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a b s t r a c t

Migration energy barriers of two symmetric tilt grain boundaries in body-centered cubic metal Fe are
obtained via first-principles calculations in combination with the nudged elastic band methods.
Although the two grain boundaries show similar grain boundary energies, the migration energy barriers
are different. Based on a homogeneous nucleation theory of grain-boundary dislocation loops, the calcu-
lated energy barrier provides a measure of intrinsic grain-boundary mobility and helps to evaluate effects
due to vacancy and interstitial atoms such as carbon.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Grain boundaries (GBs) in polycrystalline materials are
essentially mobile planar defects and the mobility depends on GB
structure, GB energy, temperature, applied strain or stress, as well
as a number of other factors, such as grain size, lattice dislocations,
vacancies, solute atoms (impurity) and precipitates [1,2].
Understanding the evolution of grain boundaries is crucial for bet-
ter design of microstructures in order to achieve improved
mechanical property and performance for both nanostructured
and conventional polycrystalline metals and alloys [3–5]. The
motion of a GB can be considered as conservative if the same GB
structure is preserved during the motion [6]. Conservative GB
motion occurs most likely for symmetric GBs because such GBs
consist of identical structural units in terms of the coincidence site
lattice (CSL) [1]. The GB mobility is then limited intrinsically by the
migration energy barrier when the GB is forced to move from one
position to the next by applying shear stresses. In particular, the
theoretical shear stress of GB migration can be defined at which
the migration energy barrier vanishes at zero temperature condi-
tions, a way similar to the definition of the theoretical shear stress
for a perfect lattice [7].

However, to promote GB migration under thermal fluctuations,
it is energetically more favorable to form a dislocation loop on a

perfect GB plane. Following Frank’s homogeneous dislocation
nucleation model [7,8], it has been proposed [6,9] that the required
free energy to nucleate a GB dislocation loop may be written as
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if a circular loop of dislocation of radius R and an area A ¼ pR2 is
formed under a shear stress s applied parallel to the Burgers vector
b of the GB dislocation. The last term presents the elastic energy of
the dislocation loop [7,10] with a cutoff radius (r0). Within r0 the
continuum theory breaks down, the core energy of the loop per area
is measured merely by the migration energy barrier (c) where c is
also a function of the applied stress, s. That is, the migration energy
barrier is introduced here in a manner similar to the well-known
generalized stacking fault energies for nucleation of lattice disloca-
tions (see, e.g. Ref. [10]). Both c and b are specific material proper-
ties and are closely related the GB structures. With increasing R the
energy DG increases and a maximum value DGmaxðRc; sÞ can be
found numerically from the condition @ðDGÞ=@R ¼ 0 which occurs
at a critical radius Rc. Only a loop of radius larger than Rc can
expand, so DGmax represents an activation energy for GB migration.
Therefore, in the absence of any heterogeneous nucleation site, the
homogeneous nucleation model sets an upper limit to measure how
difficult an individual GB might migrate under thermal activations
and an applied shear stress.
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A number of recent literatures can be found to address the char-
acters of GB dislocations, or namely, GB disconnections [11–16].
Both experiments and molecular dynamics (MD) simulations have
also indicated that the nucleation and propagation of GB discon-
nection dipoles for symmetric tilt GBs can be considered as the ele-
mentary migration mechanism under shear [11,12,16]. The
intragranular shear is believed to play an important role on GB
migration. In particular, the migration of most symmetric GBs
has been found to be coupled with grain displacement or sliding
parallel to the GB plane [13–15], perhaps also aided by GB
disconnections.

To illustrate how GB migrates and to measure the GB mobility,
the GB migration energy barrier (MEB) has to be included as an
essential physical quantity according to Eq. (1). In this paper, we
aimed to obtain MEBs via DFT calculations by taking two symmet-
ric tilt GBs, i.e. R5 <001> (210) and R5 <001> (310) in bcc iron as
examples. Meanwhile, effects due to the presence of point defects
have also been examined by considering an interstitial atom (car-
bon) as well as a vacancy at the two GBs.

Our first-principles calculations are based on spin-polarized
density function theory within Blöch’s all-electron projector argu-
ment wave method (PAW) implemented in VASP [17–20]. The gen-
eralized gradient approximation of PBE is used to treat electron
exchange and correlations [18]. Through the convergence test,
energy cutoff is set to be 450 eV. Monkhorst–Pack method is used
to set k-point mesh [21]. The equilibrium lattice parameter, bulk
module and local magnetic moment for bcc Fe are determined to
be 2.84 Å, 175.5 GPa and 2.16 lB at zero temperature and zero
pressure conditions, respectively [22].

The (210) or (310) GB is created by putting in contact of two
slabs of bcc lattice of identical size but as mirrored images with
respect to the GB symmetry plane. Due to the restriction of peri-
odic boundary conditions, two antiparallel GBs would be formed
if atoms were filling up the supercell. When a vacuum layer is
added to the supercell, a bicrystal configuration containing a single
GB can be produced within the supercell (left panels in
Fig. 1(a) and (b)). The upper and lower grains are built of 10 atomic
layers on each side of the GB. The clean GB structure is relaxed
until the force for each atom is less than 0.01 eV/Å. To relax the
GB structures with an interstitial atom or a vacancy, the force con-
vergence criterion has been set to 0.03 eV/Å. The Climbing Image
Nudged Elastic Band (CINEB) method [23] is used to find the min-
imum energy paths (MEP) and transition states of the migration
process.

The relaxed atomic configurations of R5(210) and R5(310)
show similar GB structures as those in references [24–29]. The
GB energy of R5(210) is 1515 mJ/m2, merely �54 mJ/m2 or 3.6%
higher than that of R5(310). As displayed in Figure 1(a) and (b),
the two GBs show different combinations of GB units. The GB units
across alternative (001) layers (denoted by black and white atoms,
respectively) are of the same shape for the R5(310) GB. In con-
trast, the R5(210) GB is characterized by two GB units of different
shapes, so the GB structure looks more complex.

The MEB of R5(310) is found to be 450 mJ/m2 (c310), much lar-
ger than that of R5(210), c210 � 89 mJ/m2. Atomic configurations
along the MEPs of the two GBs have been shown in Figure 1 (upper
panels in both (a) and (b)). Obviously, the migration has been
achieved by cooperative atomic-shuffling events involving several
atoms, as characterized by shape changes of the corresponding GB
units.

For R5(310) GB, the two identical GB units at neighboring
(100) planes, each consisting of five atoms, evolve in the same
fashion during the GB migration. As the GB plane moves down-
ward, each GB unit tends to transform into a larger one involving
six atoms such that an intermediate GB configuration can be
formed, an unstable one corresponding to the saddle point state

(image 9). The 6-atom GB unit has to transform back into the
5-atom unit as approaching to the new position of the GB-plane.
On the other hand, the R5(210) GB is characterized by a
‘‘4-atom’’ unit for one (001) plane and a ‘‘6-atom’’ unit for the
other. As the GB plane moves downward to its final-state position,
the two GB units evolve in their own fashion such that a meta-
stable intermediate configuration (image 9) can be found. In addi-
tion, two unstable saddle-point configurations (images 6 and 13)
show up, leading to a ‘‘camel-hump’’ energy profile.

The maximum atomic displacement involved from the initial
state to the final state is found to be d � 0.95 Å for R5(210) and

d � 1.1 Å for R5(310), so bp

3 < d < bp

2 comparing to the Burgers
vector of perfect lattice dislocation in bcc iron, bp ¼ a0

2 h111i
(a0 = 2.84 Å). The in-plane translational displacement is 1.8 Å for
R5(310) and 1.27 Å for R5(210) GB, from which the Burgers vec-
tor of the GB dislocation/disconnection can be determined to be
b ¼ a0

10 ½130� and b ¼ a0
10 ½120�, respectively. The migration distance

(m) normal to the GB plane is 2.8 Å and 1.27 Å for R5(310) and
R5(210), respectively. The coupling factor [13–15], i.e. b ¼ b

m, turns
out to be �1.0 for R5(210) and �0.64 for R5(310).

The stress-dependence of MEB is required according to Eq. (1).
We repeated our NEB calculations by applying homogenous simple
shear, to obtain the MEP under the corresponding shear stress, s.
The calculated c vs s data has been shown in Figure 2(a). For both
GBs, the c – s relations are nonlinear and the c values tend to
decrease faster with increasing the shear stress. The MEB tends
to vanish at s � 5 GPa for R5(310), a critical stress almost twice
of that for R5(210). They can be fitted with polynomials for exam-
ple up to the second order in a functional form cðsÞ ¼ c1f ðsÞ,
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Figure 1. Relaxed configurations of R5(210) (a) and R5(310) GBs (b) containing
59 and 96 Fe atoms, respectively. The black and white circles distinguish atomic
sites in two neighboring (001) planes. Form initial state to final state, 19 NEB
images (states ‘‘00’’ to ‘‘18’’) are used to obtain the minimum energy paths (MEPs)
for GB migration. Changes of GB structures are marked in transition-state
configurations, based on that the stable structure of R5(210) GB is characterized
by two different GB units, a ‘‘4-atom’’ unit and a ‘‘6-atom’’ unit; and the stable
structure of R5(310) GB is characterized by two identical GB units, each consisting
of 5 atoms.
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