
PHYSICAL REVIEW MATERIALS 7, 093401 (2023)

Driving force induced transition in thermal behavior of grain boundary
migration in Ni

Xinyuan Song and Chuang Deng *

Department of Mechanical Engineering, University of Manitoba, Winnipeg, Manitoba, Canada R3T 2N2

(Received 17 June 2023; accepted 14 September 2023; published 27 September 2023)

Grain boundary (GB) migration exhibits intriguing antithermal behavior (or non-Arrhenius behavior), with
the temperature and driving force playing crucial roles. Through atomistic simulations on nickel bicrystals, we
investigate the change in GB mobility with variations in both temperature and driving force. Our results reveal
that the GB mobility initially increases with temperature and subsequently decreases after reaching the transition
temperature (Ttrans), and, notably, Ttrans exhibits a linear relationship with the activation energy (Q) associated
with GB migration. By modulating the driving force, we found that the driving force could effectively lower
Q, resulting in the shift of Ttrans towards lower temperatures. Additionally, higher driving forces were found to
activate more migration modes at lower temperatures, potentially leading to a transition in the thermal behavior
of GB migration. Our work supports the existing theoretical models for GB migration based on both classical
thermal activation and disconnection nucleation. Furthermore, we refined the existing model by incorporating
the influence of the driving force. The modified model can not only describe the effect of driving force on the
thermal behavior of GB migration but also accounts for the observed “antidriving force” phenomenon in GB
migration. Our research has the potential to offer valuable insights for investigating realistic GB migration under
more intricate constraints and environments.
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I. INTRODUCTION

Grain boundary (GB) mobility is a fundamental dynamic
property that characterizes the rate at which a GB moves
in response to an external driving force, which is an impor-
tant parameter that influences the microstructural evolution of
polycrystalline materials. Despite the apparent physical mean-
ing of GB mobility and extensive investigations conducted
through experiments [1–4] and atomistic simulations [5–14],
accurately predicting GB migration behavior remains chal-
lenging due to the complexity arising from the five-parameter
space associated with GBs. While numerous theoretical mod-
els, such as those based on the conventional concepts of the
structural unit [15,16] and the more recent ones based on
machine learning and the various types of local atomic de-
scriptors [17,18], have been developed to successfully predict
other fundamental properties of GBs, such as GB energy
[18] and the energy spectrum for solute segregation [17], no
such model can accurately forecast the migration behavior
of GBs, even for GB structures of high symmetry. There-
fore, a profound understanding of GB migration behavior
and the corresponding predictive theory are highly desired in
the community and hold significant importance for modern
manufacturing industries [19].

The migration of GBs has traditionally been considered
thermally activated, following the empirical Arrhenius rela-
tion [4,20]: M = M0 exp (−Q/kBT ), where M0 is a constant
prefactor, Q is the activation energy, kB is the Boltzmann
constant, and T is the temperature. However, in recent years,
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the phenomenon of antithermal behavior (or non-Arrhenius
behavior) in GBs has been widely reported, which refers to
the decrease in GB mobility with increasing temperature. For
instance, atomistic studies [10–12] have indicated the preva-
lence of antithermal behavior in specific GBs, such as �3, �7,
and �9 GBs in Ni. Experimental observations, as discussed
in [4], have also reported faster GB migration at cryogenic
temperatures [21] and slower GB migration at higher temper-
atures [22,23].

The mechanism underlying the antithermal behavior of
GB migration remains a subject of ongoing debate. One hy-
pothesis, put forth by Priedeman et al. [10], suggests that
the slowdown in GB migration can be attributed to phonon
drag, which is the mechanism that hinders the motion of
dislocation. However, a recent study conducted by Homer
et al. [24] presents a different perspective on the antither-
mal behavior of GB migration. They reintroduce the classical
thermal-activation model originally proposed by Gottstein and
Shvindlerman [25] and argue that the observed deceleration
of GB migration at lower temperatures is a thermal activation
phenomenon rather than an external influence. Additionally,
Chen et al. [7] propose a theoretical model based on dis-
connection theory, providing further support for the notion
that the antithermal behavior is an inherent characteristic of
GBs. Several other hypotheses have also been put forward,
such as structural phase transitions [26,27], roughening transi-
tions [8,28], and topological phase transitions [29]. However,
further investigations are needed to substantiate these hy-
potheses.

The classical kinetic equation for GB migration is given by

v = MP|P→0 (1)
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where v is the velocity of the GB motion and P is the driving
force, and M is the GB mobility. According to this equation,
the GB mobility should be independent of the driving force
when the driving force approaches zero [30]. However, in
previous studies using molecular dynamics (MD) simulations,
relatively large driving forces were applied to observe GB mi-
gration within the nanosecond time scale. This approach has a
great effect on the measured mobility [11,12] and thermal be-
havior of GBs [11]. For instance, as reported in [11], when the
applied driving force for the Ni �7 (5 4 1)/(5 4 1̄) GB (P26 in
the Olmsted database [31]) changes from 74 to 372 MPa, the
GB migration behavior transitions from thermally activated to
antithermal. With the same change in driving force, the �7 (8
5 1)/(7 5 4) GB (P207 in the Olmsted database [31]) exhibits
a transition from antithermal to thermally activated migration
behavior. This dependency of thermal behavior on the driving
force complicates the study of thermal behavior of GB and
direct comparisons between experimental observations (typi-
cally performed with driving forces in the range 102–106 Pa
[32]) and atomistic simulations (with driving forces typically
larger than 107 Pa [11]). To date, no systematic research has
been conducted to investigate the effect of the driving force
on the thermal behavior of GB migration, further emphasizing
the need for comprehensive studies in this area.

Trautt et al. [9] have proposed a method to extract GB mo-
bility at the zero-driving force limit from the random walk of
the GB. Deng and Schuh [33] further enhanced the accuracy
of this method, enabling it to capture the subtle movements of
GBs more effectively. According to this approach, the mobil-
ity of a flat and fully periodic GB can be computed using the
Einstein relation [9],

D = 2MkBT/A, (2)

where A represents the GB area and D is the GB diffusion
coefficient. It is important to note that D, in this context, is
based on the mean square displacement (MSD) of the average
normal migration of the entire GB plane. This is distinct
from the conventional GB diffusivity, which tracks the MSD
of individual GB atoms, although these two properties may
be fundamentally correlated. At low temperatures, GBs are
expected to exhibit neglectable movement due to the limited
thermal fluctuations. As a result, the random walk method
has primarily been utilized to compute GB mobility in the
high-temperature regime (typically above 500 K) in previous
studies [9,34]. However, in a recent study by Homer et al.
[24], it was demonstrated that the antithermal behavior of GB
migration is likely associated with small activation energies
for GB migration, which implies that the random walk of these
GBs can be obvious at low temperatures.

In this paper, we aim to investigate the thermal behaviors of
GBs with different activation energies using the interface ran-
dom walk method. This approach will help determine whether
the antithermal GB migration is an intrinsic property of GBs
or a thermal phenomenon induced by external driving forces.
Furthermore, by using the mobility and thermal behavior of
GBs obtained through the random walk method as a reference,
the study systematically explores the influence of external
driving forces on the activation barriers for GB migration and
the thermal behavior of GBs. The findings of this investigation
are subsequently compared with existing theoretical models,

FIG. 1. A representative atomistic model of the simulated Ni
GBs. Atoms located at perfect FCC sites and non-FCC sites are
color-coded in green and white, respectively.

and the effects of driving forces are discussed. The aim of this
study is to shed light on the physical mechanisms underlying
the thermal behavior of GB migration and to illustrate how
external driving forces can play a role.

II. METHOD

A. GB data set

In order to investigate the relationship between activation
energy and the thermal behavior of GB migration, we have
selected nine coincidence site lattice (CSL) Ni GB models
from the Olmsted database [31]. These GB models are known
to potentially exhibit small activation energies for migration
based on previous studies [11,35]. Two methods are em-
ployed to compute the activation energy of the GBs: The
first method involvs fitting the ln M-1/kBT line to calculate
the apparent activation energy, denoted as Q. This method
will be discussed in detail in Sec. IV B. The second method
uses nudged elastic band (NEB) methods [36–38] to com-
pute the energy barrier during GB migration, denoted as E.
See the Supplemental Material [39] for the detailed proce-
dure for computing the energy barriers [36–38,40–42]. This
method has been widely used in previous research on GB
migration [7,43,44]. Figure 1 illustrates a typical GB model,
and Table I provides detailed information about each GB. To
study the “intrinsic” thermal behavior of GB migration and
the influence of the driving force, the boundary condition
in the x direction is set as shrink-wrapped (free surfaces)
to eliminate constraints and other factors that could affect
GB migration, except for temperature and driving force. The
boundary conditions in the y and z directions (GB plane di-
rections) are set as periodic. All simulations are performed
using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package [45] with an embedded atom
method (EAM) potential [46]. The simulations are conducted
within the temperature range 10–800 K and, in some cases, up
to 1000 K.
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TABLE I. The detailed information on the GBs investigated in this study, specifically their energy barriers for GB migration E and apparent
activation energy Q. The E are presented in ascending order from low to high values. Some GBs show two energy barriers during the migration
(E) as discussed in Sec. IV B.

ID in the Olmsted
database [31] Sigma GB plane

Energy barrier for GB migration E
(eV/nm2×10−3)

Apparent activation
energy Q (eV)

207 7 (8 5 1)/(7 5 4) 0.61 0.0024
256 87 (11 7 2)/(11 7 2) 2.36 0.0054
87 9 (7 5 4)/(7 5 4̄) 2.84 0.0076
57 35 (4 2 0)/(4 2 0) 3.37 0.0078
167 35 (10 6 2)/(10 6 2) 4.73 0.027
257 29 (11 7 2)/(11 7 2̄) 5.42 0.046
25 21 (5 4 1)/(5 4 1) 7.97 0.072
30 3 (3 2 1)/(3 2 1̄) 0.29/5.08 Almost 0
14 15 (2 1 1)/(2 1 1) 1.89/6.67 0.018

B. Random walk simulation

Before tracking the GB migration, the models were ex-
panded at different temperatures based on the corresponding
thermal expansion coefficient. Subsequently, equilibration
was performed under the isothermal-isobaric ensemble (NPT)
for 10 ps, followed by a short annealing period of 5 ps un-
der the microcanonical ensemble (NVE) using the Berendsen
thermostat. The Berendsen thermostat was then removed, and
the GBs were left to fluctuate randomly for 5 ns solely under
the thermal effects in the NVE ensemble. The variation in the
order parameter, as described in Ref. [47], was employed
to track the mean position across the GB plane within the
system. Additionally, to determine the shear coupling factor
during the thermal fluctuations of each GB, the relative shear
displacement in each model was recorded, by tracking the
center of mass of a thin slab, approximately 1 nm thick, at
both ends along the x direction. To ensure the reliability of the
results, each simulation was repeated 20 times with different
random seeds for the initial velocity distribution. The duration
of each simulation was 5 ns, and the resulting data sets were
split into ten groups of 500 ps, resulting in a total of 200 sets
of independent simulation results for each condition. Figure 2

FIG. 2. The migration of �15 (2 1 1) GB under the effect of
thermal fluctuation at 200K.

illustrates an example of GB migration across 200 simu-
lations. The initial GB position was defined as 0 for all
simulations. It was observed that even at a low temperature
of 200 K, the GB with a �15 (2 1 1) structure exhibited
detectable migration solely due to thermal effects. The GB
migration was found to be entirely random, with the average
position (indicated by the thick black line) remaining in the
middle.

For each simulation, the cumulative distribution function
f (x) [33] at a given time t can be described by the following
equation:

f (x) = 1

2

[
1 + erf

(
x − μ

σ
√

2

)]
, (3)

where f (x) is the probability that the displacement of the
mean position across the GB plane, denoted as d(t), falls
within the range (∞, x], and erf is the error function. The
fitted parameters μ corresponds to the average displacement
〈d̄ (t )〉, and σ 2 corresponds to the mean square displacement
〈d̄2(t )〉 = Dt . Therefore, D can be calculated by dσ 2/dt , and
the GB mobility M can be determined using Eq. (2).

C. External driving force driven GB migration

The effect of the driving force on GB migration was in-
vestigated using the energy-conserving orientational (ECO)
synthetic driving force [47,48]. As a point of comparison,
the influence of shear stress was also examined by applying
opposing shear forces on the two thin slabs at both ends
along the x direction. Each GB was subjected to this driving
force until it reached one end of the model, with a maximum
simulation time of 5 ns. To ensure statistical significance, each
simulation was repeated 20 times with different random seeds
for initial velocity distribution.

The velocity of the GB in each simulation was determined
by linearly fitting the displacement vs time curve through the
least square error method [49] and calculating the slope of the
fitted line. The final GB velocity was obtained by averaging
the velocities from the 20 simulations. Based on the calculated
velocity, the GB mobility was then determined using Eq. (1).
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FIG. 3. The plots of GB mobility and shear coupling factor vs. temperature determined from random walk simulation for (a) �15 (2 1 1)
(the blue dots indicate a change in disconnection modes at specific temperatures), (b) �9 (7 5 4)/(7 5 4̄) and (c) �21 (5 4 1) GBs.
(d) Illustration of the thermally activated behavior (i.e., mobility increases with temperature), the anti-thermal behavior (i.e., mobility decreases
with temperature), and the transition temperature Ttrans.

III. RESULTS

A. Temperature-dependent GB mobility:
Random walk simulations

In the random walk simulations, all nine GBs listed in
Table I exhibited antithermal behavior in terms of GB mo-
bility. The paper specifically focuses on three representative
GBs, namely �15 (2 1 1), �9 (7 5 4)/(7 5 4̄), and �21
(5 4 1) GBs, and their respective M vs T curves are shown
in Figs. 3(a)–3(c) (see the Supplemental Material [39] for
the M vs T curves of the remaining GBs). The results indi-
cate that at low temperatures, the GB mobility displayed a
thermally activated behavior, where higher temperatures led
to increased mobility. However, as the temperature further
increased, a transition occurred, and then the GB mobility
exhibited antithermal behavior, as shown in Fig. 3(d). This
transition point, represented as Ttrans, marks the temperature
at which the thermal behavior of GB migration undergoes a
transition.

According to the unified GB kinetics model proposed by
Han et al. [30], GBs can migrate through different modes,
each characterized by a specific shear coupling factor β. The

dichromatic pattern analysis, presented in the Supplemental
Material [39], reveals that the migration modes of �15 (2 1 1)
and �21 (5 4 1) GBs exhibit different β. Consequently, moni-
toring the changes in β allows us to track the activation status
of migration modes for �15 (2 1 1) and �21 (5 4 1) GBs
during the migration process, as demonstrated in Figs. 3(a)
and 3(c). On the other hand, for �9 (7 5 4)/(7 5 4̄) GB, its
migration modes either do not possess a shear coupling effect
or consist of two similar modes with opposite β, indicating a
final β of 0, which is consistent with the observation shown in
Fig. 3(b).

For both �15 (2 1 1) and �21 (5 4 1) GBs, it was observed
that only a single mode (indicated by the constant β) was
detected around the Ttrans. This indicates that the transition in
thermal behavior is not caused by a change in the migration
mode. Specifically, for the �15 (2 1 1) GB, the shear coupling
factor begins to decrease at 500 K, suggesting the activation
of multimodes at this temperature. This may be the underlying
mechanism that leads to an increase in GB mobility after
500 K [as indicated by the blue data points in Fig. 3(a)]
and another transition in thermal behavior, specifically from
antithermal to thermally activated behavior.
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FIG. 4. The effect of synthetic driving force on GB mobility for (a) �15 (2 1 1), (b) �9 (7 5 4)/(7 5 4̄), and (c) �21 (5 4 1) GBs in Ni.

B. Effect of driving force

The effect of the synthetic driving force on GB mobility
is illustrated in Fig. 4. The large error bars observed at small
driving forces indicate the stochastic nature of GB migration
caused by random thermal fluctuations, as shown in Fig. 2.
At low driving forces, such as 1.47 MPa, the GB mobility
calculated using Eq. (1) closely matches that determined by
the random walk method, consistent with previous findings
[34]. As the driving force increases, the transition temperature
Ttrans for the thermal behavior of GB mobility shifts towards
lower values. Notably, for �15 (2 1 1) and �9 (7 5 4)/(7 5
4̄) GBs, the first peak in mobility completely disappears at
driving forces of 58.8 and 29.4 MPa, respectively. Particularly
for the �9 (7 5 4)/(7 5 4̄) GB, a monotonic antithermal
trend is observed when it is driven by this force up to 800
K. When the driving force reaches an extremely large value
of 440.97 MPa, the mobility of �9 (7 5 4)/(7 5 4̄) and �21
(5 4 1) GBs becomes essentially independent of temperature,

in agreement with the ballistic transition proposed by Deng
and Schuh [32]. However, for �15 (2 1 1) GB, the mo-
bility reverts back to a thermally activated behavior. This
behavior requires further investigation and will be discussed
in more detail below. Supplemental Material Fig. S4 [39]
provides the M vs T curves for driving forces ranging 58.8–
440.97 MPa, as well as the M vs P curves at different
temperatures.

To investigate the underlying mechanisms behind the tran-
sition in thermal behavior of GB migration, the β for the �15
(2 1 1) GB under different driving forces and temperatures
was analyzed and presented in Fig. 5. The heat map reveals
that both a larger driving force and higher temperature can
activate more migration modes during GB migration. Interest-
ingly, when the synthetic driving force reaches 440.97 MPa,
multiple modes can be activated even at very low temper-
atures, as low as 10 K. This observation may explain why
the GB mobility of �15 (2 1 1) changes back to a thermally
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FIG. 5. Heatmap of the shear coupling factor in the �15 (2 1 1)
Ni GB under varying driving forces and temperatures.

activated behavior [Fig. 4(a)] under the influence of a driving
force of 440.97 MPa.

It is important to note that the Ttrans in thermal behavior
[Fig. 4(a)], occurring around 200 K and below for the cases
when driving force �58.8 MPa, do not correspond to the
transition in migration modes shown in Fig. 5 (indicated by
a red line). A similar phenomenon was also observed for the
�21 (5 4 1) GB [Fig. 3(c)], in which there is no change in β

across all temperatures (10–1000 K), yet a peak in the GB mo-
bility emerges around 700 K. Therefore, the transition from
thermally activated to antithermal behavior in GB migration,
as well as its dependence on driving force, cannot be solely
attributed to the change in migration modes that are activated
during the migration process.

In addition, another interesting observation is the presence
of an “antithermal” trend in GB migration, or more accu-
rately, an “antidriving force” trend, with increasing external
driving forces. Figure 6 illustrates this behavior, where at
a low temperature of 100 K, the mobility M of �15 (2 1
1) GB initially increases and then decreases as the driving
force increases. This trend is reminiscent of the antithermal
phenomenon observed in GB mobility when the temperature
changes under low driving force conditions (Fig. 4). In con-
trast, at a high temperature of 800 K, the GB mobilities remain
nearly constant and do not exhibit a significant dependence
on the driving force. A similar driving force-dependent “an-
tithermal” trend in GB mobility has been reported in previous
studies, such as those by Deng and Schuh [32] and Race et al.
[50]. This intriguing phenomenon will be further discussed in
the subsequent sections.

IV. DISCUSSION

A. Theoretical models for antithermal GB migration

The classical thermal-activation model, originally pro-
posed by Gottstein and Shvindlerman [25] and recently

FIG. 6. Mobility vs. driving force curves at 100 K and 800 K for
�15 (2 1 1) GB.

reintroduced by Homer et al. [24], offers an explanation for
the antithermal behavior observed in GB migration. In this
model, atoms randomly jump forth and back across the GB
based on transition state theory, and a collective atom jump
leads to GB migration. Figure 7(a) illustrates the model, where
Q represents the activation energy for the atomic configuration
transformation from S1 to S2, and � represents the energy
introduced by the external driving force. The velocity of the
GB can be calculated using the equation

v = Nb

[
ω+ exp

(
− Q

kBT

)
− ω− exp

(
−Q + �

kBT

)]

= Nbω exp

(
− Q

kBT

)[
1 − exp

(
− �

kBT

)]
(4)

where N is the number of atoms, b is the distance of the atom
jump, ω is the attempt frequency, + and − denote the forth and
back directions of the GB migration. As the external driving
force approaches 0, the terms in the square bracket in Eq. (4),
i.e., 1− exp(−�/kBT ) can be approximated as �/kBT . Since
� is the energy drop introduced by the external driving force
and is proportional to the driving force P (� = CP, where C
is a constant), the GB mobility in the zero-driving force limit

FIG. 7. (a) Illustration of the classical thermal-activation model
[24] and (b) Plot of the mobility vs. temperature curve based on
Eq. (5).
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can be derived from Eq. (4) as

M = v

P
= NbωC

kBT
exp

(
− Q

kBT

)
. (5)

As shown in Fig. 7(b), Eq. (5) provides a good description
of the antithermal behavior of GB migration. The GB mobility
M initially increases with temperature T and after reaching its
maximum value at Ttrans, M starts to decrease as T further in-
creases. This trend is consistent with the observations depicted
in Figs. 3 and 4.

Chen et al. [7] also proposed an equation to describe the
antithermal GB migration based on the disconnection theory,
taking into account the activation and migration of disconnec-
tions. The equation is given as

M = 2ωδw

kBT

∑
m

h2
m exp

(
−E∗

m+Ec
m

kBT/w

)
1 + 2

e exp
(

Ee
m−2Ec

m
kBT/w

) (6)

where w is the thickness of a bicrystal, δ is the size of a
CSL cell, e = exp(1) is Euler’s number, subscript m repre-
sents different disconnection modes, h is the height of the
disconnection, EC is the formation energy for a pair of discon-
nection, E∗ is the energy barrier for disconnection migration
along the GB, and Ee attributes to the long-range elastic inter-
actions between disconnections. Due to the small magnitude
of Ee compared to EC , the denominator of the second frac-
tion in Eq. (6), i.e., 1 + 2/e exp[Ee−2EC/(kBT )w], can be
approximated as 1. Therefore, when only one disconnection
mode is activated, Eq. (6) can be simplified as

M = 2ωδwh2

kBT
exp

(
−E∗ + EC

kBT/w

)
. (7)

Indeed, both Eqs. (7) and (5) share a similar form, with the
activation energy Q in Eq. (5) corresponding to the combined
energy barrier for disconnection nucleation EC and migration
E∗ in Eq. (7).

Both theories indicate that the antithermal behavior of GB
mobility is a result of the first term 1/kBT , which arises from
the inequality of the activation energy for GB to move forth
(Q) and back (Q + �) as illustrated in Fig. 7(a). This inequal-
ity of the activation energy is inherent to GB migration and
contributes to the antithermal behavior observed. This aligns
with our observation that the transition in thermal behavior
of GB mobility is not solely attributed to changes in the
migration mode, as supported by the analysis of the shear
coupling factor (Figs. 3 and 5).

B. Activation energy for GB migration

In Eq. (5), the activation energy Q for GB migration plays
a crucial role in deciding the thermal behavior of the GB
migration. By setting the derivative of Eq. (5) with respect
to T equal to zero, i.e., M ′ = 0, we can get

Q = kBTtrans. (8)

Equation (8) suggests a linear relationship between Q and
Ttrans by theory, which means that if we know the activation
energy Q, the thermal behavior of the GB is predictable. But
the question falls on how to determine the activation energy
of the GB?

According to Chen et al. [7], the activation energy Q in
Eq. (5) is linked to the energy required for disconnection nu-
cleation and migration [as shown in Eq. (7)]; the latter can be
determined by performing NEB analysis [7,43,44]. Therefore,
the energy barriers of nine GBs listed in Table I are calculated
through NEB method, and the maximum height of the energy
barrier E was extracted, as shown in Fig. 8(a). It is important
to note that the E is reported as normalized values by dividing
each energy barrier by the respective GB area to eliminate the
possible size effect of NEB simulation.

Alternatively, by examining Eq. (5), one can deduce that

ln M = − Q

kBT

(
1 + kBT ln T

Q

)
+ A (9)

where A is a constant. When kBT ln T 	Q, i.e., T 	 Ttrans,
the terms in the bracket becomes 1, and the GB mobility M
exhibits Arrhenius behavior, as shown in Fig. 3(d), and there-
fore, in this temperature range the apparent activation energy
Q can be calculated by fitting the slope of the ln M−1/kBT
line. The calculated E and Q are listed in Table I. Figure 8(b)
shows that, even though with different values, E and Q exhibit
a linear relationship. Besides, both E and Q exhibit a linear
relationship with Ttrans as predicted by Eq. (8), as shown in
Figs. 8(c) and 8(d). It is worth noting that the slope of fit-
ted Q-T line is 7.4687 × 10−5 eV/K which is very close to
the kB = 8.6173 × 10−5 eV/K, further validating the classical
thermal-activation model [24].

Indeed, there are limitations to both methods when calcu-
lating the activation energy for GB migration. In the classical
thermal-activation model, the fitted apparent activation energy
Q assumes that the temperature T is much smaller than Ttrans.
However, in cases where the GB exhibits antithermal behav-
ior, the value of Ttrans is typically small, making it difficult
to satisfy the condition T 	 Ttrans. Additionally, obtaining
accurate M-T curves at extremely low temperatures can be
challenging. Therefore, using the Arrhenius approximation
in such cases may introduce potential errors. On the other
hand, the energy barrier E calculated using the NEB method
has its own limitations. The NEB calculation result strongly
depends on the size of the model used, whereas the activa-
tion energy for GB migration should be independent of the
model size. Moreover, some GBs exhibit a two-step migration
process with two energy barriers [Fig. 8(a)], and apparently
one of them is more closely related to the activation energy
[Figs. 8(b) and 8(c)]. This two-step process has been observed
before in the literature [51], but the physical mechanisms
behind it are still unclear. Nevertheless, there are advantages
to using E. First, it can be accurately calculated, providing
a reliable estimate of the energy barrier. Second, it does not
require fitting data across a wide range of temperatures, which
can be challenging to obtain. Therefore, E can serve as a use-
ful indicator for predicting the activation energy and thermal
behavior of GB migration.

C. Effect of the driving force on the thermal behavior
of GB migration

To investigate the impact of driving force on GB migration,
we modified the synthetic driving force code [6] in LAMMPS

to be invoked during the energy minimization process. This
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FIG. 8. (a) the energy barrier E measured from NEB simulations, and (b) the comparison between E and the apparent activation energy Q.
(c), (d) Plot of (c) E and (d) Q vs. GB thermal behavior transition temperature Ttrans (� indicates the second energy barrier E for GBs with two
distinct energy barriers).

enabled us to calculate the energy barrier E for GB migra-
tion under the influence of synthetic driving forces ϕ. As a
comparison, we also examined the effect of shear stress τ on
E, and an analysis based on the recently proposed concept of
GB mobility tensor [14,52,53] (see the Supplemental Material
[39] for details) revealed that, for causing GB migration at the
same mode and at the same velocity, the ϕ and τ should satisfy
the relation τ = ϕ/β. Figure 9(a) demonstrates that both the
ϕ and τ can reduce the E, and their effects are equivalent.
Therefore, for simplicity, our subsequent analysis primarily
focused on the ϕ.

In Fig. 9(b), it is observed that as the driving force in-
creases, the E exhibits a monotonic decrease. This observation
is consistent with the decreasing trend of the apparent acti-
vation energy Q as the driving force increases, as shown in
Fig. 9(c). Moreover, the driving force at which the E reaches
zero in Fig. 9(b) coincides with Ttrans reaching 0 K in Fig. 4, as
predicted by Eq. (8). This finding explains the shift of the Ttrans

towards lower temperatures with the increase of the driving
force.

The mechanisms discussed above, along with the obser-
vations presented in Fig. 5, provide an explanation for the
different thermal behaviors exhibited by GBs under varying

driving force conditions. When the driving force is low, Ttrans

exhibits a linear relationship with the migration activation
energy Q. The driving force influences Ttrans by modifying
Q, thereby altering the thermal behavior of GB migration.
Additionally, a large driving force can activate more migration
modes at a lower temperature, which can also change the
thermal behavior of GB migration, such as transitioning from
antithermal to thermally activated behavior [Fig. 4(a)].

Another notable observation is that in Fig. 9(b), most of
the energy barriers reach zero before the applied synthetic
driving force reaches 44.1 MPa. While this value is close to
the maximum driving force typically used in experimental sit-
uations, it is still relatively small in MD simulations to observe
obvious GB migration within a nanosecond time scale. It is
worth considering that GBs exhibiting antithermal behavior
often have small energy barriers for migration, as confirmed
by Homer et al. [24]. Therefore, the driving forces used in
previous studies [10,11,24] on GB thermal behavior, such as
73.5 MPa and above, may be too large and could have already
caused significant changes in the GB migration mechanisms.
Furthermore, since the same driving force has different effects
on the migration energy barrier in different GBs [Fig. 9(b)],
future studies should consider additional factors. Ideally, the
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FIG. 9. (a) The effect of synthetic driving force ϕ and shear stress τ on the energy barrier of migration E for the �21(5 4 1) GB.
(b) Variation of E with synthetic driving force for �15 (2 1 1), �9 (7 5 4)/(7 5 4̄), and �21(5 4 1) GBs. (c) Apparent activation energy
Q as a function of synthetic driving force for the respective GBs. (Note that the tracking of Q in (c) is limited to a maximum external driving
force of 14.7 MPa due to the difficulty in performing Arrhenius fitting at extremely low temperatures.)

driving force should not exceed the critical value at which the
first energy barrier is eliminated if one wishes to explore the
GB behavior under typical experimental conditions.

When the driving force reaches extremely high magni-
tudes, the energy term � introduced by the driving force in
Eq. (4) becomes significant and cannot be ignored. By directly
referring to Eq. (4), the GB mobility can be expressed as
follows:

M = v

p
= Nbυexp

( −Q

kBT

)[
1 − exp

(−�

kBT

)]/
P. (10)

By fitting the data of �21(5 4 1) GB in Fig. 9(b), it was
found that M decreases exponentially with the driving force P,
as shown in the inset of Fig. 10. Assuming that the activation
energy for GB migration follows the same functional depen-
dence on P as E does, and considering that � is proportional
to P, all energy terms in Eq. (10) can be expressed in terms of
P:

Q = Q0exp(−C1P), (11)

� = C2P. (12)

FIG. 10. Plot of GB mobility M vs. driving force P based on
Eq. (10).
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FIG. 11. Comparison of the mobility vs. temperature curves for
�15(2 1 1) GB under different boundary conditions.

Here, Q0 is the initial activation energy when the driving
force is 0; C1 and C2 are fitted constants. By incorporating
these equations into Eq. (10), we can observe from Fig. 10
that the GB mobility M initially increases with P, reaching a
peak and then decreasing as P further increases. This behavior
aligns with the antidriving force phenomenon observed at low
temperatures in Fig. 6. At high temperatures, where kBT is
much larger than both Q and �, M becomes a constant and
independent of P, which is consistent with the findings in
Fig. 6. These observations indicate that both the driving force
and temperature have a similar effect on GB mobility, and this
effect can be described and unified using Eq. (10).

Although the analysis presented so far is based on the
synthetic driving force, the comparable effects observed for
synthetic driving force and shear stress [Fig. 9(a)] suggest that
these findings should also apply to shear stress conditions.

D. Limitations of the current model

Our study is conducted on an ideal bicrystal system with
open ends, which provides a controlled environment to ex-
amine the influence of temperature and driving force on GB
migration. However, in actual polycrystalline materials, the
presence of neighboring grains introduces additional con-
straints that can impact GB migration behavior. To investigate
this, we altered the boundary condition in the x direction from
free surface to periodic and conducted random walk simula-
tions. The results presented in Fig. 11 reveal that changing
the boundary condition in the x direction from free surface
to periodic has a significant effect on GB mobility. Below
600 K, the GB migration is completely restricted, indicating
that the presence of neighboring grains imposes constraints
that hinder the GB migration. However, as the temperature
increases to 800 K, the GB mobilities under both boundary
conditions become equal again. This observation aligns with
the findings reported by Schratt and Mohles [48]. The concept
of reconciling grain growth, as investigated by Thomas et al.
[54], provides an explanation for this phenomenon. At low
temperatures, when only one disconnection mode with strong

shear coupling dominates GB migration, the constraints im-
posed by neighboring grains inhibit the GB migration process.
However, at higher temperatures, where multiple migration
modes are activated, the constraints can be alleviated by alter-
natively activating modes with opposite shear coupling signs.

Indeed, the results presented in Fig. 11 do not contradict
the conclusions drawn from the bicrystal model with shrink-
wrapped boundary conditions. The constraints imposed by
surrounding grains can be considered as an opposite driving
force that restricts GB migration by increasing the activation
energy required for GB migration, leading to a significant in-
crease in the Ttrans. Besides, it should be noted that in realistic
situations, grains are often much larger than the model used in
our study. Consequently, the presence of large grains adjacent
to the GB can store a significant amount of elastic energy,
mitigating the constraints imposed by neighboring grains.
Additionally, real grains possess various mechanisms to al-
leviate these constraints, including GB rotation [55–57] and
the migration of triple junctions [58,59]. Therefore, despite
the simplifications inherent in the bicrystal system, studying
it remains informative and provides valuable reference for
understanding GB behavior in real-world cases.

Another limitation of the classical thermal-activation
model is its assumption that only one migration mode dom-
inates GB migration. However, in polycrystalline materials,
the phenomenon of reconciling GB migration necessitates
the consideration of multiple migration modes [54]. Discon-
nection theory [30] proposes that multiple modes can be
simultaneously activated at different locations along the GB in
the form of disconnections, which are line defects combining
step height and dislocation characteristics. This assumption
has been supported by experimental observations [60]. Chen
et al. [7] hypothesize that the GB mobility is the sum of the
mobilities of each mode, expressed as

M =
∑

m

Mm. (13)

Here, Mm represents the mobility equation [Eq. (5)] for
the mth migration mode. However, accurately measuring the
constant terms and activation energies in Eq. (5) for all the
modes remains a challenge.

V. CONCLUSION

By conducting systematic atomistic simulations of GB mi-
gration using both dynamic and static approaches, we have
derived several key conclusions:

The antithermal behavior of GB mobility is an intrinsic na-
ture of GBs, and the transition temperature (Ttrans) in thermal
behavior, at which the mobility of GB is at its maximum,
exhibits a linear relationship with the activation energy for
GB migration. This finding provides support for both Homer’s
classical thermal-activation model [24,25] [Eq. (5)] and
Chen et al.’s disconnection-based theory [7] [Eq. (7)].

The synthetic driving force can reduce the activation en-
ergy required for GB migration, leading to a shift in the
transition temperature (Ttrans) to lower values. Moreover, a
higher driving force can activate more migration modes at
lower temperatures, thereby influencing the thermal behavior
of the GB. We suggest an optimal range of driving forces that
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should be considered in future atomistic simulations investi-
gating the GB thermal behavior under typical experimental
conditions.

Through our quantitative analysis of the effects of the
synthetic driving force and shear stress on the energy barrier
for GB migration, we have observed that these two driving
forces are equivalent in their ability to lower the energy bar-
rier. This means that the conclusions drawn from studying the
synthetic driving force can also be applied to the case of shear
stress.

We have refined the thermal-activation model by incor-
porating the influence of the driving force on the activation
energy. This modified model accurately captures the observed
antidriving force trend in GB mobility resulting from changes
in the driving force.

These findings contribute to our understanding of GB
migration and provide insights into the interplay between tem-
perature, driving force, and GB mobility, which is essential for
GB engineering and modern industry.
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