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ABSTRACT

Understanding the mechanical behavior of nanotwinned materials in alloys is essential, particularly in relation to solute-influenced twin
boundary (TB) migration. This research employs atomistic simulations and theoretical analysis to explore the influence of solute atoms on
TB migration in CuAg alloys. Contrary to conventional beliefs, simulations reveal that solute Ag atoms enhance TB migration, challenging
established perceptions. Nudged elastic band calculations confirm that Ag solutes substantially reduce energy barriers, shedding light on the
mechanism driving solute-enhanced TB migration. This work opens novel avenues for investigating point defect impacts on TB mobility,
offering insights into alloy element roles in grain boundary migration and polycrystalline material properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0176708

I. INTRODUCTION

Nanotwinned metals have garnered significant attention in
recent years due to their remarkable strength and ductility
properties.1–5 Nanotwinned face-centered-cubic (FCC) metals are
engineered by introducing twin boundaries (TBs) within ultra-fine
crystalline metals, resulting in a grain size of a few hundred
nanometers.6–8 Studies have revealed that these TBs effectively
hinder dislocation motion, leading to the Hall–Petch-type strength-
ening mechanism. Moreover, TBs serve as slip planes for FCC
metals, enabling them to accommodate large plastic strains.9–11

Consequently, gaining a quantitative understanding of
TB-mediated processes, such as migration, sliding, and defect inter-
actions, becomes critical for optimizing the properties of nano-
twinned structures.

TBs are known to be shear-coupled grain boundaries
(GBs).12–14 Typically, shear-coupled GBs move in the direction
normal to the GB plane due to the shear stress parallel to the GB
plane.15 There is an intrinsic geometric factor known as the cou-
pling factor, β ¼ V/VM , characterizing the ratio between the
applied parallel velocity V and the normal migration velocity VM.
Based on this, a series of studies have investigated the influence of

impurities on GB motion in both pure metals and alloys. The con-
ventional opinion is that point defects inhibit the GB motion.
Numerous corresponding experimental and simulated evidence can
be found in previous literatures.16–21 However, recent studies have
reported that vacancies might enhance GB sliding22 and migra-
tion23 in FCC metals and even facilitate TB migration in
body-centered-cubic (BCC) metals.24 Many researchers have
believed that GB migration is accomplished through the nucleation
and propagation of disconnections at GBs.25–27 Consequently, the
abnormal phenomena mentioned above can be attributed to the
opinion that certain point defects could reduce the disconnection
nuclear barrier, thus enhancing GB sliding or migration.23 These
studies underscore the significance of the role of point defects in
disconnection nucleation during the GB motion process and
inspire us to explore the impact of point defects on TB migration
in FCC metals.

To gain insight into the elementary process of TB migration,
researchers have employed in situ transmission electron microscopy
(TEM) experiments and molecular dynamics (MD) simulations to
explore TB migration in nanocrystalline copper (Cu). Wang et al.
provided the experimental evidence in pure Cu that TB migration
occurs via twinning dislocation emission from the TB/GB
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intersections, facilitating the twinning dislocation nucleation.28

Zhang et al. performed MD simulations to explore the TB migra-
tion both without and with defects, including steps and interstitial
atoms, and found that the critical shear stress (CSS) required for
defective TB migration was lower than that for perfect TB.29 Both
studies suggest that the defects might enhance TB migration. In the
case of alloys, particularly the medium/high entropy alloys,
TB-mediated deformation is one of the most important mecha-
nisms. Atomistic simulations suggest that the medium/high
entropy alloys have low stacking fault energies and a high propen-
sity for twinning, in which the stable twin architectures serve as a
continuous source of strength, ductility, and toughness.30–33

Therefore, it becomes essential to investigate the role of the solute
atoms in TB migration and determine whether these atoms impede
or enhance TB migration.

In this study, we investigate how solute atoms influence TB
migration in CuAg alloys using atomistic simulations and theoreti-
cal analysis. Our simulations unveil that solute Ag atoms play a
role in decreasing the CSS of TB migration in CuAg alloys, thereby
facilitating the process. This discovery challenges conventional
wisdom, as solute atoms are often traditionally regarded as GB
migration inhibitors. Through nudged elastic band (NEB) calcula-
tions, we firmly establish that solute Ag atoms effectively reduce
the energy barrier of TB migration, clarifying the phenomenon of

solute-enhanced TB migration. The rest of the paper is organized
as follows. Section II presents MD simulations of shear-coupled TB
migration, investigating the influence of temperature and solute
content on TB migration. In Sec. III, we conduct NEB calculations
to reveal the solute-induced reduction in the activation energy of
TB migration. Section IV discusses the underlying mechanism of
this abnormal observation. Finally, Sec. V provides concluding
remarks to summarize our findings.

II. ATOMISTIC MODELING OF TB MIGRATION

A. MD simulation setup

To explore the effect of the temperatures and solute atoms on
TB migration, we performed MD simulations to study the shear-
coupled TB migration process in pure Cu and Cu–Ag systems,
respectively. Figure 1 presents the detailed atomic configurations of
the simulation setup for pure Cu. The simulation cell has the
dimension of 7 × 10 × 7 nm3 and contains a total of ∼43 000 Cu
atoms. Periodic boundary conditions are imposed in both the
X� [�1�1�2] and Z� [1�10] directions, while the top and bottom sur-
faces are traction free along the Y� [11�1] direction. For the Cu–Ag
system, Cu atoms are randomly substituted with varying fractions
of Ag atoms.

FIG. 1. MD simulation setup of TB migration in the (a) perspective view and (b) side view. The shear stress is applied by moving the top slab (denoted by red-dotted
square) with a constant velocity V in the X� [�1�1�2] direction. Here, the atomic structure visualization tool OVITO (Ref. 34) is used for a common neighbor analysis, so as
to identify the atoms at the surface (gray), the atoms with FCC structure (green), and atoms in the twin boundary (red).
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Simulations are performed using LAMMPS35 at various tem-
peratures. The visualization tool OVITO is used to perform the
common neighbor analysis to clearly display the TB structure. Two
1.5-nm-thick slabs are fixed at the top and bottom surfaces of the
simulation cell. At 0 K, the shear load is exerted by imposing a
displacement-controlled boundary condition on the top slab in the
X� [�1�1�2] direction, while the bottom slab is held fixed, and then
the energy minimization process is performed through the conju-
gate gradient method. At finite temperatures, the top slab is
imposed a constant velocity V ¼ 0:01 _A/ps in the X� [�1�1�2] direc-
tion to maintain a constant shear strain rate of _γ � 108 s�1 in the
canonical ensemble.15

The embedded atom method (EAM) potential by Mishin
et al.36 is employed. This EAM potential has been widely used in
many atomistic modeling works.19,37,38 Since TB migration is intri-
cately linked with the nucleation of TB dislocation,39 understanding
the influence of solute atoms on homogeneous dislocation nucle-
ation becomes pivotal when modeling TB migration. Consequently,
the utilization of a reliable EAM potential is critical, ensuring an
accurate representation of stacking fault energy curves associated
with the difficulty of homogeneous dislocation nucleation. In
Fig. 2, we present the stacking fault energy curves for pure Cu and
CuAg alloys, obtained through molecular statics (MS) calcula-
tions40 with the current EAM potential and the density functional
theory (DFT) calculations using VASP.41 Notably, both MS and
DFT calculations exhibit consistent trends, revealing that the intro-
duction of solute atoms leads to a reduction in unstable stacking
fault energy. Therefore, this observed alignment between the two

methods establishes the reliability of this EAM potential for model-
ing TB migration.

B. Representative results of TB migration

TB is a shear-coupled grain boundary,12 i.e., applied shear
stress would cause the TB migration in the direction perpendicular
to the TB plane, as denoted in Fig. 1(b). Figure 3 depicts the repre-
sentative simulation results of TB migration at 500 K, where the TB
exhibits the stick-slip motion. The shear stress increases with
increasing strain, causing the TB to slip in the shear direction.
When the shear stress reaches a critical value, denoted as
τc(T ¼ 500K), the TB undergoes a sudden jump to a new equilib-
rium position (i.e., in the negative Y direction), marked by a step of
height H. The bicrystal experiences a permanent shear deformation
and a subsequent stress drop.

As the shear strain continues to increase, the stress gradually
builds up again until it reaches the CSS level τc(T ¼ 500K), at
which point the TB undergoes another jump. This repetitive
process leads to the incremental forward motion of the TB by a
distance H. Throughout this motion, the shear stress exhibits a
characteristic saw-tooth behavior, as depicted by a brown-square
curve in Fig. 3. The stepwise movement of TB, as denoted by
a black-dotted curve in Fig. 3, can be extracted by the charac-
teristic parameters through curve fitting, i.e., migration velocity
VM ¼ 1:53m/s. Then, the simulated coupling factor
β ¼ V/VM ¼ 0:65, which is close to the theoretical value of 0.71
in the literature.42

FIG. 2. General stacking fault energy curves for pure Cu (black circles) and CuAg alloy (red squares). (a) MS calculations based on the current EAM potential. (b) DFT
calculation results using VASP software.
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C. Temperature effect in pure Cu

To reveal the effect of temperature on the CSS of TB migra-
tion, we performed a series of MD simulations for various tempera-
tures, ranging from 0 to 500 K. Figure 4 shows the normalized CSS
for TB migration as a function of normalized temperatures. Curve
fitting reveals that there exists a linear relationship. To be specific,

τc(T)
τc0

¼ 1� A
T
Tm

: (1)

Here, τc(T) is the CSS at finite temperature T; τc0 is the CSS at 0 K;
A ¼ 0:72 is a dimensionless material constant, depending on the
strain rate and other factors (see Sec. III A). It is noted that in pre-
vious literature,43,44 the CSS of general GB has consistently been
described using the exponential form with respect to temperature
T, i.e.,

τc(T)
τc0

¼ 1� B
T
Tm

� �2/3
: (2)

Hence, the special temperature-dependent relation of TB
migration in Eq. (1) may be attributed to the special stress-
dependent activation energy, which will be explained in Sec. III B.

D. Solute effect in CuAg

To investigate the solute effect on TB migration, we con-
ducted a series of MD simulations in which we randomly

substituted Cu atoms with Ag atoms at various temperatures,
ranging from 0 to 500K. In Fig. 5, we present the results, showing
the normalized critical stress τχc0/τc0 for TB migration as a func-
tion of solute fraction χ at 0 K. The data points denoted by
red-solid circles indicate that as the Ag fraction χ increases, the
normalized CSS τχc0/τc0 decreases. Curve fitting reveals that the
fraction-dependent relationship follows a linear trend described
by the following equation:

τχc0
τc0

¼ 1� Dχ: (3)

Here, the dimensionless material constant D is obtained from the
curve fitting and depends on a series of material properties.
These findings clearly demonstrate that the presence of solute Ag
atoms reduces the CSS in CuAg alloys, thereby facilitating the TB
migration.

To explore the effect of shear modulus on the reduction of
CSS, we calculated the fraction-dependent shear modulus in CuAg
alloys, as depicted in Fig. 5(b). The results indicate an increase in
shear modulus with increasing solute Ag atoms, which confirms
that the reduced critical stress is not caused by the shear modulus.
After excluding the effect of shear modulus, we extracted the new
normalized critical stress (τχc0/μ

χ)/(τc0/μ0), represented by blue-
square data points in Fig. 5(a). Notably, the new normalized CSS

FIG. 3. MD simulation results of shear-coupled TB migration at 500 K. TB
moves in the stick-slip pattern, as shown in black dots. The stress exhibits a
saw-tooth behavior with a peak value τc(T ¼ 500 K), as shown in brown
squares.

FIG. 4. Normalized critical shear stress (CSS) τc(T )/τc0 as functions of the nor-
malized temperature T /Tm in Cu. Here, τc(T ) represents the CSS at various
temperatures T, while τc0 ¼ 2:98GPa signifies the CSS at 0 K. The melting
temperature Tm is 1327 K. The mean values are obtained by averaging the
results from 10 samples with different random atom velocities. The error bars in
the figure correspond to the standard deviation.
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still decreases with increasing solute atoms. Curve fitting reveals the
following relationship:

τχc0/μ
χ

τc0/μ0
¼ 1� Eχ: (4)

Here, the dimensionless material constant E ¼ 0:94 is larger
than D ¼ 0:50 in Eq. (3), further confirming that the
solute-reduced critical stress has an intrinsic mechanism inde-
pendent of the shear modulus. This verification of the relation
encourages the view that the ratio of the critical stress, mea-
sured in this way, is largely independent of the shear modulus
and, thus, provides information about the nature of the elemen-
tary migration of TB.

Figure 6 demonstrates the normalized critical shear stress vs
solute fractions at 300 K, revealing that the solute-reduced critical
stress is also present at finite temperatures. This abnormal observa-
tion of solute-reduced critical stress challenges our intuition and
conventional knowledge. Previous literatures often report that
solute atoms pin and prohibit GB migration.16–21 However, in our
previous paper,23 we discovered that dilute vacancies enhance GB
migration in Cu, and here, we present another compelling example
of solute-enhanced TB migration.

Figure 7 presents the normalized critical shear stress (CSS)
τχc (T)/τc0 as a function of the normalized temperature T/Tm in
pure Cu (χ ¼ 0) and CuAg alloys (χ ¼ 0:05, 0:1). The
solute-reduced critical shear stress of TB migration can be seen in
any temperature. The curve fitting reveals that the linear

FIG. 5. Fraction-dependent CSS and shear modulus at 0 K. (a) Normalized CSS τχc0/τc0 and (τ
χ
c0/μ

χ )/(τc0/μ0) as functions of solute Ag fractions χ at 0 K. Here, τχc0 is the
CSS for the Ag fraction χ at 0 K, and μ0 is the shear modulus for pure Cu. τc0 has been defined as the CSS for pure Cu at 0 K. The mean values are obtained by averag-
ing the results from 10 samples with different random atom velocities. The error bars in the figure correspond to the standard deviation. (b) Shear modulus μχ for CuAg
alloy with Ag fractions χ.

FIG. 6. Fraction-dependent normalized CSS in CuAg alloy at 300 K. Here,
τχc (T ¼ 300 K) is the CSS for CuAg alloy with Ag fraction χ at 300 K.
τc(T ¼ 300 K) is the CSS for pure Cu at 300 K. The mean values are obtained
by averaging the results from 10 samples with different random atom velocities.
The error bars in the figure correspond to the standard deviation.
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dependence of normalized CSS on normalized temperatures exists
under various solute fractions.

III. NEB CALCULATION OF TB MIGRATION

A. Activation energy of TB migration

To investigate the underlying mechanism of solute-reduced
CSS of TB migration, we performed atomistic simulations using
the NEB method. A series of NEB calculations allow us to
determine the minimum energy paths (MEPs) and associated
activation energies (i.e., energy barriers) for TB migration in
pure Cu and CuAg alloys. During the NEB calculations, 96 rep-
licas/configurations are used to describe the MEP. For each time
step, all replicas, including the first and end ones, are consid-
ered, with the first and end replicas fixed throughout the NEB
calculation. The first replica represents the original TB configu-
ration, while the end replica is a configuration in which the
entire TB has migrated by a step with the same shear strain to
the first replica. We prepare all intermediate candidate configu-
rations by means of linear interpolation between the first and
end replicas. After several time steps, they converge to the final
configurations/replicas. More details can be referred to our pre-
vious paper.23

Figure 8(a) shows the converged MEP of TB migration under
the shear stress τ ¼ 2:5GPa. Atomistic configurations along the
MEP and their corresponding energies are plotted as red circles. In
all the presented MEPs, the reaction coordinate is defined as the

normalized path length along the MEP, and the energy of the first
replica on the MEP is taken to be zero. The atomistic configuration
in Fig. 8(b) is the first state, corresponding to a local energy
minimum on the MEPs. Figure 8(c) presents the atomistic configu-
ration at the saddle-point state with energy barrier ECu ¼ 0:99 eV,
in which the shape of the disconnection loop (with Burgers vector
b ¼ 1

6 [�1�1�2]) is close to an elliptic shape. Figure 8(d) shows the dis-
connection loop that propagates in the TB plane. As evident from
Fig. 8, the TB moves in the negative Y direction via the nucleation
and glide of twinning partial dislocation loops.

Similar NEB calculations are performed for CuAg alloy at the
same shear stress to investigate the solute effect on TB migration,
as shown in Fig. 9. It is evident that the solute Ag atoms reduce
the activation energy from ECu ¼ 0:99 eV [Fig. 8(a)] to ECuAg
¼ 0:44 eV [Fig. 9(a)]. Figure 9(c) reveals that the twinning disloca-
tion nucleates around the solute Ag atoms (denoted by black
atoms) and then propagates. As a result, the solute Ag atoms lower
the activation energy of twinning dislocation nucleation and then
facilitate the TB migration in CuAg alloys.

B. Stress-dependent activation energies

A series of NEB calculations are performed to verify the
solute effect on TB migration. In Fig. 10, we show with red circles
and blue squares for the calculated activation energies of TB
migration in Cu and CuAg alloys, respectively, under various
stresses. It is seen that the solute Ag atoms reduce the activation
energy under the same shear stress. The reduction in migration
barriers between pure Cu and CuAg alloy is not sensitive to the
shear stress. Furthermore, curve fitting for TB migration in pure
Cu shows that

ECu(τ) ¼ E0
Cu 1� τ

τc0

� �
: (5)

Here, ECu(τ) is the activation energy of TB migration in pure Cu
under the shear stress τ. E0

Cu ¼ 7:08 eV is the activation corre-
sponding to τ ¼ 0. τc0 ¼ 2:98GPa has been defined as the critical
stress for TB migration in pure Cu at 0 K. In CuAg alloy, the
stress-dependent activation energies also satisfy the linear rela-
tionship, i.e.,

ECuAg(χ, τ) ¼ E0
CuAg(χ) 1� τ

τχc0

� �
: (6)

Here, ECuAg(χ, τ) is the activation energy of TB migration in
CuAg alloy under the shear stress τ for Ag fraction χ. Curve fitting
shows that the corresponding material properties for CuAg alloys
with χ ¼ 0:05 are E0

CuAg(0:05) ¼ 5:83 eV and τχc0 ¼ 2:76GPa.
In the following, we will show that linearly stress-dependent

barrier relationship [Eq. (5)] would lead to the linearly
temperature-dependent CSS [Eq. (1)]. According to the transition
state theory,45,46 at a given applied shear stress τ ! τc0, the TB
migration rate is

νM ¼ Nν0exp �ECu(τ)
kBT

� �
: (7)

FIG. 7. Normalized CSS τχc (T )/τc0 as functions of the normalized temperature
T /Tm in pure Cu and CuAg alloys. The mean values are obtained by averaging
the results from 10 samples with different random atom velocities. The error
bars in the figure correspond to the standard deviation.
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Here, ν0 is the attempt frequency of twinning dislocation nucle-
ation, N is the number of equivalent TB nucleation sites, and kB is
the Boltzmann constant. And ECu(τ) is the TB migration barrier,
which has been defined in Eq. (5). Then, the velocity of TB migra-
tion VM has the form

VM ¼ HνM ¼ HNν0exp � ECu(τ)
kBT

� �
: (8)

Since the TB is the shear-coupled GB, i.e.,

β ¼ V
VM

: (9)

Here, the shear-coupled factor β has been defined in Sec. II, and
the V is the constant velocity of the top slab rate with a value of
0:01 _A/ps.

Combining Eqs. (5), (8), and (9), we can obtain

τ

τc0
¼ 1� kBT

E0
Cu

ln
βHNν0

V

� �
: (10)

The Eq. (10) explains the linear relationship between CSS and tem-
perature, as shown in Eq. (1). Comparing with Eqs. (1) and (9), we
can obtain that the material constant A in Eq. (1) is given by

A ¼ kBTm
E0Cu

ln βHNν0
VS

� �
. Similarly, the linearly stress-dependent barrier

FIG. 8. NEB results of TB migration in Cu. (a) Converged minimum energy path (MEP) of TB migration under the applied shear stress τ ¼ 2:5 GPa. (b)–(d) Atomistic
configurations along the MEP and their corresponding energies are plotted as red circles in (a). In (b)–(d), left figure shows the perspective view of simulation cell and right
figure shows the top view of TB. Through the common neighbor analysis, a TB is displayed between the top and bottom surfaces by removing atoms with the perfect FCC
structure. In (c) and (d), with TB migration in the negative Y direction, the disconnection nucleates in the form of elliptic shape (denoted by white atoms) and expands
gradually to the entire TB area.
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relationship in CuAg [Eq. (6)] would lead to the linearly
temperature-dependent CSS [Eq. (2)] through the similar deriva-
tion process.

IV. DISCUSSION

The underlying mechanism of Ag-induced reduction in
the energy barrier of TB migration can be attributed to the
Ag-enhanced homogeneous nucleation of partial dislocation.
This effect may arise from a size misfit between Ag atoms
(lattice parameter of 4:09 _A) and the matrix Cu atoms (lattice
parameter of 3:615 _A). Ag chemical bonds facilitating disloca-
tion nucleation may be another alternative explanation. In the
context of the Cu–Ag system, both mechanical and chemical
effects may contribute to the enhanced homogeneous disloca-
tion nucleation. A systematic investigation of solute effects on
homogeneous dislocation nucleation in Cu-based binary alloys

requires reliable DFT calculations, which are beyond the scope
of this study.

This discovery challenges conventional wisdom, as solute atoms
are traditionally regarded as GB migration inhibitors. However, the
solute-enhanced TB migration mechanism may not be extended to
other general GBs. NEB calculations demonstrate that the TB migra-
tion is controlled by the TB dislocation nucleation. The addition of
solute atoms reduces the energy barrier of homogeneous dislocation
nucleation, leading to enhanced TB migration. For general GBs,
including some asymmetry or especially defective GBs, GB migration
is accomplished through the nucleation and propagation of discon-
nections. There are numerous energy-favorable sites for disconnection
nucleation. Consequently, it becomes evident that the controlling
factor for GB migration may be the disconnection propagation as
opposed to the disconnection nucleation. Hence, the presence of
solute atoms would hinder the disconnection propagation and, conse-
quently, impede GB migration.

FIG. 9. NEB results of TB migration in CuAg alloy with Ag fraction χ ¼ 0:05. (a) Converged MEP of TB migration under the applied shear stress
τ ¼ 2:5 GPa. (b)–(d) Atomistic configurations along the MEP and their corresponding energies are plotted as red circles in (a). Here, the Ag atoms are
denoted by black dots.
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V. CONCLUSIONS

In this study, we investigate the roles of temperature and
solute on TB migration in pure Cu and CuAg alloys through atom-
istic simulations and theoretical analysis. Our MD simulations
reveal that the critical shear stress of TB migration linearly
decreases with increasing temperature for both Cu and CuAg
alloys, which deviates from the classical exponential relationship
reported in the literature. Surprisingly, our simulations also show
that solute Ag atoms reduce the critical shear stress of TB migra-
tion in CuAg alloys, thereby facilitating TB migration. This obser-
vation challenges our intuition and conventional knowledge, as
solute atoms are commonly considered to inhibit GB migration.

Through NEB calculations, we find that the activation energies
of TB migration linearly decrease with shear stress as the applied
shear stress approaches the critical shear stress, leading to the
observed linear temperature dependencies through theoretical anal-
ysis. Moreover, the NEB results provide solid evidence that solute
Ag atoms effectively lower the energy barrier of TB migration, pro-
viding an excellent explanation for the phenomenon of
solute-enhanced TB migration.

This study opens new avenues for investigating the influence
of various point defects on the migration and mobility of TB.
Additionally, the NEB method utilized in this research can provide
valuable insights into the impact of different types of alloy elements
on GB migration and, consequently, the properties of polycrystal-
line materials in binary alloys or medium-/high-entropy alloys.

However, it is essential to consider that different GBs may exhibit
varying deformation mechanisms. We plan to dedicate further
efforts to explore these aspects in our future work.
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