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A B S T R A C T

Grain Boundaries (GB) play an important role in determining the behavior of polycrystalline materials. While
the mechanisms of motion and associated shear response for symmetric tilt grain boundaries (STGBs) are well
studied, the same is not true for asymmetric tilt grain boundaries (ATGBs) despite their greater prevalence
in polycrystals. This study aims to investigate the shear response of a large collection of asymmetric tilt
grain boundaries (ATGBs) using molecular dynamics (MD) simulations and interpret the data using a discrete
disconnections model that works remarkably well for STGBs. MD simulations of shear-driven ATGBs show
that the plastic shear (shear coupling factor) in the region swept by a GB exhibits a complex dependence on
the inclination angle, and this dependence changes with the misorientation of the GB. In addition, the shear
response was observed to be highly sensitive to the applied shear rate and temperature. Recognizing the spatial
and temporal scale limitations of MD simulations, we extended the discrete disconnections mesoscale model
of Khater et al. (2012) to calculate the nucleation barriers of disconnection modes and predict the effective
shear coupling of an ATGB. We observed that the mesoscale model’s predictions of the shear coupling factor
of ATGBs do not agree with those observed in MD simulations. Finally, we examine the hypotheses of our
mesoscale model that contribute to disagreements between MD simulations and the mesoscale model and
propose improvements to the mesoscale model for future work.

1. Introduction

Grain boundaries (GBs) play an important role in determining the
mechanical properties of polycrystalline materials. In particular, the
effects of GBs are pronounced in nanocrystalline materials due to their
large GB area-to-volume ratio. The use of nanocrystalline materials as
catalysts [1], fuel cells [2], lithium-ion batteries [3], and materials
with superior mechanical properties [4] under extreme thermome-
chanical conditions has spurned extensive research on understanding
the mechanics of GB evolution. During high-stress deformation and
elevated temperatures, GB evolution is accompanied by plastic shearing
of the region swept by the GB. The coupling of plastic shear to GB
motion, commonly referred to as shear coupling, is expressed in terms
of the coupling factor, defined as the ratio of tangential grain translation
velocity to the normal GB velocity. Shear coupling in a large number
of symmetric tilt grain boundaries (STGBs) and some mixed (tilt and
twist) GBs has been observed in experiments [5–8] and demonstrated
using molecular dynamics (MD) simulations [9].

Studies on the shear coupling of GBs have largely been limited to
STGBs. Using MD simulations of a large collection of STGBs and a few
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mixed GBs, Homer et al. [9] demonstrated that the coupling factors of

a majority of the STGBs agree well with the predictions of the Frank–

Bilby equation, wherein an STGB is interpreted as an array of lattice

dislocations. However, a few exceptions were also noted. Thomas et al.

[10] further explored the role of stress and boundary conditions on

shear coupling. By employing boundary conditions that restrict the

grain motion corresponding to shear coupling observed in an uncon-

strained bicrystal, it was shown that the sign of the shear coupling can

be inverted. The change in the shear coupling was attributed to the

change in the local stress state resulting from the boundary conditions

that inhibit the shear coupling observed in an unconstrained bicrystal.

The restraining boundary conditions manifest naturally in polycrystals,

wherein a grain is constrained by its neighboring grains.

The occurrence of multiple shear coupling modes, depending on

the local stress state, and in-situ observations [11] of GB motion have

motivated the introduction of disconnections – which are interfacial

line defects with a Burgers vector and a step character – as funda-

mental building blocks of GB plasticity. The central idea behind the
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Fig. 1. A schematic depicting a disconnection-mediated GB motion. A GB (a) in a bicrystal subjected to shear migrates by nucleating a disconnection dipole (b, ℎ) as shown in
(b). (c) shows the subsequent glide of disconnections along the GB, which ultimately results in a translation of the GB by ℎ and a plastic shear b∕ℎ of the swept region, as shown
in (d). Angle created by the disconnection dipole �s is shown in (b) and (c).

disconnections-mediated migration of an STGB is that boundary motion
is a result of nucleation and glide of disconnections along the GB.
The non-unique shear coupling of GBs is attributed to the presence of
multiple disconnection modes, and the propensity to nucleate a mode
depends on the mode’s local stress-dependent nucleation barrier. Using
the disconnection nucleation model of Khater et al. [12], Han et al.
[13] showed that for STGBs the shear coupling factors predicted by the
disconnections model are in reasonable agreement with those observed
in MD simulations of Homer et al. [9]. In particular, the dependence
of shear coupling of STGBs on the nature of the driving force – shear
stress vs. chemical potential – was noted.

Despite recent advances in our understanding of STGBs, the mech-
anisms of asymmetric tilt grain boundary (ATGB) migration remain
elusive. This can be attributed to the lack of data spanning the large
variety of ATGBs prevalent in polycrystals. ATGBs are known to have
a significant effect on the mechanical properties of a material. For ex-
ample, Singh and Parashar [14] demonstrated the effect of inclination
angle on the tensile strength of Niobium and observed that the yield
strength increases with the inclination angle. In addition, Lin et al. [15]
reported that the presence of �3 ATGBs leads to a change in the shock
response of a material: the shock front of bicrystal was found to become
wider than that of the monocrystal since GB plasticity was triggered
when the elastic wave crossed the GB. Shock loading can also lead to
migration of ATGBs [16]. The structure of the GBs remains unaffected
by such loading and it is the shock-induced shear stress difference
between the two sides of the GB that causes the migration [16].

Although ATGBs are more prevalent in polycrystals than their sym-
metric counterparts, studies such as those mentioned above are rare.
Due to the lack of symmetry, ATGB properties – such as energy,
mobility, and coupling factor – demonstrate large variance, and are
therefore harder to quantify. Atomic scale investigations using molec-
ular statics or dynamics simulations are also limited due to the large
system size required to impose periodic boundary conditions (PBCs).1

Most ATGB modeling efforts have focused on the determination of GB
structure and energy [17–21], while investigations into their kinetic
behavior [22–28] have largely been limited to a select few special
ATGB cases.

The critical role of ATGBs in polycrystal plasticity and the paucity
of experimental and simulation data on ATGB shear coupling motivate
the first goal of this paper: undertake an extensive survey of ATGB
shear coupling using MD simulations. In particular, we will focus on the
dependence of the shear coupling factor on the inclination angle in
[0 0 1], [1 1 0], and [1 1 1] tilt GBs in face-centered cubic (fcc) Cu and Al
under different shear rates and temperatures. While MD is a valuable
tool for exploring shear coupling mechanisms, its use is restricted to
extremely high shear rates compared to those imposed in experiments,

1 To impose PBCs, the system size along a GB should be a multiple of the
periodicity of the coincidence site lattice along the GB, which is large for most
high-index ATGBs.

which motivates our second goal: develop a discrete disconnections-based
mesoscale model for GB migration to predict shear coupling factors of GBs
predict the shear coupling factors of ATGBs using the disconnection nucle-
ation model of Khater et al. [12] adapted to ATGBs. A key highlight of the
tools employed and the ATGB migration model developed in this paper
is that they are applicable to any crystal system and tilt axes. Smith
normal form (SNF) bicrystallography [29], a framework developed by
the last author to explore the bicrystallographic properties of GBs, plays
a central role in our atomic and mesoscale investigations.

The paper is organized as follows. Section 2 focuses on the tools to
explore ATGBs at the atomic scale and the development of a mesoscale
model for GB migration. In particular, Section 2.1 describes SNF bicrys-
tallography and its use in constructing ATGBs and enumerating their
disconnection modes. Section 2.2 describes details of MD simulations,
and Section 2.3 introduces the discrete disconnection model for discon-
nection nucleation in ATGBs. In Section 3, we present and compare the
results of MD simulations and the mesoscale model. We summarize and
conclude in Section 4.
Notation: In this paper, vectors are donated by lowercase letters

in bold font. Lattices are denoted by uppercase letters in Calligraphic
font (e.g. ). [l m n] represents a vector in , where l, m, and n

are the vector’s integer coordinates. Similarly, (p q r) represents a
lattice plane in  where p, q, and r are the plane’s Miller indices. The
subscript  is usually dropped if the lattice is clear from the context.
An STGB with boundary plane (p q r) and tilt axis [l m n] is denoted
by �n[l m n](p q r), where n is the misorientation-dependent integer �-
value. Similarly, an ATGB whose boundary plane has Miller indices
(p1 q1 r1) and (p2 q2 r2) with respect to the two adjoining lattices is
denoted by �n[l m n](p1 q1 r1)(p2 q2 r2).

2. Methods

In this section, we describe the methods employed in this paper
to investigate the shear coupling of ATGBs. We use MD to simulate
shear-driven ATGB motion at the atomic scale, and at the mesoscale, we
extend the discrete disconnection model of Khater et al. [12] to ATGBs.
We begin our discussion with the framework of SNF bicrystallography
as it plays a critical role in the implementation of the above methods.

2.1. SNF bicrystallography

A systematic survey of ATGB migration using MD simulations, and
analysis of the simulations using the disconnections framework entails
the enumeration of rational ATGBs – that are amenable to PBCs – and
the disconnection modes they host. A disconnection (b, ℎ) is a GB line
defect with a Burgers vector b and a step height ℎ. The nucleation
of a disconnection loop in a GB and its subsequent expansion results
in the translation of the GB by the step height ℎ, and the region
swept by the GB undergoes a plastic shear of magnitude equal to the
coupling factor b∕ℎ. Fig. 1 shows a schematic of a glide disconnection,
where the Burgers vector is parallel to the GB. A GB can host multiple
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Fig. 2. The Burgers vector b of the disconnection is a DSCL vector indicated by an arrow (not to scale) in each plot.

disconnection modes that have identical Burgers vectors but differ in step
heights.

SNF bicrystallography is a powerful framework based on integer
matrix algebra to enumerate disconnection modes in GBs, automate
the generation of rational GBs, and identify simulation domains that
are amenable to PBCs. The SNF framework results in dimension-
independent algorithms that apply to any crystal system and is im-
plemented as an opensource C++ library open Interface Lab (oiLAB),
accessible at https://github.com/oilab-project/oILAB.git. In what fol-
lows we will describe the essential features of SNF bicrystallography.
For further details, we refer the reader to [29].

The SNF framework begins with two lattices  and  with respec-
tive structure matrices A and B, where the columns of a structure
matrix store the basis of its corresponding lattice. In the context of this
work, lattice  is a rotated version of lattice , i.e. B = RA, where
R(�) is a rotation matrix corresponding to a misorientation angle � and
a prescribed tilt axis. Moreover, the misorientation angle belongs to
a collection of discrete angles that result in a 3D coincident site lattice
 ∶=  ∩ . A key step in SNF bicrystallography is the transformation
of basis vectors of lattices such that the new basis vectors of the
lattices, collected in structure matrices A

∥, B∥, and C
∥, are parallel.

This transformation makes it straightforward to introduce a fourth
lattice , called the displacement shift complete lattice (DSCL), defined
as the smallest lattice that contains  and , and therefore  as well.2

The parallel basis vectors yield mappings between the four lattices and
their respective reciprocal lattices, enabling us to construct numerous
ATGBs using lattice-agnostic algorithms based on integer algebra.

In addition, the parallel basis vectors play a central role in the proof
of Theorem 1, which characterizes the translational invariance of a GB
and ultimately leads to the definition of a disconnection.

Theorem 1 (Admal et al. [29]). Translating lattice  by a vector b ∈ 

with  fixed results in a shift � ∈  of the CSL. In other words

( + b) ∩  =  + �.

Fig. 2 conveys the essence of Theorem 1 — translating the shaded
region (top left) of the blue lattice by a DSCL vector b (shown in arrows,
but not to scale) results in a CSL shift �. Moreover, the translation

2  is a fictitious lattice as some of its points are unoccupied.

Table 1
This study included 244 ATGBs distributed over 3 tilt axes and 7 misorientation angles.

Tilt axis Element Sigma number (misorientation) #� simulated

[0 0 1] Cu
�5 (36.86◦) 38
�13 (22.62◦) 25
�25 (16.26◦) 23

[1 1 1] Cu
�21 (21.78◦) 23
�7 (38.21◦) 26

[1 1 0] Al
�9 (38.94◦) 57
�11 (50.47◦) 52

disrupts one-half of the GB structure. To preserve its structure, the GB
migrates in its normal direction n by a distance ℎ = � ⋅ n + nH ,
where n is an integer and H is the CSL lattice plane spacing along n,
resulting in a dislocation b and a GB step of height ℎ at the center of the
domain. The collection of all (b, ℎ) pairs represents the disconnection
modes of the GB. To summarize, given two lattices  and  that share
a CSL, SNF bicrystallography can be used to construct arbitrary rational
GBs and enumerate their disconnection modes.

The generality of SNF bicrystallography enables us to enumerate not
only glissile disconnections (Fig. 2(b)) but also sessile disconnections
that have a climb component in their Burgers vector (Fig. 2(a)). Glissile
and sessile disconnections mediate GB motion, however, the migration
of the latter along the GB is a result of GB diffusion. In Section 2.3,
we introduce a mesoscale model to analyze the energetics of discon-
nections enumerated by SNF bicrystallography and ultimately predict
the shear coupling factors of ATGBs.

2.2. Atomistic simulations of shear coupling in ATGBs

In this section, we introduce the simulated GBs and outline the
details of MD simulations for ATGBs with three tilt axes, ([0 0 1], [1 1 0],
[1 1 1]), and two species (Cu, Al), modeled using EAM potentials [30,
31]. From a list of ATGBs identified by SNF bicrystallography, the
simulated GBs were selected such that the sizes of the period vectors
are at most 50 times the lattice spacing. Table 1 lists the tilt axes, mis-
orientation angles, and the number of inclination angles investigated in
this study.

The MD simulations were performed using LAMMPS [32]. Each
bicrystal was constructed by rotating two grains about the tilt axis
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Fig. 3. A bicrystal with an ATGB, visualized using OVITO [33]. Blue and red colored atoms represent the two grains of the bicrystal. The atoms in the top and bottom layers of
the simulation box, colored yellow and green, are used to impose a strain rate. The bicrystal is oriented such that the GB is parallel to the yz-plane and the tilt axis is along the
z-axis. PBCs are imposed along the y and z directions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

by the misorientation angle, and the GB was identified using the
inclination angle. The bicrystals were oriented such that the tilt axis is
along the z-axis, the GB plane lies in the y−z plane, and the GB normal
is along the x-axis. PBCs were imposed in the y and z directions. The
dimension of the simulation cell along the x-axis was Lx = 30 nm, and
the dimensions Ly and Lz along the y and z directions, respectively,
were set equal to integer multiples of two CSL vectors along the y and z-
axes. The inclination angles were selected such that 10 nm ≤ Ly ≤ 40 nm

and 1.5 nm ≤ Lz ≤ 2.5 nm (based on the tilt axis) for all simulations.
The simulation box sizes in the current study are larger than those in
previous studies. For example, the box dimensions along the period
vectors of the GBs are twice those considered in Trautt et al. [23].

A block of atoms at the top and the bottom of the bicrystal (high-
lighted in yellow and green respectively in Fig. 3) were fixed to act as
boundary layers in the non-periodic direction. The thickness of these
blocks was larger than the cutoff radii of the interatomic potentials
used for Cu and Al. To subject the system to a constant shear rate the
atoms in the top layer are translated at a constant velocity dictated by
the imposed strain rate. We examined multiple strain rates until the
bicrystal undergoes a 20% strain. Due to the time scale limitation of
MD simulations, the strain rates are much higher than the laboratory-
scale strain rates. To infer shear coupling factors at lower strain rates
that are inaccessible to MD simulations, we examined the convergence
of coupling factors as the strain rate was decreased three orders of
magnitude from 108s−1 to 106s−1.

Beginning with the coherent dichromatic pattern, we used the con-
jugate gradient method to minimize the energy of the bicrystal. Subse-
quently, an NPT ensemble is simulated using the Nosé–Hoover ther-
mostat with a temperature of 600K or 900K and a pressure of 1
atmosphere. We explicitly controlled �yy and �zz and set them to 1 atm.
Consequently, we did not control the lengths Ly and Lz of the box. We
did not explore the role of individual microstates as our goal, motivated
by STGBs, was to investigate the trends in shear coupling that can be
attributed entirely to disconnections as opposed to microstates. The
GBs were equilibrated for 1 ns before imposing a strain rate. During
the straining phase – and in particular at high strain rates – we
observed that some ATGBs do not remain flat as they migrate and
show a variable coupling factor across their length. Fig. 4 shows two
initially flat �5[0 0 1](14 13 0)(19 2 0) and �5[0 0 1](4 13 0)(11 8 0) ATGBs
(a and d) migrating and bowing during the straining phase (b and e).
Notably, we found that if the system was allowed to equilibrate after
the straining phase, the GB obtains an equilibrium shape (c and f).
Moreover, we observed that the bowing decreased for lower strain rates
suggesting that under experimental strain rates, ATGBs will migrate
without bowing. Therefore, we chose to equilibrate the bicrystal after
the straining phase, with the atoms in the two boundary layers fixed, for
the GB to flatten. During this equilibration phase, the coupling factor
was recorded at multiple points (fiducial markers in Fig. 4) along the
GB every 0.2 ns followed by a spatial averaging to obtain the effective
coupling factor at each timestep. This is a notable departure from
previous studies [23–25], which recorded coupling factors during the
straining phase.

2.3. Extended Khater model to predict shear coupling factors of ATGBs

The differences in the length and time scales of MD simulations
and experiments motivate the development of a mesoscale model for
GB motion to predict shear coupling in ATGBs. Moreover, the scale
limitations of MD are more pronounced in ATGBs – compared to
STGBs – as many have large period vectors and their shear coupling
is relatively more sensitive to strain rates, requiring larger simulation
domains and longer simulation times. Inspired by recent experiments
and MD simulations [11,34,35] that support the hypothesis that discon-
nections are the primary carriers of GB plasticity, we make use of model
proposed by Khater et al. [12], based on the disconnections-based
description of GB motion.

Recall from Section 2 that disconnection modes originate from
bicrystallography and a GB can host multiple disconnection modes.
Thomas et al. [10],Chen et al. [36] reasoned that the multiplicity of
disconnection modes renders the GB mobility and the shear coupling
factor as properties non-intrinsic to the GB due to their dependence
on the local stress state. More generally, a kinetic property can be
interpreted as a weighted average of the corresponding property of
individual disconnection modes, where the weight associated with a
mode depends on its configurational force-dependent nucleation bar-
rier. Therefore, in what follows, we focus our attention on predicting
the nucleation barriers of individual disconnection modes by extending
the discrete disconnection model of Khater et al. [12]. Subsequently, we
use the nucleation barriers to compute the expected values of the shear
coupling factors of GBs.

To describe our mesoscale model, we begin with the following four
assumptions:

(A1) A GB is a perfectly flat interface and continues to remain flat as
it migrates.

(A2) Disconnection with the smallest nucleation barrier mediates the
shear coupling of a GB. We assume that the nucleation of dis-
connections is homogeneous.

(A3) The grains adjoining a GB are elastically isotropic.
(A4) Shear coupling of GBs is a consequence of effective glide of

disconnections along a GB.

Assumptions (A1), (A2), and (A3) are inherited from the model’s pre-
decessor [12], used by Han et al. [13] to calculate the coupling factors
of STGBs in Cu. While MD simulations of STGBs demonstrate that the
flatness assumption in (A1) holds for most STGBs, the same is not
true for ATGBs due to the curving of the GB, as noted in Section 2.2.
However, since the curving decreases with the strain rate, we assert
that the flatness assumption is reasonable at the low strain rates of
experiments. While Assumption (A2) remains to be investigated for
ATGBs, the observation that ATGBs that slip under shear stress (in-
finite coupling factor) host disconnections with zero step height (see
Fig. 2(b)) lends credence to its validity. The notion of effective glide in
Assumption (A4) will be made precise towards the end of this section.
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Fig. 4. Shear coupling in �5[0 0 1](14 13 0)(19 2 0) (a, b, c) and �5[0 0 1](4 13 0)(11 8 0) (d, e, f). ATGB migration is conveyed by the magenta-colored fiducial markers. The
centrosymmetry parameter in OVITO was used to identify the GBs. The initially flat GBs in (a) and (d) curve as they migrate during the straining phase (b,e). During subsequent
equilibration for 10 ns, the GBs flatten (c, f). Multiple fiducial markers (highlighted in red) are used to calculate the coupling factor at different points along the GB. Average of
these coupling factors is reported as the effective coupling factor for the GB at each timestep. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

The discrete disconnection model of Khater et al. [12] assumes
that the energy per unit length of a disconnection dipole formed by
disconnections (b, ℎ) and (−b, ℎ) is of the form

E(b, ℎ) = 2Estep + 2Ecore + Eint +W , (1)

where Estep is the step energy, Ecore is the disconnection core energy,
Eint is the elastic interaction energy, and W is the work done by
external force. The step energy is assumed to be a linear function of
ℎ:

Estep = �sℎ, where �s =

s − 
cos�s

sin�s
, (2)


s is the energy density (per unit area) of the step, 
 is the energy
density of the flat region of the GB, and �s is the angle of the step (see
Fig. 1).

The sum of the interaction and core energies of a disconnection
dipole is given by

2Ecore + Eint = 2�b2 log
�

�0
, where � =

�

4�(1 − �)
, (3)

� is the shear modulus, � is the Poisson’s ratio, � is the separation
between the two opposite disconnections, and �0 is the effective core
size of the disconnections. The work done by the external force depends
on the nature of the force. For example, if the system is driven by
an external stress �, W = −�b�, and if it is driven by a chemical
potential  , W = − ℎ�. Therefore, the total energy per unit length
of a disconnection dipole is given by

E(b, ℎ) =

⎧⎪⎨⎪⎩

2�s|ℎ| + 2�b2 log
�

�0
− �b� if shear stress �-driven,

2�s|ℎ| + 2�b2 log
�

�0
−  ℎ� if chemical potential  -driven.

(4)

Fig. 5. Shear coupling factor of a GB is set equal to the coupling factor of the glide
disconnection mode (b, ℎ) with the smallest nucleation barrier. The model assumes the
mechanisms for nucleating (b, ℎ) include climb disconnections (b1 , ℎ1) and (b2 , ℎ2) such
that b1 + b2 = b and ℎ1 + ℎ2 = ℎ, resulting in a climb-mediated effective glide.

The energy in the above two cases is −∞ at � = 0, and reaches a
maximum at a critical � = �∗ at which dE∕d� = 0, and decreases
thereafter. The critical separation �∗ is given by

�∗ =

⎧⎪⎨⎪⎩

2�b2

�b
if shear force �-driven,

2�b2

 ℎ
if chemical potential  -driven.

(5)

The nucleation barrier for the disconnection dipole is the energy eval-
uated at �∗. Substituting (5) in (4), we obtain the nucleation barrier

E∗(b, ℎ) =

⎧⎪⎨⎪⎩

2�s|ℎ| + 2�b2 log
2�b2

e�b�0
if shear force �-driven,

2�s|ℎ| + 2�b2 log
2�b2

e ℎ�0
if chemical potential  -driven.

(6)

Invoking Assumption (A4), Han et al. [13] spanned all glide discon-
nection modes of an STGB in Cu and predicted its shear coupling factor
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Fig. 6. The variation of coupling factor with respect to time in �25[001] ATGBs. A strain rate of 106s−1 was applied for the first 5 ns of the simulation and subsequently the
boundary was allowed to equilibrate.

as the coupling factor of the glide disconnection with the smallest nu-
cleation barrier. In what follows, we extend the study of Han et al. [13]
to ATGBs. Since the Burgers vectors of glide disconnections in ATGBs
are typically orders of magnitude larger than the lattice constant, their
nucleation barriers predicted by (6) are far higher than those of non-
glide disconnections. Since an effective disconnection glide (b, ℎ) can
be realized by reactions involving non-glide disconnections (b1, ℎ1) and
(b2, ℎ2) such that b1 + b2 = b and ℎ1 + ℎ2 = ℎ (see Fig. 5), we postulate
that ATGB migration is mediated by such reactions. The nucleation
barrier associated with this reaction can be calculated assuming an
Arrhenius-type process. The time taken for each of these processes to
take place is:

t1 = �−1 exp

(
E∗(b1, ℎ1)

kBT

)
, t2 = �−1 exp

(
E∗(b2, ℎ2)

kBT

)
, (7)

where � is the attempt frequency, kB is the Boltzmann constant, and
T denotes temperature. E∗(b1, ℎ1) and E

∗(b2, ℎ2) denote the nucleation
energies of the two non-glide disconnections. The total time required
for the reaction can then be used to arrive at an effective energy
associated with the reaction (assuming attempt frequency to be 1
throughout), given as:

E∗
climb assisted(b, ℎ) = kBT log

(
exp

(
E∗(b1, ℎ1)

kBT

)
+ exp

(
E∗(b1, ℎ1)

kBT

))
.

(8)

Clearly, E∗
climb assisted

(b, ℎ) can be less than or equal to the nucleation
barrier E∗(b, ℎ) of the pure glide disconnection. Therefore, we postulate
that the nucleation barrier of disconnection glide (b, ℎ) is given by the
following minimization over all (glide and non-glide) disconnection
modes that can mediate an effective glide:

E(b, ℎ) = min
b1 ,b2∈∶

b1+b2=b

kBT log

(
exp

(
E∗(b1, ℎ1)

kBT

)
+ exp

(
E∗(b1, ℎ1)

kBT

))
. (9)

Revisiting the STGBs studied by Han et al. [13] using (9), we noted
that the minimizer in (9) for STGBs is typically the trivial solution
b1 = b and b2 = 0. In other words, (9) confirms that the strategy
of Han et al. [13] to ignore non-glide disconnections is energetically
consistent. However, in the case of ATGBs, the solution to (9) is
invariably non-trivial, and therefore we conclude that disconnection
glide is climb-mediated. The climb processes involving bulk vacancy
diffusion will be inaccessible on MD timescales. However, GB diffusion-
mediated climb or stress-driven GB core-mediated climb processes are
possible.

To compute the coupling factor of an ATGB, we first enumerate all
its disconnection modes using SNF bicrystallography. The nucleation

barrier of each glide disconnection – possibly mediated by climb – is
computed using Eq. (9), and the coupling factor is set equal to that of
the glide disconnection mode with the smallest barrier. In Section 3,
we implement the mesoscale model and compare its predictions to MD
simulations described in Section 3.2. The material parameters of Cu
used for the nucleation barrier calculations are � = 44GPa, � = 0.3,
�s = �∕2 rad, �0 = bi∕�, and � = 3 while for Al are � = 24GPa, � = 0.33,
�s = �∕2 rad, �0 = bi∕�, � = 3, and T = 600K. The inclination dependent
GB energy (
s) for �5[001], �13[001], �9[110] and �11[110] were
derived based on the calculations done by Tschopp et al. [37]. For the
other GBs in this study we used 
s equal to the STGB energy, due to
lack of data.

3. Results

In this section, we present the shear coupling factors of ATGBs in
Cu and Al bicrystals predicted by atomistic simulations and the discrete
disconnection model. The inclination angles of ATGBs discussed in this
section span 0◦ to 90◦ for each of the misorientations listed in Table 1.
The ranges of the shear coupling factor versus inclination angle plots
(Figs. 9 to 15) presented in this section omit the large shear coupling
factors corresponding to GB sliding. The plots in the Supplementary
cover the entire data range. In addition, MD simulation data presented
in this section is shared in the Mendeley dataset repository [38].

3.1. Atomistic simulations

Figs. 9 to 11 show plots of coupling factors of �5, �25, and �13-
[001] ATGBs for various shear rates and temperatures. Figs. 14 and 15
show coupling factors of �9 and �11-[110] ATGBs, and Figs. 12 and 13
correspond to �7 and �21-[111] ATGBs, respectively. The dashed line
in all the plots indicates the coupling factor of the STGB. The colors in
the scatter plots indicate different shear rates, and the green line plots
in Figs. 9 and 10 correspond to the MD simulation results of Trautt
et al. [23]. Recall from Section 3.1 that we measure coupling factors at
multiple points along the GB as it migrates. At each time step (recorded
every 0.2 ns) the coupling factor is spatially averaged across the GB and
recorded. In the coupling factor plots, the multiple points of identical
color appearing on a vertical line – corresponding to a particular shear
rate and an inclination angle – refer to the spatially averaged coupling
factor recorded at different time instances. The medians of these points
for each inclination angle are used to draw the dark red, red, and
orange line plots, corresponding to different shear rates. The clustering
of the points suggests that the GB coupling factor converges with time,
and variability shows that the initial coupling factors differ from the
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Fig. 7. Flow stresses for ATGBs in Cu.

steady state value. Fig. 6 shows the convergence of coupling factors
with respect to time in �25[001] ATGBs at 600 K under a strain rate
of 106s−1. Similar plots for the remaining grain boundaries investigated
in this paper are shown in Figures 6–11 of the Supplementary.

Flow stresses observed in ATGBs

We calculated the flow stresses for the set of simulations with the
lowest strain rate (
̇ = 106s−1) for each of the ATGBs investigated in this
study. These stresses are plotted in Figs. 7(a), 7(b) and 8 for each of the
axes considered in this study. As a direct comparison, we used the stress
data provided by Trautt et al. [23] in their study of �25[001] ATGBs
in Cu and Al. The flow stresses observed in this study match well with
the stresses reported by them for �25[001]. We did not capture the
data at a rate high enough to accurately observe the peaks of stresses
observed in the stick–slip type motion of the GBs, making comparison
to previously calculated critical stresses infeasible. Therefore, we were
not able to ascertain the assumption about homogeneous nucleation.
The flow stresses show a clear trend with inclination angle of the
ATGB, with stresses increasing as the ATGB moves away from STGB
configuration. The stresses also show asymmetry w.r.t inclination angle
that lead to similar GB structures (45◦ for [001], 30◦ for [111], 90◦

for [110]), similar to previously reported stresses [23]. The magnitude
of stresses is observed to decrease in magnitude as the temperature
increases in line with the observations made in previous studies [23].

Across all the investigated ATGBs, we observe the following trends
for coupling factors:

• The coupling factors were observed to be sensitive to misorien-
tation and inclination angles. Compared to the piecewise linear
variation of STGB coupling factors with misorientation angles,
as noted by Han et al. [13], the variation with respect to the
inclination angle is highly nonlinear with no consistent trend
across different misorientation angles. Han et al. [13] arrived at a
geometry-based estimate of the coupling factor for ATGBs. How-
ever, agreement between their estimate and MD data is rather
limited except for some inclinations in �21[111] and �5[001] GBs.
• The spatial variability in the coupling factor, for a given incli-
nation and temperature, increases as the strain rate increases.
A similar trend holds with respect to temperature for a given
inclination and strain rate. The increase in scatter at high tem-
peratures and strain rates is due to the highly disordered motion
of a GB, as noted by Fensin et al. [24].

Fig. 8. Flow stresses for [110] axis ATGBs in Al, STGBs are at 0◦, 90◦ and 180◦.

• With an increase in strain rates, the scatter in coupling factors
observed in the equilibration phase also increases (see Fig. 10)
This is because at higher strain rates ATGB motion is interspersed
by instances where sliding occurs. This leads to some parts of the
GB moving to a lesser extent in the normal direction compared to
others, resulting in curvature in the ATGB.
• The spread in the coupling factors for an inclination angle cor-
relates with the curvature of the GB during its migration (see
Fig. 4 for examples). As the GB equilibriates and flattens, the
coupling factor converges. This can be observed in Fig. 6. Strain
was applied for the first 5 ns and then the GB was allowed to
equilibrate for 10 ns. The coupling factors of most ATGBs converge
during the equilibration phase.
• The magnitude of the coupling factor of an ATGB increases with
temperature and shear rates with a few exceptions. This can
be observed by comparing Figs. 11(a) and 11(b) for �13[001],
Figs. 10(a) and 10(b) for �25[001], and Figs. 12(a) and 12(b) for
�7[111]. We note an exception while comparing Figs. 13(a) and
13(b) for �21[111], where the magnitude of the coupling factor
decreases for most inclinations at the higher temperature.
• The coupling factors of ATGBs increase with temperature in the
low-to-intermediate (homogolous temperature, TH < 0.8) range,
with a few exceptions. While Homer et al. [9] noted a similar
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Fig. 9. Coupling factors for �5[001] GBs for three shear rates, shown in dark red, red, and orange. The scattered points represent the spatially averaged coupling factor recorded
at various times as the GB equilibrates after undergoing shear coupling. The dark red, red, and orange line plots are plotted using the median of the scattered data. The dashed
line represents the coupling factor of STGB �5(2 1 0) at 0◦ and 90◦ inclination angles. The green line plot is based on the data from Trautt et al. [23]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

trend for STGBs, they also observed that the coupling factors of
STGBs stay nearly constant at intermediate temperatures.

Next, we discuss each of the � boundaries separately and identify
features specific to them in the following paragraphs.

�5[0 0 1] ATGBs

Figs. 9(a) and 9(b) show variation of coupling factors for various
strain rates, measured at 600K (TH = 0.45) and 900K (TH = 0.66),
respectively. The inclination angles 0◦ and 90◦ correspond to the STGB
�5[0 0 1](2 1 0), and the one at 45◦ inclination angle is the �5[0 0 1](3 1 0)

STGB. From the above plots, we note that as an ATGB deviates from an
STGB (0◦ and 90◦ inclination angles), the coupling factor changes sign
from negative to positive. The transition in the sign of the coupling
factor occurs at inclination angles ≈ 20◦ and 60◦. This observation
is consistent with the coupling factors measured at 500K and 800K

by Trautt et al. [23] and shown in green.3 In addition, we note from
Fig. 9 that the inclination angles at which the coupling factor changes
sign shifted to the right as the temperature was increased from 600 K to
900 K. However, we note that although the GB structure is symmetric
with respect to the 45◦ inclination angle, its shear coupling response is
not — the plots in Figs. 9(a) and 9(b) are not symmetric with respect to
the 45◦ angle. Such asymmetry was also observed by Trautt et al. [23],
when they considered the inclination range of −45◦ to 45◦. We attribute
this asymmetry to the difference in microstates that ATGBs attains. In
addition, the spread in the coupling factor is minimal for ATGBs close
to STGBs.

�25[0 0 1] ATGBs

Fig. 10 shows coupling factors of �25[0 0 1] ATGBs. The 0◦ and
90◦ inclination angles correspond to the �25[0 0 1](7 1 0) STGB, and the
one at 45◦ inclination angle is the �25[0 0 1](4 3 0) STGB. Comparing
Figs. 10(a) and 10(b) to Figs. 9(a) and 9(b), we note that ATGB coupling
factors and their deviation from the STGB coupling factor are lower in
the �25[001] case. Fig. 10 also shows that our measurements – except
for a few exceptions – are consistent with those of [23], obtained at
500K and 1200K. Exceptions to the earlier noted trend of decreasing
coupling factor with increasing temperature can be observed in Fig. 10
— inclinations between 30◦ and 50◦ show higher coupling factors at

3 The coupling factors reported by Trautt et al. [23] were measured at a
strain rate of 107s−1.

900 K compared to at 600 K, which exemplifies the high variability in
ATGB migration mechanisms.

�13[0 0 1] ATGBs
Behavior of �13[0 0 1] ATGBs were observed to be similar to that

of �25[0 0 1] ATGBs in the sense that the coupling factor remains
close to the STGB coupling factor at 0 K and low shear rates, as
shown in Figs. 11(a) and 11(b) for 600 K and 900 K, respectively. The
inclination angles 0◦ and 90◦ correspond to the STGB �13[0 0 1](5 1 0),
and the one at 45◦ inclination angle is the �13[0 0 1](2 3 0) STGB. The
coupling factor was observed to increase as the strain rate applied on
the bicrystal is increased. However for these ATGBs, this trend was
only observed for small inclination angles (0◦ < � < 45◦) at both
the temperatures. Higher inclination angle GB coupling factor did not
show any appreciable change in coupling as the shear rates increased.
An increase in temperature can also lead to a change in the nature of
coupling, as can be seen by comparing Figs. 11(a) and 11(b). Some
inclination angles shear with a negative coupling factor at 900 K, which
is not observed for 600 K. The influence of the shear rate is much more
pronounced in �5[0 0 1] ATGBs, while �13[0 0 1] ATGBs show the least
sensitivity to the applied shear rate at lower temperatures.

[111] ATGBs
We will now discuss the simulation results of �7[1 1 1] and �21[1 1 1]

ATGBs. Figs. 12 and 13 show plots of the coupling factor for �7 and
�21 cases, respectively. The dependence of the coupling factor on
the inclination angle was observed to be consistent (across varying
shear rates and temperatures) for [1 1 1] tilt boundaries. Similar to the
previous cases, this dependence depends on the misorientation of the
GB. GB sliding was observed for a few inclination angles, and the
number of such boundaries is far less compared to those in other
tilt boundaries explored in this study. Due to lattice symmetry, the
coupling factor was observed to be reasonably symmetric about the 30◦

inclination. Among the simulated GBs, we have 3 STGBs at inclination
angles 0◦, 30◦, and 60◦ (see captions to Figs. 12 and 13).

As observed in previous cases, an increase in the shear rate results
in a larger scatter in the coupling factor. However, Figs. 12 and 13
show that the sensitivity of the coupling factors to the shear rate was
restricted to a narrow inclination angle range — close to 10◦ and 50◦

inclination angles for the �7[1 1 1] ATGBs, and 20◦–40◦ inclination
angles for �21[1 1 1] ATGBs. Moreover, in the �7[1 1 1] ATGBs, the local
minima in the coupling factor observed around 10◦ and 50◦ angles
shift to the right as the shear rate increases. Furthermore, the �7[1 1 1]

ATGBs in the neighborhood of the 30◦ STGB were observed to have a
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Fig. 10. Coupling factors for �25[0 0 1] GBs for different shear rates. See caption to Fig. 9, which describes the relationship between the scattered data and the line plots. The 0◦

and 90◦ inclination angles correspond to the �25[0 0 1](7 1 0) ATGB, and the one at 45◦ inclination angle is the �25[0 0 1](4 3 0) STGB.

Fig. 11. Coupling factors for �13[0 0 1] GBs for different shear rates. See caption to Fig. 9, which describes the relationship between the scattered data and the line plots. The
inclination angles 0◦ and 90◦ correspond to the STGB �13[0 0 1](5 1 0), and the one at 45◦ inclination angle is the �13[0 0 1](2 3 0) STGB.

Fig. 12. Coupling factors for �7[1 1 1] GBs for different shear rates. See caption to Fig. 9, which describes the relationship between the scattered data and the line plots. The 0◦

and 60◦ inclination angles correspond to the �7[1 1 1](1 4 5) STGB, and 30◦ represents the �7[1 1 1](2 1 3) STGB.

similar coupling factor as that of the STGB (see Figs. 12(a) and 12(b)).
This trend was not heavily affected by changes to the shear rate. Similar
observations hold for �21[1 1 1] ATGBs in the neighborhood of 0◦ or
60◦ STGBs.

As was the case with shear rate, the coupling factors of �7[1 1 1]

ATGBs in the neighborhood of the 30◦ inclination angle STGB are
insensitive to an increase in temperature. For the rest of the inclination
angles in the �7 case, however, the scatter in the time-dependent
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Fig. 13. Coupling factors for �21[1 1 1] GBs for different shear rates. See caption to Fig. 9, which describes the relationship between the scattered data and the line plots. The 0◦

and 60◦ inclination angles correspond to the �21[1 1 1](1 2 3) STGB, and 30◦ angle represents the �21[1 1 1](4 1 5) STGB.

coupling factor data and the magnitude of their median increase with
temperature as expected. On the other hand, the scatter and the mag-
nitude of the coupling factors in the �21[1 1 1] case were observed to
decrease with an increase in temperature across all simulated inclina-
tions. This trend can be easily seen in supplementary Figure 10, where
the coupling factor converges much quicker and consistently at higher
temperature. This is in contrast to the commonly reported behavior
of grain boundaries, where an increase in temperature in the range
0.2Tm < T < 0.8Tm (Tm - melting temperature) leads to an increase
in the coupling factor [39].

[1 1 0] ATGBs
We end this section with results on �9[1 1 0] and �11[1 1 0] ATGBs.

Materials with low stacking-fault energies (e.g. Cu) tend to favor non-
GB-mediated mechanisms over shear coupling in [1 1 0] ATGBs, making
them less ideal for studying shear coupling behavior. Al is an ideal
candidate in this regard due to its high stacking-fault energy (and
obvious relevance as a structural materials), but it has a low melting
point that results in ATGB premelting. Therefore, we report in Figs. 14
and 15 only the T = 600K case. Figs. 14 and 15 show that the shear
coupling behavior was the most erratic in the [110] ATGBs compared
to the other tilt axes studied in this paper.

3.2. Results from the discrete disconnection model

Using the discrete disconnection model of Section 2.3, we calculated
the expected coupling factors for all GB systems listed in Table 1.
Figs. 16 to 18 show the coupling factors from the discrete disconnection
model in blue. The plots in red correspond to the coupling factors ob-
tained from MD simulations at 600K and at a shear rate of ≈ 1×10 s−1,
and the gray points refer to the coupling factors of the enumerated
disconnections.

The coupling factors predicted by the discrete disconnection model
do not match the coupling factors observed in MD simulations. The
predicted high variation in coupling factors, even for small angle
changes, is because the coupling factors of the individual disconnection
modes (shown in gray in Figs. 16 to 17) exhibit a similar trend, which
can be attributed to the discrete nature of the lattices. This is analogous
to the large variations in � for small misorientation changes.

The above observation brings into focus the flatness assumption
(A1) (see Section 2.3). If an ATGB were allowed to equilibrate in an
MD simulation, it is well-known that the lattices relax by nucleating
intrinsic disconnection dipoles which either manifest as atomic-sized steps
or facets. Since intrinsic disconnections do not alter the macroscopic
degrees of freedom, they represent a GB microstate. The intrinsic

disconnections in an ATGB tend to transform most of the boundary
to a neighboring (in the inclination space) low-energy GB and the
defect content accounts for the inclination angle difference with the
low-energy GB. Therefore, intrinsic disconnections regularize the vari-
ations in the structure of ATGBs with respect to small angle changes.
Intrinsic disconnections also occur in STGBs with misorientation angles
close to that of an energetically favorable low � STGB. The intrinsic
disconnections in such cases exist to account for the deviation from
the energetically favorable low � STGB. Since the coupling factors of
STGBs, predicted by the mesoscale model, do not show much scat-
ter [13], the effect of intrinsic disconnections on the coupling factor
was not as critical to STGBs as to ATGBs. Therefore, mitigating the
above drawbacks of the mesoscale model in ATGBs necessitates in-
corporating the effect of intrinsic disconnection dipoles. However, as
the intrinsic disconnections occur at the atomic scale and our interest
is in the mesoscale, we do not want to explicitly track them. One
strategy is to recognize that the effect of intrinsic disconnections, in
addition to atomic shuffles, will manifest on the disconnection nucle-
ation barriers. Therefore, we postulate that computing disconnection
nucleation barriers more accurately at the atomic scale, as opposed to
the currently used classical nucleation model of Khater et al. [12], will
greatly improve the predictions of the mesoscale model.

4. Conclusion

In this paper, we carried out an extensive survey of the shear
coupling of ATGBs using MD simulations at the atomic scale and a
discrete disconnection model at the mesoscale. More specifically, shear
coupling factors of 244 ATGBs spanning multiple misorientation angles
and three tilt axes were measured in Cu and Al bicrystals subjected to
temperatures and strain rates that span three orders of magnitude. MD
simulations reveal that the mechanisms behind the shear coupling are
relatively more complex in ATGBs compared to STGBs and are sensitive
to shear rate. The latter feature was based on the observation that
some ATGBs curve as they migrate, and as a result, experience localized
stress concentration. However, the curvature decreases for lower strain
rates, highlighting rate dependence. In addition, the dependence of the
coupling factor on the inclination angle is highly nonlinear compared to
the relatively simple piecewise linear dependence on the misorientation
angle of STGBs. While variations (along the GB) in the coupling factor
and its magnitude increased with temperature and strain rates in most
ATGBs, certain exceptions were noted. While some [001] (�25 and
�13) and [111] tilt axis ATGBs show symmetry in coupling factors in
accordance to the symmetry in atomic structure (bicrystallography are
symmetric about 45◦ for [001] tilt axis and 30◦ for [111] tilt axis),
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Fig. 14. Coupling factors for �9[1 1 0] GBs for different shear rates. See caption to Fig. 9, which describes the relationship between the scattered data and the line plots. The 0◦

and 180◦ inclination angles correspond to the �9[1 1 0](1 1 4) STGB, while 90◦ corresponds to �9[1 1 0](2 2 1) STGB.

Fig. 15. Coupling factors for �11[1 1 0] GBs for different shear rates. See caption to Fig. 9, which describes the relationship between the scattered data and the line plots. The 0◦

and 180◦ inclination angles correspond to the �11[1 1 0](1 1 3) STGB, while 90◦ corresponds to �11[1 1 0](3 3 2) STGB.

Fig. 16. A comparison of coupling factors of [001] ATGBs calculated using the discrete disconnection model (blue) with those observed in MD simulations (red). The gray points
show the coupling factors of individual disconnection modes in a [001] ATGB. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 17. A comparison of coupling factors of [111] ATGBs calculated using the discrete disconnection model (blue) with those observed in MD simulations (red). The gray points
show the coupling factors of individual disconnection modes in a [111] ATGB. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 18. A comparison of coupling factors of [110] ATGBs calculated using the discrete disconnection model (blue) with those observed in MD simulations (red). The gray points
show the coupling factors of individual disconnection modes in a [110] ATGB. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

this is not true in general. �5[001] and [110] ATGBs do not show such
symmetry. This can be attributed to the microstates that are available
to the ATGBs, and requires further investigation.

Motivated by the recent work of Han et al. [13], we extended the
mesoscale model of Khater et al. [12] to ATGBs to predict the trends
observed in our MD simulations. The mesoscale model relied on four
key assumptions: (a) a GB is a perfectly flat interface and contin-
ues to remain flat as it migrates; (b) disconnection with the smallest
nucleation barrier mediates the shear coupling of a GB, with homoge-
neous nucleation being considered; (c) the grains adjoining a GB are
elastically isotropic; and (d) shear coupling of GBs is a consequence
of effective glide of disconnections along a GB, possibly mediated by
climb. We demonstrated that the predictions of the mesoscale model,
while working well for STGBs, do not match well with the ATGB MD
results. It shows large variations in the coupling factor that originate
from the discreteness of the lattice and the flatness assumption, which
ignores the presence of intrinsic disconnections. With a future goal
to mitigate the drawbacks of the mesoscale model, we recommend
calculating the nucleation barriers of individual disconnection modes
using atomistic methods, such as NEB approach taken by Rajabzadeh
et al. [40].
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