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A B S T R A C T

Shear-coupled grain boundary (GB) migration plays a crucial role in the deformation of polycrystalline materials. 
Although this phenomenon has been extensively investigated in [0 0 1] symmetric tilt GBs, other important GB 
systems remain relatively unexplored, hindering a comprehensive understanding of the underlying mechanisms. 
In this work, we systematically investigated shear-coupled migration in [1 1 0] symmetric tilt GBs of face- 
centered cubic Pt metal using large-scale molecular dynamics simulations by a high-efficient machine learning 
potential. For low-angle GBs, shear-coupled migration is found to proceed via collective intersecting dislocation 
glide, which generates steps on the second invariant plane. For GB approaching the Σ3(1 1 1) twin boundary, a 
twin-boundary-mediated migration mechanism is identified. Furthermore, the dependence of coupling mode on 
both the misorientation angle and the local GB configuration has been elucidated.

1. Introduction

With the reduction of material size to the nanoscale, the influence of 
grain boundary (GB) on material performance becomes increasingly 
dominant [1]. In particular, GB kinetics, which are directly related to the 
mechanical properties of materials, play a critical role in determining 
performance metrics such as strength, ductility and fracture toughness 
[2]. GB migration under applied shear stress has been widely observed 
and is known to significantly influence plastic deformation and grain 
growth in nanocrystalline metals. Consequently, shear-coupled GB 
migration has attracted considerable research interest and has been 
widely investigated [2–8].

A series of works has been devoted to elucidating the mechanism 
underlying shear-coupled GB migration. For symmetric tilt GBs in face- 
centered cubic (FCC) metals, Cahn et al. introduced the coupling factor 
(β) to characterize shear-coupled motion, and demonstrated that 
migration in selected [0 0 1] GBs follows two coupling modes, 〈1 
0 0〉 and 〈1 1 0〉 modes, arising from the dislocation glides [4]. It is re
ported that the coupling mode is strongly dependent on the misorien
tation angle [4,9–11]. In particular, for [0 0 1] symmetric tilt GBs, the 〈1 
0 0〉 mode dominates at the small tilt angles, whereas the 〈1 1 0〉 mode 

prevails at larger tilt angles [4]. Furthermore, to describe shear-coupled 
migration under more complex conditions, several extended models 
have been proposed, including a geometrical model for general GBs 
[12], an extended method based on solutions of the Frank-Bilby equa
tion [13], a GB mobility tensor [14] and a shear coupling strength tensor 
[15]. Notably, several studies have proposed the existence of second 
undistorted plane related to the coupling mode in addition to the first 
undistorted plane (GB plane) [10,12,13], which is similar to twin 
boundaries migration [16].

For low-angle GBs, shear-coupled migration proceeds via the glide of 
GB dislocations [4,13,17], with the coupling mode determined by the 
Burgers vector of the constituent dislocations [13]. Furthermore, a series 
of works found that the disconnection [18–20] composed of step and 
Burgers vector at the GB plays an important role in shear-coupled 
migration [4,5,21–36]. Under an applied shear stress, disconnections 
nucleate and propagate along the GB plane, thereby mediating GB mo
tion [4,21]. This mechanism has been experimentally confirmed, for 
example, in the Σ11(1 1 3) GB in Au bicrystals, where both single-layer 
and double-layer disconnections have been observed [30]. The coupling 
factor can be quantitatively determined from the ratio of the magnitude 
of the Burgers vector (B) to the step height (H) of disconnection, 
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enabling identification of the corresponding coupling mode [4].
Besides geometrical descriptions, the dynamical evolution of GB 

atomic structures during migration is critical for achieving atomistic 
insight into dislocation and disconnection processes [4,10,23,37,38]. 
Especially in [0 0 1] symmetric tilt GBs, transformations of structural 
units (SUs) have been observed, resulting in disconnection nucleation 
[4]. Moreover, for the Σ9(2 2 1) GB, different shear directions parallel to 
the GB plane lead to distinct structural transformation pathways, 
resulting in markedly different migration behavior [23].

Due to the structural complexity and diversity of GBs, shear-coupled 
migration exhibits significant variability. In addition to the loading di
rection, variations in GB structural phases can alter the coupling 
mechanism, as demonstrated for the Σ5(2 1 0) GB [39]. Notably, pre
vious studies have largely focused on relatively simple GB systems, such 
as low-angle GBs with single type of dislocation or GBs with single- or 
double layer disconnections [4,13,21,30]. However, GBs with more 
complex configurations may exhibit novel migration behaviors. For 
instance, kink formation during the disconnection motion [25] and 
dislocation interaction in GBs containing multiple defect types [24,40]. 
Therefore, systematic investigation of shear-coupled migration in 
structurally complex GBs is essential for developing a comprehensive 
mechanistic understanding.

FCC metals provide an important model system for studying shear- 
coupled GB migration. Among the various GB types, the shear-coupled 
migration in the [0 0 1] symmetric tilt GBs has been well understood 
through the continuous development [4,9,10,41–43]. On the other 
hand, [1 1 0] symmetric tilt GBs represent another significant class due 
to their high prevalence in polycrystalline materials [38,44,45]. 
Different with [0 0 1] symmetric tilt GBs, previous study has identified a 
distinct 〈1 1 2〉 coupling mode in [1 1 0] symmetric tilt GBs [9], 
particularly for misorientation angles in the range of 50◦− 80◦. This 
highlights the need for systematic investigations of shear-coupled mi
grations in [1 1 0] symmetric tilt GBs to uncover new migration 
mechanisms.

Nowadays, owing to the rapid advancement of artificial intelligence, 

the machine learning potentials (MLPs) have emerged as powerful tools 
for large-scale atomistic simulations, offering both high computational 
efficiency and near first-principles accuracy [46–48]. Despite their 
promise, applications of MLPs to GB remain relatively limited [48,49]. 
In this work, we develop a simulation framework for GB shear defor
mation based on large-scale molecular dynamics (MD) simulations 
enabled by a highly accurate neuroevolution potential (NEP). Bench
mark tests demonstrate that this approach achieves high efficiency while 
maintaining accuracy comparable to first-principles calculations. Uti
lizing this framework, we systematically investigated shear-coupled 
migration in [1 1 0] symmetric tilt GBs in FCC Pt. Several novel 
migration behaviors were revealed, including collective intersecting 
dislocation glide in low-angle GBs and twin-boundary-mediated 
migration mechanism. Furthermore, the influences of GB geometry 
and atomistic configuration on the coupling mode were elucidated. This 
work provides a comprehensive understanding of shear-coupled 
migration in [1 1 0] symmetric tilt GBs, and establishes an efficient 
strategy for large-scale dynamic simulations of GBs with machine 
learning potentials.

2. Methodology

2.1. Construction of machine learning potential

To accurately and efficiently describe GBs in Pt, the NEP model was 
employed [50,51]. The reliability of this machine learning potential has 
been demonstrated in previous studies on inorganic halide perovskite 
[52,53], as well as metals and their alloys [46,54,55]. The training 
workflow of the NEP model is illustrated in Fig. 1(a). The first step in
volves the construction of an initial structure dataset. Ab initio molecular 
dynamics (AIMD) simulations were performed on several representative 
GB models at temperatures ranging from 300 K to 2400 K. To ensure 
adequate sampling of the configurational space, various [1 1 0] tilt GB 
structures with lattice distortions and atom perturbations were gener
ated. Besides the energetically lowest GB structures, the metastable 

Fig. 1. (a) Workflow to construct the machine learning potential. (b)-(d) Comparison between NEP predictions and DFT calculations for (b) energy, (c) force and (d) 
stress, respectively. (e) Schematic diagrams of [1 1 0] symmetric tilt GBs of Pt for stable GB structure searching (left) and shear loading simulation (right). The x- 
direction is along the tilt axis and the θ is the tilt angle around this direction. The v‖ is the applied velocity on the top fixed slab.
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configurations such as the asymmetric tilt GBs shown in Fig. S1 of the 
Supplementary Material (SM) were considered as well to increase the 
structural diversity. In addition, bulk Pt structures with FCC, hexagonal 
close packed (HCP) and body-centered cubic (BCC) structures were 
perturbed to enrich the diversity of the dataset. Single-point energy 
calculations for these GBs and bulk configurations were performed 
based on the density functional theory (DFT). Additionally, since GB 
models with free surfaces were adopted in this work, surface structures 
of Pt from the UNEP-v1 dataset [46] were incorporated into the dataset. 
The NEP model was then trained based on this combined dataset.

As this study focus on GBs under shear deformation, it is essential to 
include sheared configurations in the training dataset. To this end, an 
active learning strategy was implemented. A series of GB models was 
generated by applying shear strains ranging from 0 to ±15% with 
increment of 0.5%. MD simulations were then performed on these 
models using a pre-trained NEP model. Those snapshot structures that 
were poorly predicted by the model were identified and added to the 
training dataset. Subsequently, the NEP model was retrained using the 
updated dataset. This iterative process was repeated until the calculated 
energies, forces and stresses from NEP showed satisfactory agreement 
with DFT results. More training details were shown in the SM. The 
testing results of energy, force and stress for well-trained NEP are shown 
in Figs. 1(b)-1(d). The mean square error (RMSE) values of testing re
sults are sufficiently small. More tests including elastic constants, 
equation of state, phonon spectrum, general stacking fault energy 
(GSFE) curve, melting point, GB energies, and disconnection activation 
barrier (Table S2 and Fig. S3). The calculation results based on the NEP 
agree well with those from DFT calculations and experiments. These 
tests demonstrate high accuracy of trained NEP model. These tests 
demonstrate the high accuracy of trained NEP model.

2.2. Simulations of GBs under shear deformation

The shear response of [1 1 0] symmetric tilt GBs in Pt at 300 K was 
simulated using the GPUMD software with the trained NEP model [51]. 
Here a single-boundary model was employed, with free boundary con
dition applied along the z-direction (perpendicular to the GB) and pe
riodic boundary conditions along the x- and y-directions (parallel to the 
GB). To obtain stable GB structures, a rigid-body translation approach 
was adopted [56,57]. Two crystalline slabs with the required orienta
tions were first constructed and combined using the CALYPSO and 
Atomsk packages (left panel of Fig. 1(e)) [58–61]. Then the relative 
rigid-body translations between the two grains were systematically 
explored to identify energetically favorable configurations. To avoid 
atom overlap, we removed the atoms whose interatomic distance is less 
than 0.75 ×

̅̅̅
2

√
a0/2 [56,57], where 

̅̅̅
2

√
a0/2 is the nearest-neighbor 

distance in a perfect FCC Pt crystal and a0 = 3.97 Å. Geometry opti
mization was performed for all candidate structures, and the configu
ration with the lowest GB energy (γGB) was selected.

The γGB of GBs was calculated as: 

γGB =

∑
εi − NεFCC

A
(1) 

where εi is the atomic energy of atom i, N is the number of selected 
atoms, εFCC is the atomic energy of a single Pt atom in bulk FCC Pt, and A 
is the GB area in a unit cell. In the selection of εi, to minimize the in
fluence of top and bottom free surfaces, only atoms located within the 
central region (0.25Lz to 0.75Lz) were included in the calculation, where 
Lz is the length of lattice vector along the z-direction.

Following the identification of stable GB configurations, shear 
deformation simulations were carried out using MD. A velocity-driven 
loading scheme was adopted [39,43], in which atoms in the top and 
bottom regions of the bicrystal were fixed (Fig. 1(e), right panel). The 
thicknesses of these two regions were set to be at least twice the cutoff 
radius of the NEP model to eliminate surface effect. This GB model was 

first equilibrated for 1 ns in the NVT ensemble at 300 K. Shear defor
mation was then applied by imposing a rigid-body displacement be
tween the top and bottom fixed regions along the y-axis (v‖) at a constant 
velocity of 1 m/s. The simulations were conducted for 1~3 ns with a 
timestep of 2 fs in NVT ensemble at 300 K. The resulting atomic tra
jectories were visualized using the Ovito software [62]. Structural 
evolution and defect dynamics were characterized using common 
neighbor analysis (CNA) method and the dislocation extraction algo
rithm (DXA) [63,64].

2.3. DFT calculations

DFT calculations were performed using the Vienna Ab initio Simu
lation Package (VASP) [65]. The projector augmented wave (PAW) 
pseudopotentials method was employed to describe the electron-ion 
interaction [66]. The exchange-correlation effects were treated using 
the Perdew, Burke, and Ernzerhof (PBE) functional within the general
ized gradient approximation [67]. A plane-wave kinetic energy cutoff of 
400 eV was used and a Γ-centered k-point mesh with a spacing of 0.3 Å–1 

was adopted.

3. Results

3.1. Structures of [1 1 0] symmetric tilt GBs

It is known that GBs are commonly classified as low-angle and high- 
angle GBs based on the tilt angle. Previous studies have shown that 
migrations of low-angle GBs can be described in terms of dislocation 
glide, whereas the motion of high-angle GBs is usually interpreted using 
the disconnection nucleation [4,68–70]. Here both types of GBs were 
considered. As summarized in Table 1, four low-angle GBs with tilt 
angles approaching to 0◦ and 180◦, and five high-angle GBs with tilt 
angles ranging from 50.48◦ to 109.47◦, were selected. The correspond
ing atomistic structures were represented in Fig. 2.

It is interesting that, unlike previous low-angle GBs that typically 
consist of a single type of dislocation, the Σ243(1 1 22) and Σ163(1 1 18) 
GBs (Figs. 2(a) and (b)) are composed of two distinct 1/6 〈1 1 2〉 partial 
dislocations, which can be regarded as the nanoscale intrinsic stacking 
faults (ISFs). Besides, for the Σ33(4 4 1) and Σ51(5 5 1) GBs (Figs. 2(h) 
and (i)) with tilt angle close to 180◦, two 1/2 〈1 1 0〉 dislocations are 
arranged alternatively along the GBs, and the dislocation cores consist of 
the E' SUs. The relatively high energy of these perfect dislocations 
contributes to the elevated GB energies for these two GBs. Figs. 2(c)–(g) 
show the high-angle GBs with SUs highlighted by gray lines. In partic
ular, the Σ11(1 1 3) GB (Fig. 2(c)) consists of a periodic chain of C SU, 
consistent with previous reports for other FCC metals [30,44,68]. The 

Table 1 
Summary of stable GB information, including coincidence site lattice (CSL) GB 
notation, tilt angle, GB energy and description of periodic GB structure based on 
dislocations or SUs.

GB Tilt angle 
(◦)

γGB (mJ/ 
m2)

Structural description

Σ243(1 1 
22)

7.36 554.5 1/6 〈1 1 2〉 dislocation array

Σ163(1 1 
18)

8.98 621.0 1/6 〈1 1 2〉 dislocation array

Σ11(1 1 3) 50.48 335.8 CC
Σ3(1 1 2) 70.53 580.5 EE
Σ17(3 3 4) 93.37 709.9 DDEDDE
Σ57(4 4 5) 97.05 663.8 DDDEDDDE
Σ3(1 1 1) 109.47 133.9 DD
Σ33(4 4 1) 159.95 793.4 1/2 〈1 1 0〉 dislocation array or 

A'E'A'E'
Σ51(5 5 1) 163.90 726.1 1/2 〈1 1 0〉 dislocation array or 

A'E'A'E'
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Σ3(1 1 2) GB is composed of E SU, while the Σ3(1 1 1) GB corresponds to 
a coherent twin boundary characterized by D SU. Moreover, the Σ17(3 3 
4) and Σ57(4 4 5) GBs exhibit mixed configurations consisting of D and E 
SUs.

3.2. Shear-coupled migrations of [1 1 0] symmetric tilt GBs

MD simulations of GBs with shear deformation revealed shear- 
coupled migration behavior for all investigated models. The temporal 

Fig. 2. Optimized structures of [1 1 0] symmetric tilt GBs for Pt. (a) Σ243(1 1 22), (b) Σ163(1 1 18), (c) Σ11(1 1 3), (d) Σ3(1 1 2), (e) Σ17(3 3 4), (f) Σ57(4 4 5), (g) 
Σ3(1 1 1), (h) Σ31(4 4 1) and (i) Σ51(5 5 1). The atomic color represents structural type with green for FCC, red for HCP, blue for BCC and white for others. The GB 
SUs are highlighted with gray lines. The distinguishable dislocations are identified by DXA method and the color of dislocation line signs the dislocation type. The 
orange and black “⊥” shapes represent the mixed and edge dislocations, respectively. The insets show the side views of GB structures.

Fig. 3. The coupling factor β obtained by MD simulations as a function of the tilt angle. The lines represent three theoretical branches of shear coupling modes.
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evolution of GB movements and shear stresses were presented in Fig. S4. 
The coupling factor, β, defined as v‖/v⊥, where v‖ and v⊥ denote the 
tangential grain translation velocity and the normal GB migration ve
locity, respectively, was calculated [39]. The dependence of β on the tilt 
angle was shown in Fig. 3. This result shows that the calculated β values 
agree well with the coupling modes reported in previous studies [9], 
thereby validating the present simulations. In contrast to [0 0 1] sym
metric tilt GBs, a new 〈1 1 2〉 coupling mode is observed, which domi
nates the high-angle GBs except for the Σ3(1 1 2) GB. For low-angle GBs, 
those with tilt angles approaching 0◦ follow the 〈1 0 0〉 mode, whereas 
those near 180◦ exhibit the 〈1 1 0〉 mode.

3.3. 〈1 0 0〉 mode

There are three GBs including Σ163(1 1 18), Σ243(1 1 22) and Σ3(1 1 
2) GBs exhibit the 〈1 0 0〉 coupling mode, with the coupling factor given 
by β〈1 0 0〉 = − 2tan(θ /2). Despite sharing the same coupling mode, 
their migration mechanisms differ significantly between low- and high- 
angle GBs. For the low-angle Σ163(1 1 18) GB, the GB dislocation and 
migration process under shear loading were illustrated in Figs. 4 and S5. 
Four individual 1/6 〈1 1 2〉 dislocations superimpose, leading to the 

formation of an effective 〈1 0 0〉 Burgers vector, which governs the 
observed coupling mode. Interestingly, contrary to the previously re
ported [0 0 1] symmetric tilt GBs that typically involve a single dislo
cation type [4,71], we found that the shear-coupled migration in this GB 
proceeds via the collective glide of multiple 1/6 〈1 1 2〉 dislocations. 
Under applied shear, these dislocations glide along their respective slip 
planes. Furthermore, dislocation reactions occur when two dislocations 
meet at the intersection region (marked by red square in Fig. 4(b)), 
producing a 1/6 〈1 1 0〉 stair-rod dislocation (Fig. 4(d)). Figs. 4(c) and 
(d) show the process of forming a stair-rod dislocation through the re
action of  

This newly formed defect acts as a sessile dislocation, impeding 
further glide and causing temporary GB thickening (Fig. 4(e)). With 
continued shear loading, the stair-rod dislocation partially reverts to a 
glissile dislocation and moves along the ISF (Fig. 4(e)). Then the glissile 
and sessile parts alternate, resulting in a size reduction of the ISF (Fig. 4
(f)). Under sustained shear loading, the stair-rod dislocation moves into 
the intersection region with another dislocation pair, and reacts with 

Fig. 4. (a) Typical dislocation structure in Σ163(1 1 18) GB at 0 K. (b) Schematic diagram of dislocation structure in Σ163(1 1 18) GB. The orange and black “⊥” 
shapes represent the mixed and edge dislocations, respectively. The red square highlights the intersection region of slip planes of the two dislocation pairs. The green 
“⊥” shape shows the total Burgers vector looped by the green square. (c)-(h) show the evolution of GB dislocations under shear loading. (c)-(d), (e)-(f) and (g)-(h) 
show the formation, part-by-part movement and decomposition of the stair-rod dislocation, respectively. The magenta and green dislocation lines represent the stair- 
rod and Schockley dislocations, respectively. The atomic color represents structural type: green for FCC, red for HCP, blue for BCC and white for others.
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adjacent Shockley dislocations through the following reaction (Fig. 4
(g)), even though it is energetically unfavorable:  

This reaction allows GB migration to resume (Fig. 4(h)). The tran
sient formation of stair-rod dislocations reduces the normal velocity v⊥, 
resulting in a slightly higher β value than that predicted for the ideal 〈1 
0 0〉 mode.

A similar migration driven by the dislocation glide was also found in 
the Σ243(1 1 22) GB (See Fig. S6). Note that the Σ243(1 1 22) GB is 
composed of the same type of 1/6 〈1 1 2〉 dislocations and exhibits 
similar collective glide behavior. However, the lower dislocation density 
induces the slower motion in this GB. It is worth noting that the previous 
study on the asymmetric tilt GBs also observed the dislocation interac
tion, including dislocation reaction and avoidance [40]. However, the 
mechanism observed here is distinct: although dislocation reactions and 
decompositions occur in the Σ163(1 1 18) and Σ243(1 1 22) GBs, each 
dislocation glide along a well-defined slip with minimal mutual 
interference.

Furthermore, this collective glide of multiple dislocations leads to 
distortion of the second invariant plane. In the ideal 〈1 0 0〉 mode, the {1 
1 0} plane serves as the second invariant plane, as exemplified by the Σ3 
(1 1 2) GB shown in Fig. S7, where the shear coupling is dominated by 
dislocations with Burgers vector [0 0 1] [4,72]. However, as shown in 
Figs. S5(a) and (b) and S6(g) and (h), step-like feature emerges on the {1 
1 0} planes in the upper grain. This deviation is attributed to the meshed 
atomic movement caused by the two intersecting slip systems (See 
Fig. S8), which induces local distortions of the invariant plane.

For the high-angle Σ3(1 1 2) GB, shear-coupled migration can be 
described by the disconnection [68,69]. As shown in Fig. 5(a), 

disconnections nucleate via significant displacements of atomic columns 
and subsequently propagate along the GB. The local atomic structure 

(Fig. 5(b)) indicates that disconnection nucleation occurs through 
atomic columns (marked by orange arrows) filling the cavities of the 
lower E SUs. Analysis of the dichromatic pattern (Fig. 5(c)) reveals that 

the disconnection is characterized by a Burgers vector b
→

= 1/3[1 1 1]
and a step height h = 1 /6|[1 1 2]|, yielding a coupling factor of −

| b
→
|/h = − 1.414, consistent with the prediction of 〈1 0 0〉 mode.
It is noteworthy that, as a representative GB system, the shear 

response of the Σ3(1 1 2) GB has been extensively investigated [73,74]. 
Its behavior is strongly influenced by the stacking fault energy (SFE) of 
the metals. GB dissociation is typically observed in low-SFE metals, 
whereas sliding and migration dominates in high-SFE systems. In Pt, 
which has a relatively high SFE, the Σ3(1 1 2) GB shows shear-coupled 
migration behavior. Nevertheless, the disconnection characteristics and 
coupling mode differ from those in Al, where the size of Burgers vector is 
twice the {1 1 1} interplanar distance, leading to a coupling factor 
approximately twice than that of Pt [73].

3.4. 〈1 1 0〉 mode

As shown in Fig. 3, the Σ33(4 4 1) and Σ51(5 5 1) GBs exhibit shear- 
coupling migration following the 〈1 1 0〉 coupling mode, with the 
coupling factor given by β〈1 1 0〉 = 2tan(π /2 − θ /2). Both GBs consist of 
the same type of dislocation, therefore display similar migration 
mechanism (See Figs. 6 and S9-S11). Taking the Σ51(5 5 1) GB as an 
example (Fig. 6), migration proceeds through the glide of the 1/2 〈1 1 
0〉 dislocations along {1 0 0} planes, resulting in the {1 0 0} plane 
serving as the second invariant plane (Fig. S9). Note that several works 

Fig. 5. (a) The atomic configuration of Σ3(1 1 2) GB with nucleated disconnections marked by the red line. The black lines show the deformed E SUs on the interface. 
The arrows represent atomic displacement colored by its magnitude. (b) The deformation process of E SUs on the GB plane. (c) The dichromatic pattern containing 
step height and Burgers vector of the disconnection. The CSL and displacement shift complete (DSC) lattice are shown with black and gray meshes, respectively.
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reported that 1/2 〈1 1 0〉 dislocation in FCC metals typically glide along 
{1 1 1} plane [75,76]. This discrepancy may arise from a relatively 
lower slip barrier on {1 0 0} plane for 1/2 〈1 1 0〉 dislocation in Pt. 
Moreover, the observed shear-coupled migration can also be interpreted 
using a disconnection-mediated process. As illustrated in Fig. 6(a), the 
movement of atom columns into the cavities in E' SUs generates a 

disconnection with a Burgers vector b
→

of 1/51[1 1 10] and a step height 

h of 5 /51|[5 5 1]|, yielding a coupling factor β of | b
→
|/h = 0.280, 

consistent with the result obtained from MD simulations.

3.5. 〈1 1 2〉 mode

As shown in Fig. 3, there are 4 GBs exhibiting the 〈1 1 2〉 mode in 

shear-coupled migration, including Σ11(1 1 3), Σ17(3 3 4), Σ57(4 4 5) 
and Σ3(1 1 1) GBs. The corresponding coupling factor is given by 
β〈1 1 2〉 = − 2tan(θ /2 − 70.53∘ /2), where the 70.53◦ is the tilt angle of 
Σ3(1 1 2) GB. All of these GBs share {1 1 1} plane as the second invariant 
plane (See Figs. S12-S15). For Σ11(1 1 3) and Σ3(1 1 1) GBs, shear- 
coupled migration can be well described by the disconnection (See 

Fig. S16). Specifically, disconnections with b
→

= 1/22[3 3 2], 
h= 2 /11|[1 1 3]| are identified for the Σ11(1 1 3), while those for the Σ3 

(1 1 1) GBs are characterized by b
→

= 1/6[1 1 2], h = 1 /3|[1 1 1]|. In the 
Σ11(1 1 3) GB, the atom columns with C SUs move along the tilt axis, 
leading to the formation of a double-layer disconnection similar to that 
of Au bicrystal [30]. For Σ3(1 1 1) twin boundary, the relative slipping 
on the twin plane induces the disconnection nucleation.

Fig. 6. (a) The Σ51(5 5 1) GB configuration with disconnections marked by the red line. The black lines show the deformed A' and E' SUs on the interface. The arrows 
represent atomic displacement colored by its magnitude. (b) The dichromatic pattern containing step height and Burgers vector of the disconnection. The black 
square represents the CSL. The DSC lattice is not shown due to its ultrasmall size. (c)-(e) show the evolution of GB dislocations under shear loading.

Fig. 7. The evolution of atomic structure during Σ57(4 4 5) GB migration. The atomic color represents structural type with green for FCC, red for HCP, blue for BCC 
and white for others. The structural evolutions of E SUs are highlighted by black lines. The orientations of {1 1 1} planes in the two grains are indicated by red dashed 
lines in (a). The orange and cyan arrows indicate the typical movement of atomic columns on different directions. The gray dashed lines marked the corresponding 
planes of the two grains. The yellow atomic column is set as a reference point in the figures.
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Compared to the Σ11(1 1 3) and Σ3(1 1 1) GBs, the shear-coupled 
migration of Σ17(3 3 4) and Σ57(4 4 5) GBs is more complex. Taking 
the Σ57(4 4 5) GB as an example, the structural migration during 
migration reveals a multi-stage transformation process. Since D SU is the 
fundamental building block of twin boundary (See Σ3(1 1 1) in Fig. 2
(g)), the Σ57(4 4 5) GB contains the segments of twin boundary 
composed of three consecutive D SUs (Fig. 2(f)). As shown in Figs. 7(a)– 
(c), shear deformation initializes through twin boundary sliding 
accompanied by the formation of a BCC intermediate phase, similar to 
that observed in the Σ3(1 1 1) GB. This sliding process is subsequently 
restrained by adjacent E SUs. With continued shear loading, the slipping 
of lattice plane along the {1 1 1} plane (indicated by dashed lines) oc
curs, leading to the decomposition of existing E SUs and the formation of 
new E SUs in the upper grain (Figs. 7(d)–(f)). This twin-boundary- 
mediated structural transformation drives the overall shear-coupled 
migration of the Σ57(4 4 5) GB. Besides, due to the structural similar
ities, the Σ17(3 3 4) GB exhibits an analogous transformation pathway 
under shear loading, as shown in Fig. S17. This complicated migration 
behavior involves a mixed mechanism combining twin boundary slip 
and localized atomic shuffling, which is difficult to be described using 
the disconnection-mediated mechanism.

4. Discussion

In this work, we systematically investigated the deformation mech
anisms underlying shear-coupled migration of [1 1 0] symmetric tilt GBs 
in Pt, revealing a misorientation-dependent coupling behavior governed 
by distinct atomistic mechanism. Similar to [0 0 1] symmetric tilt GBs 
and twin boundaries [4,10,77], each coupling mode corresponds to a 
specific second invariant plane which is found to be closely related to the 
tilt angle. For [1 1 0] symmetric tilt GBs, three types of second invariant 
planes were identified: the {1 0 0} plane for the 〈1 1 0〉 mode, the {1 1 0} 
plane for the 〈1 0 0〉 mode and the {1 1 1} plane for the 〈1 1 2〉 mode. 
Here we defined three angles, α, γ and δ, corresponding to the angles 
between pairs of {1 0 0}, {1 1 0} and {1 1 1} planes, respectively, as 
shown in Fig. 8(a). Meanwhile, a dimensionless parameter s used to 

quantify the shear magnitude is defined as: 

s = 2tan(x /2) (4) 

where x represents α, γ or δ. A smaller value of s indicates a lower shear 
magnitude in the shear-coupled migration. The calculated variations of 
α, γ and δ and corresponding s values as a function of tilt angle are shown 
in Fig. 8(b). The results reveal a clear trend that the invariant plane 
associated with the smaller angle and lower s value is preferentially 
selected during shear-coupled migration. This behavior is analogous to 
the observations in deformation twinning and shear-coupled migration 
of [0 0 1] symmetric tilt GBs [10,78].

It is noteworthy that Σ3(1 1 2) GB represents an exception to this 
general rule. Although 〈1 1 2〉 mode would suggest a {1 1 1} invariant 
plane, the Σ3(1 1 2) GB instead follows the 〈1 0 0〉 mode with a {1 1 0} 
invariant plane. It is seen that the angle between the two {1 1 1} planes 
(δ) is 0◦ in the Σ3(1 1 2) GB, corresponding to a vanishing shear 
magnitude. This indicates that migration along the {1 1 1} invariant 
planes would lead to decoupled normal GB motion without accompa
nying shear. However, such a process is prohibited due to the loading 
shear, and the GB instead adopts the suboptimal {1 1 0} invariant plane. 
Notably, vertical migration of the Σ3(1 1 2) GB was indeed observed 
previously under different shear loading conditions [73].

Additionally, to further clarify the migration behavior near this 
extremal case, we have examined the GBs with the tilt angle close to that 
of the Σ3(1 1 2) GB. For the Σ353(8 8 15) GB (tilt angle = 74.05◦), the 
structure is mainly composed of interconnected E SUs, similar to the Σ3 
(1 1 2) GB. This GB also exhibits a {1 1 0} invariant plane during 
migration (Fig. S18). Detailed analysis of the structure evolution in both 
Σ353(8 8 15) and Σ3(1 1 2) GBs reveals similar transition pathways, 
resulting in identical invariant plane and coupling mode. Combined 
with the results for Σ17(3 3 4) and Σ57(4 4 5) GBs, these observations 
suggest that high-Σ GBs often contain the SUs inherited from neigh
bouring low-Σ GB with relatively low GB energy. As a result, the 
migration behaviors of high-Σ GBs are usually governed by the trans
formations of these embedded SUs, leading to coupling mode consistent 
with those of the corresponding low-Σ GBs. Therefore, we conclude that 

Fig. 8. (a) Schematic diagram of the angles of low-index plane pairs in GB model with {1 0 0}, {1 1 0} and {1 1 1} plane pairs marked by black (α), red (γ) and blue 
(δ), respectively. (b) Dependence of the angles of plane pairs (upper) and corresponding shear magnitude (lower) on the tilt angle. The inset in the lower plot shows 
the enlarged curves of the gray region. The color of top vertical lines denotes the second invariant plane of each GB with black for {1 0 0}, red for {1 1 0} and blue for 
{1 1 1}.
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shear-coupled migration is determined not only by geometric factors (e. 
g. tilt angle) but also by the specific atomistic structures (e.g. composed 
SUs).

We also considered the influence of GB metastability on the sheared- 
coupling migration. Previous work reported that, for Σ5(2 1 0) GB of Cu, 
the structure with split kites migrates in 〈1 0 0〉 mode, whereas the other 
one with filled kites migrates in 〈1 1 0〉 mode [39]. A similar result was 
observed in the Σ7(1 4 5) GB of Cu, where a domino phase exhibits a 
coupling factor different from a pearl phase [70]. Here we constructed 
two metastable Σ11(1 1 3) GBs and found that the structure meta
stability indeed affect the GB migration behavior. As shown in Fig. S19, 
during the migration, the ISFs nucleate and emit into the upper grain in 
one metastable model. In contrast, a phase transition to the stable 
complexion initially occurs in the other metastable phase. This result 
demonstrates the effect of metastability of GB complexion on the shear 
responses.

Moreover, we performed the simulations at elevated temperatures on 
the Σ11(1 1 3) GB to understand the temperature effect on the shear- 
coupled migration. The adopted temperature was increased with an 
increment of 300 K. The simulated results are shown in Fig. S20. We 
found that the coupling factor increases slightly with an increase of 
temperature around the ideal value for the 〈1 1 2〉 coupling mode. This 
may be attributed to thermal noise., i.e., the thermally induced un
compensated non-FCC atoms in two grains at higher temperatures, 
especially when GB moves away from the center. Furthermore, in the 
simulation of 1500 K, we observed a single-layer disconnections 
(Fig. S20(c)) which is different with the double-layer disconnection 
appeared in the other temperatures. In addition, the increased temper
ature can reduce the starting time of GB migration, i.e., the required 
shear stress for initial migration, as shown in Fig. S20(b).

5. Conclusion

We have systematically investigated shear-coupled migration of [1 1 
0] symmetric tilt GBs in Pt through large-scale MD simulations enabled 
by highly efficient machine learning potentials. Three coupling modes, 
〈1 0 0〉, 〈1 1 0〉 and 〈1 1 2〉 mode, were identified, corresponding to 
second invariant planes of {1 1 0}, {1 0 0} and {1 1 1} plane, respec
tively. The novel mechanisms of GB migration were revealed. In 
particular, a collective intersecting dislocation glide was observed in 
low-angle Σ163(1 1 18) and Σ243(1 1 22) GBs with multiple disloca
tions, and a twin-boundary-mediated migration was found in the Σ17(3 
3 4) and Σ57(4 4 5) GBs. Furthermore, we demonstrated that the 
coupling mode and associated second invariant plane depend not only 
on the tilt angle and shear magnitude, but also on the local atomic 
structure of the GB. This work provides a comprehensive understanding 
of shear-coupled migrations in [1 1 0] symmetric tilt GBs of metals. The 
newly found migration mechanisms enrich to the current theoretical 
framework of GB migration. In addition, the machine learning based MD 
simulations scheme developed here offers a highly efficient and trans
ferable strategy for investigating complex GB dynamics in a wide range 
of material systems.

CRediT authorship contribution statement

Zhenduo Wang: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Software, Resources, Methodology, Investi
gation, Formal analysis, Data curation. Junwen Duan: Writing – orig
inal draft, Software, Methodology, Formal analysis. Xuecheng Shao: 
Writing – original draft, Methodology, Investigation. Bo Gao: Writing – 
review & editing, Writing – original draft, Supervision, Resources, 
Methodology, Funding acquisition, Formal analysis, Data curation, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This research was supported by the National Natural Science Foun
dation of China (12304016), the Advanced Materials-National Science 
and Technology Major Project (no. 2024ZD0606900) and the Start-up 
research funding of Jilin University (419080523069).

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.actamat.2026.122408.

References

[1] T. Watanabe, Grain boundary engineering: historical perspective and future 
prospects, J. Mater. Sci. 46 (2011) 4095–4115, https://doi.org/10.1007/s10853- 
011-5393-z.

[2] C.H. Li, E.H. Edwards, J. Washburn, E.R. Parker, Stress-induced movement of 
crystal boundaries, Acta Metall. 1 (1953) 223–229, https://doi.org/10.1016/0001- 
6160(53)90062-5.

[3] D.W. Bainbridge, H.L. Choh, E.H. Edwards, Recent observations on the motion of 
small angle dislocation boundaries, Acta Metall. 2 (1954) 322–333, https://doi. 
org/10.1016/0001-6160(54)90175-3.

[4] J.W. Cahn, Y. Mishin, A. Suzuki, Coupling grain boundary motion to shear 
deformation, Acta Mater. 54 (2006) 4953–4975, https://doi.org/10.1016/j. 
actamat.2006.08.004.

[5] S.L. Thomas, K. Chen, J. Han, P.K. Purohit, D.J. Srolovitz, Reconciling grain growth 
and shear-coupled grain boundary migration, Nat. Commun. 8 (2017) 1764, 
https://doi.org/10.1038/s41467-017-01889-3.

[6] M. Winning, G. Gottstein, L.S. Shvindlerman, On the mechanisms of grain 
boundary migration, Acta Mater. 50 (2002) 353–363, https://doi.org/10.1016/ 
S1359-6454(01)00343-3.

[7] M. Winning, G. Gottstein, L.S. Shvindlerman, Stress induced grain boundary 
motion, Acta Mater. 49 (2001) 211–219, https://doi.org/10.1016/S1359-6454(00) 
00321-9.

[8] R. Gautier, F. Mompiou, O. Renk, C. Coupeau, N. Combe, G. Seine, M. Legros, 
Quantifying grain boundary deformation mechanisms in small-grained metals, 
Nature 648 (2025) 327–332, https://doi.org/10.1038/s41586-025-09800-7.

[9] E.R. Homer, S.M. Foiles, E.A. Holm, D.L. Olmsted, Phenomenology of shear- 
coupled grain boundary motion in symmetric tilt and general grain boundaries, 
Acta Mater. 61 (2013) 1048–1060, https://doi.org/10.1016/j. 
actamat.2012.10.005.

[10] B. Li, J. Leung, Lattice transformation in grain boundary migration via shear 
coupling and transition to sliding in face-centered-cubic copper, Acta Mater. 215 
(2021) 117127, https://doi.org/10.1016/j.actamat.2021.117127.

[11] Q. Huang, Q. Zhao, H. Zhou, W. Yang, Misorientation-dependent transition 
between grain boundary migration and sliding in FCC metals, Int. J. Plast. 159 
(2022) 103466, https://doi.org/10.1016/j.ijplas.2022.103466.

[12] D. Caillard, F. Mompiou, M. Legros, Grain-boundary shear-migration coupling. II. 
Geometrical model for general boundaries, Acta Mater. 57 (2009) 2390–2402, 
https://doi.org/10.1016/j.actamat.2009.01.023.

[13] K.D. Molodov, D.A. Molodov, Grain boundary mediated plasticity: on the 
evaluation of grain boundary migration-shear coupling, Acta Mater. 153 (2018) 
336–353, https://doi.org/10.1016/j.actamat.2018.04.057.

[14] K. Chen, J. Han, X. Pan, D.J. Srolovitz, The grain boundary mobility tensor, Proc. 
Natl. Acad. Sci. U.S.A. 117 (2020) 4533–4538, https://doi.org/10.1073/ 
pnas.1920504117.

[15] X. Song, L. Yang, C. Deng, Intrinsic grain boundary shear coupling tensor, Acta 
Mater. 278 (2024) 120273, https://doi.org/10.1016/j.actamat.2024.120273.

[16] R.E. Reed-Hill, R. Abbaschian, R. Abbaschian, Physical metallurgy principles, Van 
Nostrand New York (1973).

[17] W.T. Read, W. Shockley, Dislocation models of crystal grain boundaries, Phys. Rev. 
78 (1950) 275–289, https://doi.org/10.1103/PhysRev.78.275.

[18] J.P. Hirth, Dislocations, steps and disconnections at interfaces, J. Phys. Chem. 
Solid. 55 (1994) 985–989, https://doi.org/10.1016/0022-3697(94)90118-X.

[19] J.P. Hirth, R.C. Pond, Steps, dislocations and disconnections as interface defects 
relating to structure and phase transformations, Acta Mater. 44 (1996) 4749–4763, 
https://doi.org/10.1016/S1359-6454(96)00132-2.

[20] W. Bollmann, Crystal Defects and Crystalline Interfaces, Springer Science & 
Business Media, 2012.

[21] A. Rajabzadeh, F. Mompiou, M. Legros, N. Combe, Elementary mechanisms of 
shear-coupled grain boundary migration, Phys. Rev. Lett. 110 (2013) 265507, 
https://doi.org/10.1103/PhysRevLett.110.265507.

Z. Wang et al.                                                                                                                                                                                                                                   Acta Materialia 315 (2026) 122408 

9 

https://doi.org/10.1016/j.actamat.2026.122408
https://doi.org/10.1007/s10853-011-5393-z
https://doi.org/10.1007/s10853-011-5393-z
https://doi.org/10.1016/0001-6160(53)90062-5
https://doi.org/10.1016/0001-6160(53)90062-5
https://doi.org/10.1016/0001-6160(54)90175-3
https://doi.org/10.1016/0001-6160(54)90175-3
https://doi.org/10.1016/j.actamat.2006.08.004
https://doi.org/10.1016/j.actamat.2006.08.004
https://doi.org/10.1038/s41467-017-01889-3
https://doi.org/10.1016/S1359-6454(01)00343-3
https://doi.org/10.1016/S1359-6454(01)00343-3
https://doi.org/10.1016/S1359-6454(00)00321-9
https://doi.org/10.1016/S1359-6454(00)00321-9
https://doi.org/10.1038/s41586-025-09800-7
https://doi.org/10.1016/j.actamat.2012.10.005
https://doi.org/10.1016/j.actamat.2012.10.005
https://doi.org/10.1016/j.actamat.2021.117127
https://doi.org/10.1016/j.ijplas.2022.103466
https://doi.org/10.1016/j.actamat.2009.01.023
https://doi.org/10.1016/j.actamat.2018.04.057
https://doi.org/10.1073/pnas.1920504117
https://doi.org/10.1073/pnas.1920504117
https://doi.org/10.1016/j.actamat.2024.120273
http://refhub.elsevier.com/S1359-6454(26)00509-4/sbref0016
http://refhub.elsevier.com/S1359-6454(26)00509-4/sbref0016
https://doi.org/10.1103/PhysRev.78.275
https://doi.org/10.1016/0022-3697(94)90118-X
https://doi.org/10.1016/S1359-6454(96)00132-2
http://refhub.elsevier.com/S1359-6454(26)00509-4/sbref0020
http://refhub.elsevier.com/S1359-6454(26)00509-4/sbref0020
https://doi.org/10.1103/PhysRevLett.110.265507


[22] L. Wan, S. Wang, Shear response of the Σ11, <110>{131} symmetric tilt grain 
boundary studied by molecular dynamics, Modell. Simul. Mater. Sci. Eng. 17 
(2009) 045008, https://doi.org/10.1088/0965-0393/17/4/045008.

[23] L. Wan, Shear response of the Σ9 <110>{221} symmetric tilt grain boundary in fcc 
metals studied by atomistic simulation methods, Phys. Rev. B 82 (2010), https:// 
doi.org/10.1103/PhysRevB.82.214112.

[24] A. Rajabzadeh, F. Mompiou, S. Lartigue-Korinek, N. Combe, M. Legros, D. 
A. Molodov, The role of disconnections in deformation-coupled grain boundary 
migration, Acta Mater. 77 (2014) 223–235, https://doi.org/10.1016/j. 
actamat.2014.05.062.

[25] N. Combe, F. Mompiou, M. Legros, Disconnections kinks and competing modes in 
shear-coupled grain boundary migration, Phys. Rev. B 93 (2016) 024109, https:// 
doi.org/10.1103/PhysRevB.93.024109.

[26] L. Zhang, J. Han, Y. Xiang, D.J. Srolovitz, Equation of motion for a grain boundary, 
Phys. Rev. Lett. 119 (2017) 246101, https://doi.org/10.1103/ 
PhysRevLett.119.246101.

[27] Y. Deng, C. Deng, Size and rate dependent grain boundary motion mediated by 
disconnection nucleation, Acta Mater. 131 (2017) 400–409, https://doi.org/ 
10.1016/j.actamat.2017.04.018.

[28] X.Y. Sun, C. Fressengeas, V. Taupin, P. Cordier, N. Combe, Disconnections, 
dislocations and generalized disclinations in grain boundary ledges, Int. J. Plast. 
104 (2018) 134–146, https://doi.org/10.1016/j.ijplas.2018.02.003.

[29] J. Han, S.L. Thomas, D.J. Srolovitz, Grain-boundary kinetics: a unified approach, 
Prog. Mater. Sci. 98 (2018) 386–476, https://doi.org/10.1016/j. 
pmatsci.2018.05.004.

[30] Q. Zhu, G. Cao, J. Wang, C. Deng, J. Li, Z. Zhang, S.X. Mao, In situ atomistic 
observation of disconnection-mediated grain boundary migration, Nat. Commun. 
10 (2019) 156, https://doi.org/10.1038/s41467-018-08031-x.

[31] K. Chen, J. Han, S.L. Thomas, D.J. Srolovitz, Grain boundary shear coupling is not a 
grain boundary property, Acta Mater. 167 (2019) 241–247, https://doi.org/ 
10.1016/j.actamat.2019.01.040.

[32] M. Larranaga, F. Mompiou, M. Legros, N. Combe, Role of sessile disconnection 
dipoles in shear-coupled grain boundary migration, Phys. Rev. Mater. 4 (2020) 
123606, https://doi.org/10.1103/PhysRevMaterials.4.123606.

[33] N. Combe, F. Mompiou, M. Legros, Multiple coupling modes to relax shear strain 
during grain boundary migration, Acta Mater. 218 (2021) 117222, https://doi. 
org/10.1016/j.actamat.2021.117222.

[34] J. Wei, B. Feng, R. Ishikawa, T. Yokoi, K. Matsunaga, N. Shibata, Y. Ikuhara, Direct 
imaging of atomistic grain boundary migration, Nat. Mater. 20 (2021) 951–955, 
https://doi.org/10.1038/s41563-020-00879-z.

[35] Z. Fang, B. Li, S. Tan, S. Mao, G. Wang, Revealing shear-coupled migration 
mechanism of a mixed tilt-twist grain boundary at atomic scale, Acta Mater. 258 
(2023) 119237, https://doi.org/10.1016/j.actamat.2023.119237.

[36] Y. Chen, J. Han, H. Deng, G. Cao, Z. Zhang, Q. Zhu, H. Zhou, D.J. Srolovitz, 
J. Wang, Revealing grain boundary kinetics in three-dimensional space, Acta 
Mater. 268 (2024) 119717, https://doi.org/10.1016/j.actamat.2024.119717.

[37] H. Zhang, D.J. Srolovitz, J.F. Douglas, J.A. Warren, Characterization of atomic 
motion governing grain boundary migration, Phys. Rev. B 74 (2006) 115404, 
https://doi.org/10.1103/PhysRevB.74.115404.

[38] M.A. Tschopp, G.J. Tucker, D.L. McDowell, Structure and free volume of 
<110>symmetric tilt grain boundaries with the E structural unit, Acta Mater. 55 
(2007) 3959–3969, https://doi.org/10.1016/j.actamat.2007.03.012.

[39] T. Frolov, Effect of interfacial structural phase transitions on the coupled motion of 
grain boundaries: a molecular dynamics study, Appl. Phys. Lett. 104 (2014) 
211905, https://doi.org/10.1063/1.4880715.

[40] Z.T. Trautt, A. Adland, A. Karma, Y. Mishin, Coupled motion of asymmetrical tilt 
grain boundaries: molecular dynamics and phase field crystal simulations, Acta 
Mater. 60 (2012) 6528–6546, https://doi.org/10.1016/j.actamat.2012.08.018.

[41] J.L. Priedeman, C.W. Rosenbrock, O.K. Johnson, E.R. Homer, Quantifying and 
connecting atomic and crystallographic grain boundary structure using local 
environment representation and dimensionality reduction techniques, Acta Mater. 
161 (2018) 431–443, https://doi.org/10.1016/j.actamat.2018.09.011.

[42] J. Chen, K. Dang, H.T. Vo, P. Hosemann, S.J. Fensin, Associating GB characteristics 
with its sink efficiency in absorbing Frank loops in Cu, Scr. Mater. 192 (2021) 
61–66, https://doi.org/10.1016/j.scriptamat.2020.10.006.

[43] R. Dang, Y.-W. Zhang, H. Gao, Predicting shear coupling behaviors in 
disconnection-mediated migration of asymmetrical tilt grain boundaries, Int. J. 
Plast. 193 (2025) 104441, https://doi.org/10.1016/j.ijplas.2025.104441.

[44] J.D. Rittner, D.N. Seidman, <110>symmetric tilt grain-boundary structures in fcc 
metals with low stacking-fault energies, Phys. Rev. B 54 (1996) 6999–7015, 
https://doi.org/10.1103/PhysRevB.54.6999.

[45] V. Randle, Overview no. 127 the role of the grain boundary plane in cubic 
polycrystals, Acta Mater. 46 (1998) 1459–1480, https://doi.org/10.1016/S1359- 
6454(97)00338-8.

[46] K. Song, R. Zhao, J. Liu, Y. Wang, et al., General-purpose machine-learned 
potential for 16 elemental metals and their alloys, Nat. Commun. 15 (2024) 10208, 
https://doi.org/10.1038/s41467-024-54554-x.

[47] K. Ito, T. Yokoi, K. Hyodo, H. Mori, Machine learning interatomic potential with 
DFT accuracy for general grain boundaries in α-Fe, Npj Comput. Mater. 10 (2024) 
255, https://doi.org/10.1038/s41524-024-01451-y.

[48] T. Nishiyama, A. Seko, I. Tanaka, Application of machine learning potentials to 
predict grain boundary properties in fcc elemental metals, Phys. Rev. Mater. 4 
(2020) 123607, https://doi.org/10.1103/PhysRevMaterials.4.123607.

[49] D. Liu, Y. Wu, A.S. Vasenko, O.V. Prezhdo, Grain boundary sliding and distortion 
on a nanosecond timescale induce trap states in CsPbBr3: ab initio investigation 
with machine learning force field, Nanoscale 15 (2023) 285–293, https://doi.org/ 
10.1039/D2NR05918E.

[50] P. Ying, C. Qian, R. Zhao, Y. Wang, K. Xu, F. Ding, S. Chen, Z. Fan, Advances in 
modeling complex materials: the rise of neuroevolution potentials, Chem. Phys. 
Rev. 6 (2025) 011310, https://doi.org/10.1063/5.0259061.

[51] K. Xu, H. Bu, S. Pan, E. Lindgren, et al., GPUMD 4.0: a high-performance molecular 
dynamics package for versatile materials simulations with machine-learned 
potentials, Mater. Genome Eng. Adv. 3 (2025) e70028, https://doi.org/10.1002/ 
mgea.70028.

[52] E. Fransson, J. Wiktor, P. Erhart, Phase transitions in inorganic halide perovskites 
from machine-learned potentials, J. Phys. Chem. C 127 (2023) 13773–13781, 
https://doi.org/10.1021/acs.jpcc.3c01542.

[53] R. Lavén, E. Fransson, P. Erhart, F. Juranyi, G.E. Granroth, M. Karlsson, Unraveling 
the nature of vibrational dynamics in CsPbI3 by inelastic neutron scattering and 
molecular dynamics simulations, J. Phys. Chem. Lett. 16 (2025) 4812–4818, 
https://doi.org/10.1021/acs.jpclett.5c00778.

[54] C. Qian, D. Hedman, P. Li, S.Y. Kim, F. Ding, The reconstruction of Pt(001) surface 
and the shell-like reconstruction of the vicinal Pt(001) surfaces revealed by neural 
network potential, Small 20 (2024) 2404274, https://doi.org/10.1002/ 
smll.202404274.

[55] Z. Li, K. Li, J. Zhou, Z. Sun, Atomic origin of sluggish diffusion in NbMoTaW multi- 
principal element alloys, Mater. Design 263 (2026) 115675, https://doi.org/ 
10.1016/j.matdes.2026.115675.

[56] M.A. Tschopp, S.P. Coleman, D.L. McDowell, Symmetric and asymmetric tilt grain 
boundary structure and energy in Cu and Al (and transferability to other fcc 
metals), Integr. Mater. Manuf. Innov. 4 (2015) 176–189, https://doi.org/10.1186/ 
s40192-015-0040-1.

[57] H. Zheng, X.-G. Li, R. Tran, C. Chen, M. Horton, D. Winston, K.A. Persson, S.P. Ong, 
Grain boundary properties of elemental metals, Acta Mater. 186 (2020) 40–49, 
https://doi.org/10.1016/j.actamat.2019.12.030.

[58] P. Hirel, Atomsk: a tool for manipulating and converting atomic data files, Comput. 
Phys. Commun. 197 (2015) 212–219, https://doi.org/10.1016/j.cpc.2015.07.012.

[59] Y. Wang, J. Lv, L. Zhu, Y. Ma, Crystal structure prediction via particle-swarm 
optimization, Phys. Rev. B 82 (2010) 094116, https://doi.org/10.1103/ 
PhysRevB.82.094116.

[60] Y. Wang, J. Lv, L. Zhu, Y. Ma, CALYPSO: a method for crystal structure prediction, 
Comput. Phys. Commun. 183 (2012) 2063–2070, https://doi.org/10.1016/j. 
cpc.2012.05.008.

[61] B. Gao, P. Gao, S. Lu, J. Lv, Y. Wang, Y. Ma, Interface structure prediction via 
CALYPSO method, Sci. Bull. 64 (2019) 301–309, https://doi.org/10.1016/j. 
scib.2019.02.009.

[62] A. Stukowski, Visualization and analysis of atomistic simulation data with 
OVITO–the open visualization tool, Modelling Simul. Mater. Sci. Eng. 18 (2010) 
015012, https://doi.org/10.1088/0965-0393/18/1/015012.

[63] H. Tsuzuki, P.S. Branicio, J.P. Rino, Structural characterization of deformed 
crystals by analysis of common atomic neighborhood, Comput. Phys. Commun. 
177 (2007) 518–523, https://doi.org/10.1016/j.cpc.2007.05.018.

[64] A. Stukowski, V.V. Bulatov, A. Arsenlis, Automated identification and indexing of 
dislocations in crystal interfaces, Modell. Simul. Mater. Sci. Eng. 20 (2012) 
085007, https://doi.org/10.1088/0965-0393/20/8/085007.

[65] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set, Phys. Rev. B 54 (1996) 11169–11186, 
https://doi.org/10.1103/PhysRevB.54.11169.

[66] G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented- 
wave method, Phys. Rev. B 59 (1999) 1758–1775, https://doi.org/10.1103/ 
PhysRevB.59.1758.

[67] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made 
simple, Phys. Rev. Lett. 77 (1996) 3865–3868, https://doi.org/10.1103/ 
PhysRevLett.77.3865.

[68] A. Hua, J. Zhao, A unified disconnection model of stress-driven grain boundary 
migration in nanocrystalline metals, J. Mech. Phys. Solid. 183 (2024) 105515, 
https://doi.org/10.1016/j.jmps.2023.105515.

[69] Q. Zhu, H. Zhou, Y. Chen, G. Cao, C. Deng, Z. Zhang, J. Wang, Atomistic dynamics 
of disconnection-mediated grain boundary plasticity: a case study of gold 
nanocrystals, J. Mater. Sci. Technol. 125 (2022) 182–191, https://doi.org/ 
10.1016/j.jmst.2022.02.040.

[70] S. Pemma, R. Janisch, G. Dehm, T. Brink, Effect of the atomic structure of 
complexions on the active disconnection mode during shear-coupled grain 
boundary motion, Phys. Rev. Mater. 8 (2024) 063602, https://doi.org/10.1103/ 
PhysRevMaterials.8.063602.

[71] J.W. Cahn, Y. Mishin, A. Suzuki, Duality of dislocation content of grain boundaries, 
Philos. Mag. 86 (2006) 3965–3980, https://doi.org/10.1080/ 
14786430500536909.

Z. Wang et al.                                                                                                                                                                                                                                   Acta Materialia 315 (2026) 122408 

10 

https://doi.org/10.1088/0965-0393/17/4/045008
https://doi.org/10.1103/PhysRevB.82.214112
https://doi.org/10.1103/PhysRevB.82.214112
https://doi.org/10.1016/j.actamat.2014.05.062
https://doi.org/10.1016/j.actamat.2014.05.062
https://doi.org/10.1103/PhysRevB.93.024109
https://doi.org/10.1103/PhysRevB.93.024109
https://doi.org/10.1103/PhysRevLett.119.246101
https://doi.org/10.1103/PhysRevLett.119.246101
https://doi.org/10.1016/j.actamat.2017.04.018
https://doi.org/10.1016/j.actamat.2017.04.018
https://doi.org/10.1016/j.ijplas.2018.02.003
https://doi.org/10.1016/j.pmatsci.2018.05.004
https://doi.org/10.1016/j.pmatsci.2018.05.004
https://doi.org/10.1038/s41467-018-08031-x
https://doi.org/10.1016/j.actamat.2019.01.040
https://doi.org/10.1016/j.actamat.2019.01.040
https://doi.org/10.1103/PhysRevMaterials.4.123606
https://doi.org/10.1016/j.actamat.2021.117222
https://doi.org/10.1016/j.actamat.2021.117222
https://doi.org/10.1038/s41563-020-00879-z
https://doi.org/10.1016/j.actamat.2023.119237
https://doi.org/10.1016/j.actamat.2024.119717
https://doi.org/10.1103/PhysRevB.74.115404
https://doi.org/10.1016/j.actamat.2007.03.012
https://doi.org/10.1063/1.4880715
https://doi.org/10.1016/j.actamat.2012.08.018
https://doi.org/10.1016/j.actamat.2018.09.011
https://doi.org/10.1016/j.scriptamat.2020.10.006
https://doi.org/10.1016/j.ijplas.2025.104441
https://doi.org/10.1103/PhysRevB.54.6999
https://doi.org/10.1016/S1359-6454(97)00338-8
https://doi.org/10.1016/S1359-6454(97)00338-8
https://doi.org/10.1038/s41467-024-54554-x
https://doi.org/10.1038/s41524-024-01451-y
https://doi.org/10.1103/PhysRevMaterials.4.123607
https://doi.org/10.1039/D2NR05918E
https://doi.org/10.1039/D2NR05918E
https://doi.org/10.1063/5.0259061
https://doi.org/10.1002/mgea.70028
https://doi.org/10.1002/mgea.70028
https://doi.org/10.1021/acs.jpcc.3c01542
https://doi.org/10.1021/acs.jpclett.5c00778
https://doi.org/10.1002/smll.202404274
https://doi.org/10.1002/smll.202404274
https://doi.org/10.1016/j.matdes.2026.115675
https://doi.org/10.1016/j.matdes.2026.115675
https://doi.org/10.1186/s40192-015-0040-1
https://doi.org/10.1186/s40192-015-0040-1
https://doi.org/10.1016/j.actamat.2019.12.030
https://doi.org/10.1016/j.cpc.2015.07.012
https://doi.org/10.1103/PhysRevB.82.094116
https://doi.org/10.1103/PhysRevB.82.094116
https://doi.org/10.1016/j.cpc.2012.05.008
https://doi.org/10.1016/j.cpc.2012.05.008
https://doi.org/10.1016/j.scib.2019.02.009
https://doi.org/10.1016/j.scib.2019.02.009
https://doi.org/10.1088/0965-0393/18/1/015012
https://doi.org/10.1016/j.cpc.2007.05.018
https://doi.org/10.1088/0965-0393/20/8/085007
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/j.jmps.2023.105515
https://doi.org/10.1016/j.jmst.2022.02.040
https://doi.org/10.1016/j.jmst.2022.02.040
https://doi.org/10.1103/PhysRevMaterials.8.063602
https://doi.org/10.1103/PhysRevMaterials.8.063602
https://doi.org/10.1080/14786430500536909
https://doi.org/10.1080/14786430500536909


[72] I. Chesser, T. Yu, C. Deng, E. Holm, B. Runnels, A continuum thermodynamic 
framework for grain boundary motion, J. Mech. Phys. Solid. 137 (2020) 103827, 
https://doi.org/10.1016/j.jmps.2019.103827.

[73] J. Wang, A. Misra, J.P. Hirth, Shear response of Σ 3 {112} twin boundaries in face- 
centered-cubic metals, Phys. Rev. B 83 (2011) 064106, https://doi.org/10.1103/ 
PhysRevB.83.064106.

[74] J. Wang, O. Anderoglu, J.P. Hirth, A. Misra, X. Zhang, Dislocation structures of Σ3 
{112} twin boundaries in face centered cubic metals, Appl. Phys. Lett. 95 (2009) 
021908, https://doi.org/10.1063/1.3176979.

[75] D.W. Pashley, J.W. Menter, G.A. Bassett, Observation of dislocations in metals by 
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