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Basically this mechanism is described through the coupling of the GB to mechanical loads which in turn induce
deformation in the crystal region swept by the motion. Stress-induced GB migration was first observed in sym
low-angle GBs (LAGBs) in Zn bicrystals (Li et al., 1953). Read and Shockley (1950) determined the mechanism of th
to be due to the collective glide of the array of parallel edge dislocations forming the LAGB. This mechanism was l
boundaries with low tilt angle where the core of individual dislocations could be resolved. However, this model
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The shear coupled motion of grain boundaries (GBs) is modelled by using two different atomistic simulation techniques: 
molecular dynamics (MD) and kinetic Monte Carlo (KMC). MD simulations are conducted to identify the elementary 
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approach of the dislocation content 
shown as a thermal activated pro-cess
of a sequence of discrete rare event
event, having a rate per unit of time
limited time scale of classical MD is ov
pled motion of GBs. This process is described on the one hand, in terms of the geometrical 
 boundary; and on the other hand, by the thermodynamics of the dislocation passage, 

vant MD output is extended into a KMC model that considers the GB migration as a result 
 independent motion of each structural unit forming the boundary conforms a single 

ove to the next stable position computed according to the transition state theory. The 
e by KMC, that allows to impose realistic deformation velocities up to 10 lm/s.
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1. Introduction

Grain boundaries play an important role in determining the mechanical properties of nanocrystalline (nc-) materia
(Hirth, 1972), e.g. enhancement of the initial resistance to yielding in nc-aggregates by the presence of GBs (Wulfingho
et al., 2013). Several investigations have been carried out in order to understand the GB structure (Farkas, 2000), thermody
namics (Mishin et al., 2010) and related deformation mechanisms (Bieler et al., 2009; Dahlberg et al., 2013).

In particular, atomistic simulations have provided a further insight into the microscopic mechanisms and fracture nucle
ation at interfaces under applied mechanical loads. Shear behaviours of GBs have been studied in detail, and grain boundar
(GB) motion coupled to shear deformation has been evidenced to be an important mode of plastic deformation, as a dom
inant behaviour or competing with other GB mechanisms in a wide range of temperatures, such as GB sliding (Du et a
2010; Schäfer and Albe, 2012; Warner et al., 2006) or dislocation mediated slips (Sansoz and Molinari, 2005; Tschopp an
McDowell, 2008; Spearot et al., 2007; Ohashi et al., 2009).
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extended to high- angle GBs (HAGB) in the case of metals. Goryaka et al. (2009) confirmed experimentally the coupled
motion of GBs for both low- and high-angle symmetrical tilt GBs with a misorientation angle within 0–90 in Al bicrystals.
Also, computer simulations evidence that the coupling between normal boundary motion and the rigid translation of the
adjacent grains can occur for HAGBs (Cahn et al., 2006; Frolov, 2014; Huang et al., 2014). The coupling effect was proposed
to be a generic property of many atomically ordered GBs in the unified approach reported by Cahn and Taylor (2004) and
confirmed over a large catalogue of 388 GBs (Homer et al., 2013).

To date, GB shear-coupled motion has been subjected to several studies to explore the impact of this mechanism in the
mechanical properties of nc- materials, as well as its relation to other deformation processes (Tucker et al., 2010; Rajabzadeh
et al., 2014; Goryaka et al., 2011; Berbenni et al., 2013a). The major challenge relies on the multiscale modelling, as discussed
by Berbenni et al. (2013b) where a complete micromechanical model based on molecular dynamics (MD) simulations is pro-
posed. Taupin et al. (2014) describe the shear coupled boundary migration in a continuous manner by using an elasto-plastic
theory of disclination and dislocation fields, and results are found to be in good agreement with atomistic simulations and
experiments.

In this paper, we continue to investigate the dynamics of this phenomenon within a multiscale framework for its com-
prehensive understanding. Two different atomistic simulation techniques are used throughout this work. On the one hand,
MD simulations are used to identify the elementary mechanisms of GB migration, and on the other hand, we have extended
the outcome of MD simulations to a kinetic Monte Carlo (KMC) model. KMC models the shear coupled motion of GBs based
on the thermodynamics of the dislocation motion, in terms of individual resolved cores forming the GB. The main goal is to
be able to reproduce the MD simulation results at a reduced computational cost by means of KMC. We apply this multiscale
approach in bicrystals containing one individual [001] symmetrical tilt GB in Ni in a range of misorientation angles between
0� and 90�.

The structure of the present paper is the following. In Section 2 a complete description of the dynamics of coupling and
the geometric characterization of GBs are introduced. MD simulations are carried out in different temperature regimes and
reported in Section 3. To reach our final goal of extending the MD output, the main concern before moving to KMC is to val-
idate such output. Due to the lack of experimental data, in Sections 3.2 and 3.3 simulated values are compared in detail to
theoretical models previously illustrated. The minimum energy path of the shear-coupled GB motion is computed using the
nudged elastic band method in Section 3.4, which is the most relevant input in the KMC method. Within the multiscale
approach, the latter is proposed in Section 4. Numerical examples of KMC are presented in Section 4.2, where results are con-
trasted to previously shown MD results.

2. Dynamics of shear-coupled motion of grain boundaries and coupling modes

The simple model proposed by Ivanov and Mishin (2008) assumes the coupled GB motion as a motion through a periodic
landscape. Following this approach, the system has a set of equivalent stable states which are separated by an energy barrier.
At 0 K, in the absence of any external force applied, the GB is trapped in a particular equilibrium position. By applying a shear
stress through imposing a parallel velocity (vk), the GB is elastically deformed and when a critical value s0

c is reached, the
relevant barrier vanishes to zero and the GB makes a transition by increments of H. This normal motion of the GB occurs
simultaneously with the rigid-body translation of the adjacent grains (S), producing a permanent shear deformation of
the lattice and the subsequent drop of the stress. The ratio b = S/H is called coupling factor, discussed later. The first stress
relaxation is followed by a new elastic loading step until the critical stress is reached again, and the GB makes another step,
see Fig. 1, identified as a stick–slip behaviour.

At finite temperature, the GB could move before the critical stress is reached. Thermal fluctuations assist the GB to over-
come the energy barrier, so critical stress sc is then expected to decrease with temperature. This decreasing is intensified as
temperature increases, and at a fixed vk the peak stress is expected to be linear in T2=3 as (Ivanov and Mishin, 2008):
Fig. 1.
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Stick–slip behaviour. (a) In a perfect coupled motion, the normal motion of GB by increments of H is accompanied by rigid translation of the grains
ements of S. After each jump of the GB to the next stable position the stress drops. (b) Initial configuration of the system and (c) sheared lattice.



sc ¼ s0
c � BT2=3; ð1Þ
being B a constant dependent on the attempt frequency and other factors. As temperature continues to increase, spontane-
ous movements of the GB may occur, and the stick–slip behaviour can be destroyed or replaced by other dominant mech-
anisms, such as sliding events.

At a fixed temperature, critical stress is expected to increase with the imposed grain translation velocity since the time to
overcome the barrier is reduced. This variation is given by (Sang et al., 2001; Garg, 1995):
vk ¼
s0

c

g
1� sc

s0
c

� �1=2

exp �ð1� sc=s0
c Þ

3=2E0

kBT

" #
; ð2Þ
where g represents an effective friction coefficient, kB is the Boltzman constant and E0 is the energy barrier in the absence of
temperature. This variation was tested by using accelerated MD methods that allow to cover a wide range of velocities that
are not accessible by classical MD (Mishin et al., 2007).

Regarding the GB crystallography, GBs consists of identical structural units. When resolving individual cores is possible,
GBs are identified as an array of parallel edge dislocations. As a result, GB shear coupled motion is understood as a result of
the passage of the dislocation content inducing itself plastic deformation of the lattice (Read and Shockley, 1950).

To define the dislocation content of a GB the Frank–Bilby equation (FBE) is solved (Frank, 1953; Bilby, 1955), and the cou-
pling factor is determined to be related to GB interfacial Burgers vector and slip plane. The crystal symmetry leads to the
multiplicity of the dislocation content, and so to different coupling factors. By exploring the two possible solutions for the
[001] tilt GBs considered in the present work, two possible Burgers vectors are identified, and as a result two different cou-
pling modes are predicted, later acting as KMC inputs. When the misorientation angle (h) tends to 0, the set of dislocations
corresponds to Burgers vector b = [100], being the Frank–Bilby dislocation slip planes (100). This model is extended to GB
with h approaching 90�, with Burgers vector b = �1/2[110] and glide along (110) planes. Assuming the dislocations move in
increments of b, the two branches of the misorientation dependence of b are obtained (Cahn et al., 2006). There is one branch
called h100i, for h! 0, given by:
bh100i ¼ 2 tan
h
2

� �
: ð3Þ
The other branch corresponds to h! 90, as:
bh110i ¼ �2 tan
p
4
� h

2

� �
: ð4Þ
In between, boundaries can move according to either of the two possible modes. These modes compete with each other,
existing a transition between them at a critical h depending on the temperature. The expansion of the h110i mode as tem-
perature decreases was observed in Cu bicrystals (Cahn et al., 2006), even it may be the only active mode at 0 K for the whole
range of h. To activate the h100i mode, the mirror symmetry due to equivalent row translations by lattice vectors 1/2[001]
and 1/2[001] has to be broken, and this is only feasible at finite temperatures when the GB develops ledges and steps assist-
ing in breaking such symmetry (Berbenni et al., 2013b). Boundaries tend to move in the most energetically favored mode,
and as a consequence those boundaries corresponding to h100imode move instead according to h110i at low temperatures.
At this point, it is obvious that the switch between modes is related with a change in the dislocation content. Note that the
two coupling modes have different signs, and then GBs are expected to move in opposite directions depending on the active
mode.

3. Molecular dynamics

3.1. Computational procedure

Atomistic simulations are performed using an embedded-atom method potential fit to a large database including both
experimental and first-principles data for Ni (Mishin et al., 1999). A series of [001] symmetrical tilt GBs with different mis-
orientation angle are created, see Table 1. Two separated crystals with the desired crystallographic orientation are joined
along a plane normal to x2-direction, see Fig. 2. The simulation block contains two grains forming a bicrystal configuration
with only one planar GB in the middle. Periodic boundary conditions are imposed in the parallel directions to the GB plane, x1

and x3. In the normal direction, x2, dynamic atoms are sandwiched between two slabs whose thickness is about twice the
cutoff radius of the interatomic potential. Atoms at the slabs are held fixed in their perfect lattice positions and do not par-
ticipate in computing data from the simulations. Each symmetrical tilt GB is identified by the indices (hkl) of the GB plane
and by the reciprocal value of the total number of coincidence sites, R (Kronenberg and Wilson, 1947). Throughout the text,
the notation will be R(hkl).

MD simulations are carried out using LAMMPS (Plimpton, 1995) simulator. As a first step, the ground-state structure of
each GB is determined by static minimization of the potential energy of the whole system. The canonical NVT ensemble
(number of particles, volume and constant temperature) is used to perform the simulations. The time step is 0.2 fs. The shear



Table 1
Characteristics of [001] symmetrical tilt GBs in Ni. The ideal coupling factor predicted by geometric approaches and from MD simulations is unitless. The
effective elastic shear modulus obtained by the transformation field analysis (TFA) and MD results is in GPa.

Boundary h Mode bideal bMD leff
TFA leff

MD

R25(710) 16.26 h100i 0.286 0.305 117.51 119.40
R37(610) 18.92 h100i 0.333 0.372 115.03 122.02
R13(510) 22.62 h100i 0.400 0.423 111.15 113.30
R17(410) 28.07 h100i 0.500 0.507 104.71 107.76
R53(720) 31.89 h110i �1.111 �1.160 99.83 95.85
R5(310) 36.87 h110i �1.000 �1.004 91.42 93.27
R5(210) 53.13 h110i �0.667 �0.673 72.60 66.45
R17(530) 61.93 h110i �0.500 �0.545 63.43 57.88
R13(320) 67.38 h110i �0.400 �0.430 58.81 53.10
R25(430) 73.74 h110i �0.286 �0.259 54.59 47.12
R61(650) 79.61 h110i �0.182 �0.186 51.88 46.68

Fig. 2. Description of the simulation block for the R17(410) GB with a misorientation angle of h = 28.07�. Open and filled circles represent atoms in
alternated planes along x3-direction. Structural units forming the GB are outlined. Grey regions contain fixed atoms.
rate applied in the top slab is given by vk ¼ _EL, where _E is the shear strain rate (108 s�1) and L is the length of the box con-
taining unconstrained atoms. The imposed grain translation velocity results about 1 m/s, well above the shear velocities
under real conditions due to the time scale limitations of classical MD. The stress tensor is averaged over all dynamic atoms
using the standard virial expression and is constantly monitored during the simulation. GB position is tracked using common
neighbour analysis (CNA) (Faken and Jonsson, 1994).

3.2. Shear coupled motion at low temperatures

Hereinafter, this work is mainly focused on the R17(410) symmetrical tilt GB (STGB). Its behaviour at different temper-
ature regimes covers all the mechanisms to be described. Coupled motion is studied near 0 K: the upper slab is rigidly dis-
placed with small increments, and after each one the system is fully relaxed while maintaining the constraint. Fig. 3 reports
the shear stress and GB displacement variation as a function of the strain for R17(410). The GB does not move until the crit-
ical stress s0

c is reached, being each peak of stress exactly correlated with an increment of the GB motion. The s0
c MD output is

transferred as KMC data in Section 4.
Every loading elastic step is associated with the same shear modulus (l), obtained from the slope of the stress–strain

curves. As discussed later, l is also a relevant input in KMC simulations, and it is noteworthy to check if the interatomic
potential is reliable for the computation of the elastic constants of the bicrystal structures. As a consequence, this magnitude
has been also calculated theoretically using the transformation field analysis (TFA), first proposed by Dvorak (1990) and well
described by Franciosi and Berbenni (2008), see Table 1.

According to this approach (see Appendix A), the effective shear modulus is determined to be:
leff ¼ 1
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Fig. 3. Stress–Strain and GB displacement during coupled motion of the R17(410) at 0 K with vk = 1 m/s. The perfect coupled motion is clearly observed in
the absence of temperature. The critical stress and the effective shear modulus are identified, being 5.45 GPa and 107.76 GPa, respectively.
being CI
66;C

I
62 and CI

22, and CII
66; C

II
62 and CII

22 the anisotropic elastic constants of constituent crystals I and II, respectively,
obtained according to Eqs. (A.1) and (A.2).

Turning to the coupling modes, Fig. 4 displays the dependence of b with the misorientation angle. Values of bMD are cal-
culated as the ratio between S/H. At 0 K all the GBs move according to the h110imode as expected, which could be explained
by considering the discrete dislocation model of coupling at low temperatures, where the critical stress for the GB motion is
related to the Peierls–Nabarro stress for the glide of the array of parallel edge dislocations (Hull and Bacon, 1965). Peierls–
Nabarro stress for the two set of dislocations could be compared by checking the c surfaces corresponding to each slip plane
in the absence of temperature. A c surface represents the extra crystal energy per unit area of a generalized stacking fault,
obtained by rigidly displace the two halves of a crystal by a vector parallel to such relevant slip plane (Hull and Bacon, 1965).
Studies on Cu bicrystals reported by Cahn et al. (2006) determined that higher energy barriers lead to more compact dislo-
cation core and larger Peierls–Nabarro stress. Energy for {110}h110i and {100}h100i slip systems have been calculated in Ni
by rigidly displacing the two halves of a crystal on such slip planes, resulting in values of 1.15 and 2.12 J/m2, respectively.
These c energies should be used as a prediction since complex atomic movements may not be included in the Peierls–Nab-
arro model, as is the case of the dissociation of the [100] dislocations at this temperature regime, involving screw and edge
components.

3.3. Shear coupled motion at medium temperatures

At low and medium temperatures, the stop-and-go character is still the dominant response of the GB under simple shear.
Fig. 5 illustrates the stress behaviour during coupling motion at 500 K for R17(410), showing the decreasing of the critical
stress due to thermal fluctuations. Before doing the final movement, intermediate jumps are also observed, those are under-
stood as a weak stability of the GB at this temperature (Mishin et al., 2007). The frequency of these reverse jumps increases
with temperature, and GBs move in a more stochastic manner.

As temperature continues to increase, the shear stress does not display a clear stick–slip behaviour anymore, as illus-
trated in Fig. 6 for R17(410) at different temperatures. The stress is replaced by random noise with some average value,
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Fig. 5. Stress–strain and GB displacement during coupling motion of R17(410) at 500 K with vk = 1 m/s. Dashed lines represent the decrease of the critical
stress with temperature respect to s0

c . Arrows indicate reverse jumps of the GB.
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sc . This behaviour indicates a transition to a different response of the GB. It is interesting to examine the mechanisms exist-
ing at these temperatures. Despite describing such mechanisms is out of the scope of the present paper, modelling the cou-
pling effect by the KMC method requires the knowledge of the temperature regimes at which the pure coupling is not
observed anymore.



Fig. 7 illustrates the GB displacement as function of the strain for 600 and 800 K. Red line shows an overlap area in which
both modes are observed. As shown in Fig. 8, after n-migration events according to the h110i mode, there is a switch to the
h100imode related to a change in the dislocation content, observed as an abrupt transition. This behaviour is only observed
for h < 30�, within a temperature range between 600 and 900 K, specific to each GB. All the GBs identified as h100i in Table 1
moves according to this mode once the activation stress is reached. Being known such GBs, as well as the temperature at
which the second mode is activated (higher than 800 K for all of them), the Burgers vector to be introduced into KMC is
defined as shown in the following sections.

Returning to Fig. 7, at 800 K GB coupled motion begins to be occasionally interrupted by sliding events, identified by the
blue line. Grain translation is not accompanied by normal motion of the GB. Between sliding events, the GB continues to
move in a coupled manner, with b = 0.52, in good agreement with predicted value shown in Fig. 8, b = 0.50 for R17(410)
h = 28.07�. In this case, the coupling factor is obtained from the slope of the correlation between grain translation and normal
motion of the GB, since at this temperature, it is not possible to measure the ratio between S and H. The frequency of such
sliding events increases with temperature, and the average normal velocity decreases. At a given temperature, approaching
the melting point, Tm = 1728 K (Turley and Sines, 1971), GB shear-coupled motion is expected to be completely destroyed.

To understand the nature of the transition between these different mechanisms, R17(410) simulation results have been
fit to Eq. (1), proposed by Ivanov and Mishin (2008) to describe the temperature dependence of the peak stress within the
stick–slip regime. Fig. 10 shows the linear dependence on T2/3 of the stress averaged over the entire simulation time, 15
stick–slip processes. The linearity indicates that the stick–slip behaviour is the dominant mechanism in this temperature
regime. It should be noticed that Eq. (1) has been obtained assuming sc tends to s0

c . However, at temperatures 600 K and
higher, s9 s0

c , and the average stress deviates from the linear fit. Such deviation indicates the transition to other mechanical
response of the GB.
3.4. Nudged elastic band calculations

As described in Section 2, GB migration is a thermal activated process. GBs are described in terms of the energetic char-
acteristics of the elementary steps that take place during the coupled motion. The nudged elastic band method (NEB) is used
to compute the energy barrier to overcome for the GB motion between stable positions in the absence of temperature. The
initial and final configurations, before and after the jump respectively, are known. The NEB uses N-replicas of the system
obtained by linear interpolation between the initial and final state and tracks the atomic structure evolution through the
sampling of a minimum energy path (MEP) (Espinosa and Bao, 2013). The MEP describes the energy variation of the system
along a collective reaction coordinate (RC) and provides the saddle point, which corresponds to the climbing replica with the
highest energy.

In the present work, 32 replicas of the system are constructed. From the computed MEP for R17(410), the saddle point
gives an energy barrier of 2.01 eV.

Assuming the GB shear-coupled motion is due to the collective glide of the array of dislocations, according to Hull and
Bacon (1965) the energy to be provided for the array motion has two contributions: the mechanical work done by the
applied load and the thermal activation. As the latter increases, the mechanical contribution decreases since thermal fluctu-
ations assist the array to overcome the barrier, and so the critical stress is reduced as explained in Section 2. The activation
energy in the absence of temperature is linear in s0

c , and is given by:
Fig. 8.
the refe
DE0 ¼ s0
c b2l; ð6Þ
being s0
c the required stress to move the array at zero temperature identified as the Peierls–Nabarro stress, b the Burgers

vector, and l the length of the line. Eq. (6) estimates the R17(410) barrier as 2.20 eV, assuming s0
c equal to 5.45 GPa (see
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Fig. 9. MD and KMC modelling of GB shear-coupled motion at different temperatures for R17(410). Critical stress at zero temperature is identified with a
dashed-blue line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3). This value well matches the NEB results of 2.01 eV. It should be pointed out the relevance of the latter as input in the
KMC modelling of this phenomena in next sections.

4. Kinetic Monte Carlo

While using MD, most of the time is spent in describing atomic vibrations, KMC characterizes the system by occasional
transitions from state to state. KMC overcomes the time-scale problem by simulating the time evolution of a process occur-
ring at a given known rate.

Coupled motion is a physical process in which the KMC method is applicable. GBs are not considered as a front, instead,
the coupled motion is modelled in terms of the single constituent dislocations forming each boundary. By considering indi-
vidual cores with an associate rate, KMC models the actual MEP: the motion begins with a step of a single unit or a group of
them, initiating a disconnection, the first step spreads over the GB and the transition is completed (Rajabzadeh et al.,
2013a,b, 2014).



4.1. Simulation methodology

In the present model, the KMC procedure is based on a stochastic algorithm that simulates the evolution of the system
from state to state (Voter, 2007). For a given configuration of the GB system, all possible processes are determined, e.g. the j-
core jumps, and a list of rates, rj, is built. The rates are calculated according to the transition state theory (TST) as:
rj ¼ r0 exp � DG
kBT

� �
; ð7Þ
being r0 the physical attempt frequency calibrated to be 1014 s�1, DG the activation free energy, and having kBT the usual
meaning. The total rate of events is calculated as:
Ri ¼
Xi

j¼1

rj; ð8Þ
for i = 1:N, being N the total number of transitions. The actual escape takes place along one of these pathways. By generating
a random number n within the range [0,1), the event to perform is selected, e.g. the j-core will jump. As a next step such
event is performed, the disconnection is initiated, and the time is increased by:
Dt ¼ 1
RN
: ð9Þ
Once the affected rates are recalculated, the algorithm goes back to the computation of the cumulative function, Eq. (8).
As input of the KMC method, the transition rates are to be known in advance. Such rates are calculated based on the ther-

modynamics of dislocation motion reported by Hull and Bacon (1965) and previously described in Section 3.4. The energy
barrier that each unit sees when it moves is given by:
DG ¼ DE0 � sV ; ð10Þ
being DE0 equal to DENEB = 2.01 eV, V the activation volume for the process calculated in the absence of temperature as DE0=s
and equal to 59.1 Å3, and sV the mechanical contribution.

According to Table 2, DG in obtained knowing the stress at the initial step, t. As explained above, the event to perform is
the discrete transition of a single core, that takes place in b units. When such transition occurs an amount of energy per unit
volume is dissipated, and as a consequence there is a change in the total internal energy of the system which is related with
the stress as:
u ¼ 1
2

s2

leff
: ð11Þ
By using Eq. (11), the value of s at t þ Dt is obtained and the algorithm goes back to the computation of DG.

4.2. Simulation results and discussion

The scaled-up parameters from MD to KMC are leff ; s0
c , b and DENEB, see Table 3. The dimensions and the number of cores

of each GB are also introduced as an input. R17(410) is used as a model. The stress dependence on strain is computed at
different temperatures and compared to MD results as displayed in Fig. 9.

Results obtained via both techniques are in good agreement within a range of temperatures in which the stick–slip behav-
iour is the dominant response of the GB, seen in Fig. 9. As expected, the critical stress decreases with temperature. Thermal
fluctuations reduce the mechanical contribution, allowing the GB to move before s0

c is reached, identified with a dashed-blue
line. For 800 K, the match between MD and KMC is not as clear as at lower temperatures. On the one hand, at such elevated
temperature, there is random component in the process that should be taken into account, since there is a finite probability
of spontaneous jumps to occur. On the other hand, from MD simulations, R17(410) coupled motion was observed to be occa-
sionally interrupted by sliding events, and the noisy behaviour of the stress indicates the transition to other mode, see Fig. 6.
The presence of other mechanisms not modelled by KMC is thought to be responsible of such differences. Moreover, it should
be taken into account that the R17(410) GB switches to the h100i mode at a temperature of 600 K, see Fig. 7. To model the
GB motion in terms of the constituent dislocations, the change in the slip plane and the Burgers vector have to be included
into the KMC model.

As a test of the agreement in the transition temperature in both models, the average stress obtained by KMC at different
temperatures is fit to Eq. (1). Fig. 10 illustrates how the temperature at which the stick–slip behaviour breaks well matches
the one obtained via MD. The deviation of the slope between both fittings is evident, however it should be noticed that here
the average stress over the whole simulation time is considered, and according to Fig. 9 there is not a perfect match in the
stress drop leading to different averaged stress. This mismatch in the stress drop is a limitation of the proposed KMC model,
related with the fact that MD addresses the interaction between cores.



Table 2
KMC algorithm to model the shear-coupled motion of GBs.

1: Calculate DG = DE0 � sV

2: m ¼ m0 exp � DG
kBT

� �
3: n 2 [0,1)
4: Event j to perform: Rj�1 < nRN < Rj .
5: core position += b.
6: for (j < Ncores)
7: if (core position += b)
8: u�= Dissipated energy
9: s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2leff u

p
10: go to 1.
Table 3
Input parameters incorporated to KMC obtained by MD simulations for R17(4 10).

leff
MD (GPa) s0

c (GPa) bh110i (Å) bh100i (Å) DE0
NEB ðeVÞ

107.76 5.45 2.49 3.52 2.01
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Fig. 11. R17(410) velocity in logarithmic scale as function of the averaged peak stress at 400 K. Red line corresponds to the fit to Eq. (2) and black-dashed
line to the fit to Eq. (12). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
From Fig. 10, it could be confirmed that KMC restricts the modelling of GB migration to the case of stick–slip regime. This
fact may reduce the accuracy of the description of the GB response in the whole range of temperatures. However the imple-
mentation of other mechanisms is an existing challenge for future work.

It should be mentioned at this point what is the relevance of KMC in terms of the computational time. MD simulations
described in Section 3 take about 14 h, while modelling the same GB response using KMC takes only few seconds. The appeal
of the KMC method is that it allows us to simulate larger sample sizes and longer time scales, allowing to overcome the lim-
itations of regular MD, which implies that the imposed velocities are orders of magnitude higher than experiments. By using
KMC, the shear velocity range has been greatly expanded, approaching to realistic deformation rates. The KMC model is
applied to test the velocity dependence of the critical stress. At a fixed temperature of 400 K, the peak stress is averaged over
the whole range of time and plotted versus the imposed velocities within a range from 60 lm/s to 2 m/s, as shown in Fig. 11.



Simulated values are fit to Eq. (2), being g; s0
c and E0 adjustable parameters. The last two are compared to values obtained in

previous sections in order to test the accuracy of the KMC method at modelling the coupling effect. The corresponding values
from the fit in Fig. 11 are s0

c = 5.63 GPa and E0 = 2.01 eV, both in good agreement with s0
c = 5.45 GPa obtained by MD simu-

lations, and E0 = 2.01 eV from NEB calculations, respectively.
After exploring the dynamics of coupled motion of GBs by means of MD and extending the model into KMC, a simple rela-

tion between the imposed velocity and the peak stress is proposed by direct extension of the thermodynamic approach taken
in the KMC model as:
vk ¼ mb exp �DE0 � sV
kBT

� �
; ð12Þ
being m the attempt frequency related with vibration events, b the Burgers vector, DE0 the energy barrier in the absence of
temperature, V the activation volume for the process, and having kBT the usual meaning. This type of equations, introduced
by Kocks et al. (1975) are commonly used in continuum crystal plasticity to link the macroscopic response to thermal acti-
vated processes occurring at the atomic scale. The KMC model accounts the thermal activated process assuming discrete dis-
location cores. If the total number of cores tends to infinite, the response of the GB system fulfills Eq. (12).

To test this simple relation against atomistic simulations, points obtained at different imposed velocities at a temperature
of 400 K are fit to Eq. (12), as shown in Fig. 11. The adjustable parameters obtained are V = 52.8 Å3 and DE0 = 1.99 eV, both in
good agreement with theoretical and NEB values of 59.1 Å3 and 2.01 eV, respectively.

5. Concluding remarks

A bottom-up approach is presented to describe the shear coupled motion in Ni bicrystals. To that end two different atom-
istic simulation techniques are used: MD and KMC. Although MD is a useful tool in understanding the elementary atomic
mechanism that govern the GB migration, simulating realistic sample sizes, boundary conditions and deformation rates
are subjected to the limitations of the technique. Using a statistical approach involving KMC methods, the modelling is
extended closer to reality by incorporating the output obtained via MD simulations.

At low temperatures, the GB migration exhibits the so-called stick–slip behaviour, characterized by the typical saw-tooth
strain dependence of the stress. The stop-and-go motion of the eleven symmetrical tilt GBs has been described in terms of
the ratio between the normal motion of the GB and the rigid translation of the adjacent grains.

The motion of the GBs has been also examined at high temperatures, to shed light into the possible changes of the dynam-
ics of GB motion. Identifying the temperature at which the presence of competing mechanisms are observed, is the key to
model the pure coupling response in KMC.

Exploring the dynamics of GB shear-coupled motion in terms of the energy leads to identify the mechanism as a thermal
activated process (Mishin et al., 2007). The GB moves between equivalent stable positions separated by an energy barrier,
which is calculated using the NEB method.

Once the GB structures are fully described focusing on both the energetic and structural characteristics, the output is
extended into a KMC model. KMC describes the evolution of the system through occasional transitions from one state to
another.

Furthermore, the connection between both techniques has allowed to extend the physical mechanisms of the GB shear-
coupled motion into a statistical approach. It should be mentioned how the use of KMC involves an important saving of com-
putational time. The simulation time is reduced from 14 h spent in MD simulations to 2 s in KMC. As a consequence, KMC
allows to extend the deformation rates by more than 4 orders of magnitude, and imposing grain translation velocities during
the shear closer to experimental velocities.
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Appendix A. Effective shear modulus for planar GBs: application to [001] STGB contained in bicrystal structures

Considering the schematic structure of the bicrystal represented in Fig. A.12, the effective elastic tensor is calculated
according to Franciosi and Berbenni (2008). In first place, the anisotropic elastic constants of each constituent crystal are
obtained by the following transformation rules Gemperlova et al. (1989):
Cijkl ¼ C12dijdkl þ C44ðdikdjl þ dildjkÞ þ C0

X3

s¼1

eðsÞi eðsÞj eðsÞk eðsÞl ; ðA:1Þ
where C0 ¼ C11 � C12 � 2C44, being C0;C11 and C14 the elastic constant for pure Ni Mishin et al. (1999). u is the rotation angle
of [100] around the tilt axis, then uI ¼ h=2 and uII ¼ �h=2. The units vectors of the cubic lattice system are:
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Fig. A.12. Schematic structure of the bicrystal with the coordinate axes used to compute the elastic tensor.
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Assuming the volume fraction is equal for both constituent crystals, f I ¼ f II ¼ 0:5, the transformation field analysis (TFA)
is applied for this particular case. The convention proposed by Nye (1957) is adopted, where pairs of subscripts ij and kl are
converted to single ones as: 11 ? 1, 22 ? 2, 33 ? 3, 23 and 32 ? 4, 13 and 31 ? 5, 12 and 21 ? 6. Referred to the bicrystal
structure in Fig. A.12, the in-plane matrix components of the tensor are denoted P = 1, 3, 5 and the out-plane are A = 2, 4, 6. As
a result, the effective elastic modulus Ceff

ijkl:
RA

RP

� �
¼

Ceff
AA Ceff

AP

Ceff
PA Ceff

PP

!
EA

EP

� �
! Ceff

ijkl ¼
Ceff

AA Ceff
AP

Ceff
PA Ceff

PP

!
: ðA:3Þ
By using the matrix forms of Ceff
AA , Ceff

AP , Ceff
PA and Ceff

PP reported by Franciosi and Berbenni (2008), and according to Nye con-
vention, the effective shear modulus is given by:
leff ¼ 1
2

CI
66 �

ðCI
62Þ

2

CI
22

!
þ 1

2
CII

66 �
ðCII

62Þ
2

CII
22

!
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