution as a function of the distance to the crack tip, r: (a) 
2a/X = 1/2 and (b) 2a/X = 1/3, at the corresponding γprop (see Table 1). The 
power–law fits of σ2, namely σ2 ∝ r–1/2, are also shown.

These curves show that σ2 can be fitted with a power–law 
function of r. Note that the fit of the cracked bicrystal of 2a/X 
= 1/2 (Fig. 7.a) is particularly good and consistent above and 
below the propagation plane. For both samples, σ2 ∝ r–λ, with 
the stress singularity exponent, λ = 1/2. This is in line with 
other atomistic fracture results which indicate that it is possi-
ble to express the opening displacement, ∆u2, of the atoms of 
the crack faces (θ = ±π) near the crack tip (r < 3 nm) in terms 
of r1/2 [30,31], this is,
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where u2(0,0) represents the degree of freedom related to the 
location of the crack tip and f is a coefficient which depends 
on the elastic properties of the material. The results of this 
work indicate that not only opening displacements but also 
the normal stress (with respect to the crack plane) can be fit-
ted with the linear elastic solution proposed in the continuum 
for a sharp crack [43,44]. Therefore, we can validate the well–
established continuum approach of fracture processes also on 
the basis of the results observed in this work attending to the 
atomic structure of materials.

The fits obtained considering Fig. 7 yield a critical stress in-
tensity factor, KIc, ranging between 30 kPa√m and 65 kPa√m. 
Although small, these values are of the same order of other 
stress intensity factors calculated on a stress basis and report-
ed in the literature for heterogeneous dislocation nucleation 
in a different crystal orientation but at the same temperature 
[30,31]. This may indicate that the observed crack propaga-
tion is a dislocation–mediated process, and, thus, ductile, in 
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a) 

b) 
Fig. 9. Detail of the cracked copper bicrystal (2a/X = 1/2) presenting a 
symmetrical tilt boundary Σ17(530)/[001] at 300 K with (a) γ = 0.11 (before 
GB slip), and (b) γ = 0.138 (after GB slip).

4.	C ONCLUSIONS

The shear–coupled migration of the symmetrical tilt bounda-
ry Σ17(530)/[001] perturbed by nanocracks lying on the grain 
boundary has been studied by means of molecular dynamics 
simulations of copper bycristals at 300 K. 

The presence of intergranular nanocracks on the grain bound-
ary produces the hindering of the shear–coupled migration 
behaviour of the analysed Σ17(530)/[001] boundary. The tilt 
boundary is pinned by the crack tip and migration can only oc-
cur in association with the bowing–out of the grain boundary, 
downwards, as it corresponds to its negative shear–coupling 
factor, β. The applied stress needs to be increased above the 
critical shear stress value that makes a flat boundary migrate. 
Hence, nanocracks strengthen the material.

However, intergranular crack propagation is also observed. 
We have determined that crack propagation permits further 
advance of the grain boundary. We have reasonably fitted the 
stress ahead of the crack with r–1/2, as proposed within the 
linear elastic solution for sharp cracks in continuum solids. 
Therefore, this result establishes a definite link between the 
atomistic world and the continuum approach. 

The applied shear stress grows until new plastic–deformation 
mechanisms activate, in order to accommodate larger defor-
mations. In particular, we have observed dislocation emission 
from the grain boundary or grain boundary sliding, depend-
ing on the ligament size of the sample. In the case that there is 
emission of dislocations, this takes place at the same time as 
shear–coupled migration. For this reason, the boundary can 
eventually detach from the crack tip.
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