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a  b  s  t  r  a  c  t

The  migration  of  grain  boundary  (GB),  which  plays  a key  role  in the  microstructural  evolution  of  polycrys-
talline  materials,  remains  mysterious  due  to the unknown  relationship  between  GB  mobility  associated
with  specific  geometry  and  external  conditions  (e.g.  temperature,  stress,  etc.,  hence  the  thermodynamic
driving  force).  Combining  the  rate  equation  of  GB  migration  with  molecular  dynamics  simulations,  an
intrinsic  correlation  between  driving  force  and  energy  barrier  for  the  migration  of  various  types  of GBs
(i.e.  twist,  symmetric  tilt,  asymmetric  tilt,  and  mixed  twist-tilt)  is  herein  explored,  showing  the  decrease
of energy  barrier  with  increasing  thermodynamic  driving  force.

© 2017  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.

1. Introduction

The migration of grain boundary (GB) determines the evolu-
tion of size and morphology of grains, and thus plays a key role
in the microstructural evolution during the processing of polycrys-
talline materials. Microscopically, the GB migration is controlled
by detachment/attachment of atoms in the vicinity of GB via ther-
mally activated rare events [1,2], adjusting atomic configuration at
GB and lowering free energy of the whole system. Based on the
reaction rate theory, the rate of GB migration (v) is described as
[1–3],

v = m0 exp
(
−Q/kBT

)  [
1 − exp

(
�G/kBT

)]
= M

[
1 − exp

(
�G/kBT

)]
(1)

with �G as the thermodynamic driving force (defined as the
difference between the free energy after and before a step of
GB migration), Q the energy barrier, M the GB mobility, m0 the
pre-factor, kB the Boltzmann constant, and T the temperature.
Commonly, the energy barrier of GB migration is assumed to be
an intrinsic property of GB associated with fixed geometry [2,4],
thus independent of external conditions (e.g. temperature, stress,
etc.). With this assumption, substantial experiments [5–7] and
atomistic simulation [8] on curvature-driven boundary migration
were performed. Molecular dynamic (MD) studies [9–11] on the
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GB migration using a synthetic driving force and on the elasti-
cally driven migration of flat GBs were carried out, focusing on
the geometry-dependent mobility with constant energy barrier.
Although great successes have been achieved in determining the
mobility for various GBs, such studies exclude possible correla-
tion between Q and �G, the latter of which clearly depends on the
external conditions. This kind of correlation, if confirmed, depicts
a fundamental law governing the thermodynamics and kinetics
of GB migration, and particularly, resolves the difficulty in deter-
mining Q of GB migration (i.e. via �G), since previous calculations
are involves the exploration of GB energy surface by complicated
algorithms, such as activation-relaxation technique [12].

Recently, the relation between M (or Q) and �G was  explored
[13,14]. Using a synthetic bulk energy difference (SBED) between
one side of the GB and the other side to drive the GB migration [15],
Olmsted et al. [13] studied the roughening transition under differ-
ent driving forces and temperatures, where, for a given GB under
constant temperature, the mobility may  vary under different driv-
ing forces. Furthermore, Race et al. [14] studied the migration of
〈111〉 �7  symmetric tilt GB with {321} boundary planes, which
shows a decreased energy barrier with increasing driving force.
However, the above work focused on the migration of specific GBs
driven by the SBED. Whether an intrinsic correlation between the
thermodynamic driving force and the energy barrier prevails in the
migration of various types of GBs has not been answered, yet.

So far, most of the studies focus on GBs driven by the curvature
and SBED while much less attention is directed to the thermal gra-
dient, regarding that the thermal gradients are usually negligible
in the traditional processing of metallic materials due to the high
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Fig 1. Schematic diagram of migrating 〈100〉�5{010} asymmetric tilt GB driven by
the  thermal gradient in the current MD  simulations.

thermal conductivity [16]. With the progress of material process-
ing involving large temperature gradient in localized region, e.g.
∼106 K/m in the vicinity of the melting pool in additive manufactur-
ing with laser beams [17] or ∼105 K/m at the rim of nuclear reactor
[16], however, the grain growth under the thermal gradient has
become significant and come to attention. In practice, the thermal
gradient created by the zone annealing is also widely adopted to
control the grain growth in oxide dispersion-strengthened super-
alloys for turbine blades [18], resulting in gradient grain size or
columnar grains and thus desired mechanical properties. Here, the
correlation between driving force and energy barrier for GB migra-
tion is investigated by combining the rate equation (i.e. Eq. (1)) with
molecular dynamics simulations, where thermal gradients [2,16]
are imposed to drive the GB migration for various types of GBs.
Although the GB migration driven by the thermal gradient is dif-
ferent from those driven by the curvature and SBED, the effective
GB mobilities in the current investigation fall into the same mag-
nitude with those from experiments [2,19] and MD simulations
[8,13,15] (see context), and thus the underlying mechanisms of GB
migration are likely to remain similar to the cases driven by the
curvature [2,8,19] and SBED [13,15].

2. Method

2.1. Molecular dynamic

The computational package LAMMPS [20] is employed to
perform MD  simulations, with the well-known embedded-atom
method (EAM) for copper [21] to describe atomic interaction. Since
periodic boundary condition is employed in all three Cartesian
directions, an initial bi-crystalline model (Fig. 1) with two equiv-
alent flat GBs, located symmetrically with respect to the center, is
created with coincidence site lattice (CSL) theory [2]. The normal of
the GB plane is parallel to y direction (Fig. 1), with X, Y, Z dimensions
of 60 Å × 260 Å × 60 Å consisting of ∼100,000 atoms. The initial bi-
crystalline model is optimized by minimizing the potential energy
using conjugate gradient algorithm. The Open Visualization Tool
[22] is employed for visualization.

2.2. Thermal gradient driving force

To drive the migration of flat GBs, the difference between free
energies of a specific GB at varying temperatures, due to thermal
gradients, is used as the thermodynamic driving force. As illus-
trated in Fig. 1, the 〈100〉�5{010} asymmetric tilt GB migrates along
a thermal gradient from y1 to y2, which undergoes temperature
change from T1 to T2. In combination with a well-known concep-

tion of GB free energy varying as a function of temperature [1,2], the
GB free energy then varies from �(T1) to �(T2) as the GB migrates
from y1 to y2. Thus, the GB energy difference becomes the real ther-
modynamic driving force (i.e. �G = A [�(T2) − �(T1)], with A as the
total area of two identical GBs in the bi-crystalline sample (Fig. 1))
under a stable thermal gradient.

To impose a thermal gradient normal to the GB plane, a symmet-
ric temperature profile with its peak in the center of the simulation
cell is chosen (Fig. 1). With the highest (Thigh) and the lowest tem-
peratures (Tlow) individually maintained by the velocity rescaling
method [16,23], a thermal gradient is created using a constant-
volume and constant-energy ensemble in the whole simulation
cell, whose volume is chosen as correspondingly relaxed cell at the
average temperature (i.e. 800 K) and atmospheric pressure. So, the
total thermodynamic driving force for a process is governed by Thigh
and Tlow in MD simulations (Fig. 1); the larger difference between
Thigh and Tlow leads to the larger driving force. The thermal gradi-
ents introduced rang from 1 K/Å to 10 K/Å. To ensure enough space
for two  migrating GBs, the distance from the hottest to the cold-
est edges is kept as 100 Å (Fig. 1). To avoid translational motion
of the simulation cell, the center-of-mass velocity is subtracted by
adjusting the velocity of each atom at every time step [16], which
is 1 fs. To locate the GBs, snapshots of migrating GBs  are optimized
with the conjugate gradient algorithm and the centro-symmetry
parameter (CSP) [24] from 12 neighboring atoms is adopted, which
is zero for atoms in perfect fcc lattice and non-zero for those in dis-
ordered GBs. The positions of GBs are determined as the average y
coordinates of the atoms with CSP larger than 1.0.

2.3. GB free energy calculation

To determine the driving force, temperature-dependent GB free
energy is calculated, following the standard definition [1,2],

� = Fbi (T) − Fsingle (T)
A

(2)

with Fbi(T) and Fsingle(T) as the Helmholtz free energy for the
bi- and the single-crystalline samples with the same number of
atoms. To calculate the temperature-dependent Fbi(T) and Fsingle(T),
a thermodynamic integration (TI) is adopted [25–29], where the
Helmholtz free energy F (i.e. Fbi(T), Fsingle(T)) follows [1,28,29],

d
dT

(
F

T

)
= − E

T2
(3)

with E as the internal energy. The Helmholtz free energy at 300 K,
i.e. the lowest temperature in the samples with migrating GBs,
is calculated using Frenkel–Ladd (FL) method [26,27] and used
as the starting point of integration. In the FL method, the free
energy of the interested EAM system is calculated based on the
reversible work between this system and a harmonic reference
system. In practice, the reference system is usually chosen as the
Einstein crystal [25–31], consisting of non-interacting particles. The
Helmholtz free energy of the Einstein crystal is known analytically
as 3NkBTln(�w/kBT) [26], with N as the total number of the parti-
cles, �  the reduced Planck constant and ω the angular frequency.
Using the FL method, the total Hamiltonian of the system Htotal(�)
is defined as (1 − �)HEAM + �HEinstein, with � as the coupling param-
eter between the interested (� = 0) and the reference (� = 1) system.
And the reversible work is calculated as [25–31],

W rev
EAM→Einstein =

∫ 1

0

d�〈∂Htotal

∂�
〉
�

(4)

which equals the free energy difference between the interested
EAM system and the Einstein crystal [26]. To reduce the systematic
error, a common practice to average the forward (EAM → Einstein)
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