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Effect of grain boundary sliding on the toughness of ultrafine grain
structure steel: A molecular dynamics simulation study
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Molecular dynamics simulations are carried out to investigate the mechanisms of low-temperature impact toughness of
the ultrafine grain structure steel. The simulation results suggest that the sliding of the {001}/{110} type and {110}/{111}
type grain boundary can improve the impact toughness. Then, the mechanism of grain boundary sliding is studied and it
is found that the motion of dislocations along the grain boundary is the underlying cause of the grain boundary sliding.
Finally, the sliding of the grain boundary is analyzed from the standpoint of the energy. We conclude that the measures
which can increase the quantity of the {001}/{110} type and {110}/{111} type grain boundary and elongate the free
gliding distance of dislocations along these grain boundaries will improve the low-temperature impact toughness of the
ultrafine grain structure steel.
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1. Introduction
Steel is the king of structural materials. Strong and tough

steels are always in demand to reduce weight, improve safety
in transportation and performance in heavy machinery, and
enhance architectural flexibility in construction.[1] However,
steel usually loses most of its ductility and fractures in a brittle
mode when the temperature falls below the ductile-to-brittle
transition temperature (DBTT). That is to say, the steel will
fracture in a moment, often leading to serious accidents. Thus,
it is very important to develop some methods to lower the
DBTT.

The refinement of crystalline grain size is considered
to be a method of lowering the DBTT for high-strength
metals.[2–6] However, when the grain size is close to 1 µm or
less, the toughness and tensile ductility at room temperature
will become low.[6–9] The delamination is another method of
lowering the DBTT for high-strength metals. However, the
delamination toughening typically sacrifices toughness in the
ductile fracture region for a reduction of DBTT.[7,10,11]

Recently, by combining grain refinement and delami-
nation, Kimura et al. developed an ultrahigh-strength low-
alloy bcc steel bar with excellent toughness at lower
temperatures.[12–15] The microstructures in the central parts
of the cross sections of the bar were observed by using the
electron backscattered diffraction (EBSD).[14] They also found
that it has ultrafine grain structures that consist of elongated
grains with strong ⟨110⟩ (rolling direction, RD), ⟨001⟩, ⟨101⟩,
and ⟨111⟩ (striking direction, SD) fiber deformation textures
(see Fig. 1 in Ref. [14]). After the Charpy V-notch impact test,

the sample was observed and found to exhibit delamination,
which signifies that cracks branched were parallel to the lon-
gitudinal direction of the impact test bars, and therefore the
crack propagations in the SD were substantially blunted (see
Fig. 1 in Ref. [14]). Delamination of the bar has been ex-
plained as follows: bcc iron mainly cleaves on {100} planes,
and the {100}⟨110⟩ fiber deformation textures provide lots
of cleavage {100} orientations parallel to the RD of the im-
pact bar. This causes delaminating cracks perpendicular to the
SD.[13]

Experimental studies have shown that the initial crack,
which propagates along the SD direction, will turn its way
from the SD direction into the RD direction, leading to a de-
laminating crack. However, as far as we know, the reason for
the turning of the crack’s propagation direction has not been
expounded in the literature. Furthermore, the impact bar is
composed of {100}⟨110⟩, {110}⟨110⟩, and {111}⟨110⟩ fiber
deformation textures, and thus there are abundant grain bound-
aries between two elongated grains with different texture com-
ponents. The grain boundaries may cleave more easily than
{100} planes, and offer delaminating places to the steel bar.
To the best of our knowledge, however, the effect of grain
boundaries on the toughness of the steel bar has not been fully
understood yet.

In the present work, the molecular dynamics (MD)
method, as a powerful tool to study the nature of
materials,[16–19] is used to investigate the effect of grain bound-
aries on the low-temperature toughness of the ultrafine grain
structure steel. Moreover, the effect of grain boundary sliding
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on the toughness of the steel bar will be carefully explored.
This paper is organized as follows: in Section 2, we briefly
describe the conditions of molecular dynamics simulation; in
Section 3 we present structure evolution of the six crack mod-
els; Section 4 is devoted to the mechanisms of grain boundary
gliding. Finally, conclusions are presented in Section 5.

2. Conditions of computer simulations
The molecular dynamics simulations were performed by

using a parallel MD code, LAMMPS, developed by Plimp-
ton and co-workers.[20,21] In the simulation, many-body in-
teratomic potential was used to calculate Fe–Fe interatomic
forces based on the embedded atom method (EAM) devel-
oped by Mendelev et al.[22] This potential was developed by
fitting to the first-principle forces obtained in a model liquid
configuration and also to other experimentally obtained mate-
rial properties. Recently, a number of results obtained by us-
ing four Fe potentials were compared between themselves and
with available experimental (or first-principle DFT) data.[23] It
was found that the Mendelev potential provides a good qual-
itative agreement with a large body of experimental and ab
initio calculation data for iron, including the elastic modulus,
the energy of point defects, the bcc–fcc transition energy, the
lattice parameter of α-Fe for several temperatures, the density
of structure factor of the liquid phase, and the melting temper-
ature.

From the observation of EBSD, we know that the steel
bar consists of three kinds of elongated grains. All the elon-
gated directions of grains are along the ⟨110⟩ crystal orienta-
tion (parallel to the RD), and the crystal orientations of grains
that are parallel to the SD are ⟨001⟩, ⟨101⟩, and ⟨111⟩, respec-
tively. Hence, there can exist three kinds of grain boundary
which are parallel to the RD. Based on the above analysis, six
models are constructed to study the effect of grain boundary
on the crack propagation (see Fig. 1 and Table 1). All of the
six models are oriented with [11̄0] along the y direction (paral-
lel to the RD). In order to use the periodic boundary condition
along the z direction, the size of the part I along the z-axis di-
rection and that of the part II along the z-axis direction should
meet the following relation:

ma[x1y1z1] = na[x2y2z2], (1)

where m and n are integer, a[x1y1z1] and a[x2y2z2] are the lengths
of the conventional unit cell along the [x1y1z1] and [x2y2z2] di-
rections, respectively. The ma[x1y1z1] is the size of the part I in
the z direction and na[x2y2z2] is the size of the part II in the z
direction. In the present work, the difference of the size be-
tween the two parts in the z direction is no more than 2%, and
probably has no effect on the simulation results. The initial
uncracked models are relaxed via conjugate gradient energy
minimization. During the relaxation, only the box dimension
along the direction normal to the GB (along the x direction) is
allowed to relax in order to alleviate any GB pressure. Then
the pre-existing crack of model-I type with length l0 = 15 nm
is introduced according to the continuum theory by shifting
the atoms from their positions in a perfect crystal to positions
specified by the anisotropic elasticity continuum mechanics
equations,[24] for the desired stress intensity K. After the ini-
tial configurations of the crack are obtained, the atoms of the
cracked models are fully relaxed via conjugate gradient energy
minimization with the fixed-displacement boundary condition
in the y direction and the periodic boundary conditions in the
z direction.

grain boundary

Part I Part IIy

xz
SD

RD

Fig. 1. (color online) Schematic illustration of the original crack.

To entice the crack to evolve, four top and four bot-
tom layers of atoms in the y direction are loaded by exter-
nal stress σext = 3.3 GPa. Periodic boundary conditions are
imposed in the crack front (z direction), while free boundary

Table 1. Atomic configurations of the initial six models. The grain boundary is specified by the two sides of crystal orientations that
are parallel to the x direction.

Model Part I x× y× z Part II x× y× z Number of total atoms Type of grain boundary

A 70[001]×100[11̄0]×5[110] 50[110]×100[11̄0]×7[001] 280000 –

B 50[110]×100[11̄0]×7[001] 70[001]×100[11̄0]×5[110] 280000 {001}/{110}
C 50[110]×100[11̄0]×5[001] 40[111]×100[11̄0]×2[112̄] 196000 –

D 40[111]×100[11̄0]×2[112̄] 50[110]×100[11̄0]×5[001] 196000 {110}/{111}
E 40[111]×100[11̄0]×4[112̄] 70[001]×100[11̄0]×7[110] 388000 –

F 70[001]×100[11̄0]×7[110] 40[111]×100[11̄0]×4[112̄] 388000 {001}/{111}
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conditions are applied in the x axis (the direction of crack prop-
agation). At the beginning of simulations and before applying
the external forces, a Gaussian distribution of the velocities of
all atoms is generated by using a random number generator at
a specific temperature (10 K). The simulations are performed
in a constant NVE ensemble. Atomic accelerations, velocities,
and positions are updated at each time step using the Velocity–
Verlet algorithm. The total simulation time is 50 ps with a time
step of 0.005 ps.

The visualization of the simulation results was conducted
by using the common neighbor analysis (CNA) method[25] and
implemented in the OVITO program.[26] The analysis and clas-
sification of each atom according to its environment (hcp, fcc,
bcc, bcc twins, or undefined) allow us to identify various de-
formation mechanisms occurring in the crack-tip region. In
particular, a great advantage of this analysis is that it enables
the easy visualization of dislocation emission, twin formation,
as well as phase transformations.

3. Results and discussion
3.1. Effect of {001}/{110} grain boundary on the propa-

gation of the crack
3.1.1. Model A

Figure 2 gives the details of the atomistic process of the
crack propagation through the {001}/{110} grain boundary
from the {001} part to the {110} part (the parts on both sides
of the grain boundary are specified by the crystal orientations
that are parallel to the x direction). The initial crack type is
{11̄0}⟨110⟩ (specified by the crack plane and the crack front).
From this figure, it can be observed that before the crack
reaches the grain boundary (see Fig. 2(a)), there is a plastic
region in front of the crack tip, and the atoms in this region
are disordered rather than keeping bcc structure. However, the
crack propagates forward, driven by something like a brittle
manner because no dislocation emits from the crack tip. When
the plastic region reaches the grain boundary (see Fig. 2(b)),
the grain boundary begins to glide along the y direction. As
a result, the crack tip becomes blunt. In front of the plastic
region, phase transformation from the original bcc structure
to fcc structure has been formed. This stress-induced phase
transformation has been observed by several authors[27–31] at
the crack tip in bcc iron. With the grain boundary gliding, the
opening of the crack tip becomes wider and wider. At the time
of 40 ps (see Fig. 2(c)), there are considerable atomic planes
that glide out of the two boundaries of the model and formed
two steps at the two boundaries of the model. As the result
of the crack blunting, propagation of the original crack along
the direction perpendicular to the grain boundary almost stops
and the crack propagates mainly by a grain boundary gliding
manner.

22 ps

14 ps

fcc structure

(a)

(b)

40 ps

(c)

Fig. 2. (color online) Crack’s atomistic configuration of model A at (a)
14, (b) 22, and (c) 40 ps.

3.1.2. Model B

Figure 3 presents the atomistic process of the crack prop-
agation through the {001}/{110} grain boundary from the
{110} part to the {001} part (the parts on both sides of the
grain boundary are specified by the crystal orientations that
are parallel to the x direction). The initial crack type is
{11̄0}⟨001⟩ (specified by the crack plane and the crack front).
From Fig. 3(b), we can find that before the crack reaches the
grain boundary, the crack propagates forward in a cleavage
manner. At the two sides of the crack tip, there are two re-
gions shaped like the cusp of the moon, in which phase trans-
formation from the original bcc structure to fcc structure can
be found; the stress-induced phase transformation is recover-
able to bcc structure when the crack tip moves away from this
region. When the plastic region reaches the grain boundary,
the grain boundary begins to glide, and hence the crack tip
becomes blunt (see Fig. 3(b)). With the gliding of the grain
boundary, the opening of the crack tip becomes wider and
wider (the same as model A). In the front of the crack tip a
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plastic region is formed because of the stress concentration in
this region. Subsequently, the stress in the plastic region is re-
laxed by emitting some dislocations. As long as the gliding of
the grain boundary begins, the crack stops propagating along
the direction perpendicular to the grain boundary and turns its
way along the grain boundary. Finally, the crack propagates in
a grain boundary gliding manner (see Fig. 3(c)).

fcc structure

15 ps

25 ps

35 ps

dislocation

(a)

(b)

(c)

Fig. 3. (color online) Crack’s atomistic configuration of model B at (a)
15, (b) 25, and (c) 35 ps.

Form the study of the above two models, we can find that
the {001}/{110} type grain boundary can effectively arrest the
crack that propagates along the direction perpendicular to the
grain boundary by means of grain boundary gliding and in-
crease the toughness of the model.

3.2. Effect of {110}/{111} grain boundary on the propa-
gation of the crack

3.2.1. Model C

Figure 4 displays the details of the atomistic process of
the crack propagation through the {110}/{111} grain bound-
ary from the {110} part to the {111} part. The initial crack

type is {11̄0}⟨001⟩, which is the same as the initial crack type
of model B. From Fig. 4(a), we can find that before the crack
reaches the grain boundary, the crack propagates forward in
the same manner as the crack propagates in model B. When
the crack tip reaches the grain boundary, the grain boundary
begins to glide. As a result, the crack tip becomes blunt (see
Fig. 4(b)). The blunting effect will relax the stress of the crack
tip and stop the crack propagating forward. Subsequently, the
direction of the crack turns from the direction perpendicular to
the grain boundary to the direction along the grain boundary
(see Fig. 4(c)), leading to the delamination crack.

(a)

(b)

(c)

15 ps

25 ps

40 ps

Fig. 4. (color online) Crack’s atomistic configuration of model C at (a)
15, (b) 25, and (c) 40 ps.

3.2.2. Model D

Figure 5 presents the atomistic process of the crack prop-
agation through the {110}/{111} grain boundary from the
{111} part to the {110} part. The initial crack type is
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{11̄0}⟨112̄⟩. Figure 5(a) gives the atomistic configuration of
the crack at 10 ps. It can be clearly seen that before the crack
reaches the grain boundary, the crack propagates forward in
a cleavage manner, and is accompanied by two small plastic
regions at the two sides of the crack tip. When the crack tip
reaches the grain boundary, the crack tip becomes blunt by
means of the gliding of the grain boundary (see Fig. 5(b)).
With the concentration of the stress on the crack tip, the crack,
which is accompanied by a plastic region and stress-induced
phase transformation ahead of its tip, continues to propagate
forward in the {110} part. However, the blunt effect changes
the propagation mode from complete cleavage to a little duc-
tility, and improves the toughness of the iron.

fcc structure

10 ps

15 ps

30 ps

(a)

(b)

(c)

Fig. 5. (color online) Crack’s atomistic configuration of model D at (a)
10, (b) 15, and (c) 30 ps.

From the studies of the models C and D, we can know
that the {11̄0}⟨001⟩ and {11̄0}⟨112̄⟩ crack types propagate in

a cleavage manner in single crystal at low temperature. How-
ever, the effect of the {001}/{110} type of grain boundary
gliding can remarkably change the fracture mode from brittle-
ness to ductility, and improve the low-temperature toughness
of the iron.

3.3. Effect of {001}/{111} grain boundary on the propa-
gation of the crack

3.3.1. Model E

Figure 6 presents the details of the atomistic process of
the crack propagation through the {001}/{111} grain bound-
ary from the {111} part to the {001} part. The initial crack
type is {11̄0}⟨112̄⟩. Figure 6(a) is the atomistic configuration

10 ps

20 ps

40 ps

dislocation

(a)

(b)

(c)

Fig. 6. (color online) Crack’s atomistic configuration of model E at (a)
10, (b) 20, and (c) 40 ps.
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of the crack at 10 ps, from which we can find that before the
crack reaches the vicinity of the grain boundary, the crack,
which is accompanied by two small plastic regions at its tip,
propagates forward in a cleavage manner, and leaves two
mirror-like planes. When the crack tip arrives at the vicin-
ity of the grain boundary (see Fig. 6(b)), two dislocations are
emitted from both sides of the crack tip. Subsequently, the
dislocation on the upper side of the crack tip is arrested by
the grain boundary. On the contrary, the dislocation on the
low side of the crack tip goes through the grain boundary and
propagates in the {001} part. Unlike the above four models
(A, B, C, and D), the crack passes the grain boundary without
the sliding of the grain boundary. Figure 6(c) gives the atomic
configuration of the crack at 40 ps, from which it can be seen
that ahead of the crack tip, there is a large plastic region where
the nucleation of a nanovoid and recrystallization occur. With
increasing load, the nanovoid becomes bigger and joins with
the main crack. Subsequently, the crack propagates forward.

3.3.2. Model F

Figure 7 is the atomistic process of the crack propagation
through the {001}/{111} grain boundary from the {001} part
to the {111} part. The initial crack type is {11̄0}⟨110⟩. From
Fig. 7(a), it can be observed that a dislocation has been created
from the crack tip and moves along the {112} plane, is then
arrested by the grain boundary, and the emission of the dislo-
cation leads to the crack tip blunting. Before the crack reaches
the grain boundary, a plastic region exists in front of the crack
tip, and the atom in this region is disordered rather than keep-
ing bcc structure (similar to model A). When the crack tip ar-
rives at the grain boundary, the stress in the plastic region ac-
cumulates high enough to generate two long strips of twins in
the {111} part, and this makes the crack open wider. After the
crack tip passes the grain boundary, the plastic region ahead of
the crack tip becomes larger and the crack propagates forward
into it. From Fig. 7(c), we can clearly see that the sliding of
the grain boundary does not appear in the model during the
simulation process.

From the studies of the models E and F, we can find that
the {001}/{111} grain boundary does not slide when the crack
tip arrives at it, so this type of grain boundary has little role in
improving the low temperature toughness of the iron.

3.4. Mechanism of sliding of grain boundary
3.5. Dislocation mechanism of the grain boundary sliding

From the above simulations, it can be found that the slid-
ing of the {001}/{110} and {110}/{111} type grain bound-
ary can blunt the crack and improve the impact toughness.
Grain boundary sliding means a shearing of neighboring
grains with respect to each other, which is localized in their
GBs. From a microscopic viewpoint, there are two mecha-
nisms of grain boundary sliding: one is the movement of GB

dislocations;[32,33] the other is local shear events which rep-
resent either individual atomic jumps or local transformations
of small groups of atoms in the grain boundary phase.[34–37]

Therefore, we will solve the question of which mechanism
controls the grain boundary sliding of the present work.

10 ps

20 ps

44 ps

(a)

(b)

(c)

Fig. 7. (color online) Crack’s atomistic configuration of model F at (a)
10, (b) 20, and (c) 44 ps.

Figure 8 displays the upper part of the crack model B at
20 ps, from which we can find that the crack tip is blunted
by the sliding of the {001}/{110} grain boundary. In order to
study the mechanism of the grain boundary sliding, two local
parts of the grain boundary are enlarged. From the enlarged
parts, we can see clearly that there is one edge dislocation
in each enlarged part, which can prove that the sliding of the
{001}/{110} grain boundary is realized by means of the mo-
tion of dislocation along the grain boundary. We have also
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studied the sliding of the grain boundary in the above cracked
model A, model C, and model D, and found that all the grain
boundary sliding in these models is realized by means of the
motion of dislocation along the grain boundary. Thus, we can
conclude that the mechanism of the grain boundary sliding in
this work is the motion of dislocation along the grain bound-
ary.

dislocation

Fig. 8. (color online) The atomistic configuration of model B at 20 ps.
The two enlarged parts show the dislocations, which originate from the
crack tip and slide along the {001}/{110} grain boundary.

3.6. Energy analysis of the grain boundary sliding

In order to study the underlying cause of the grain bound-
ary sliding we have calculated the generalized stacking fault
(GSF) energy of the grain boundary, which is a total energy
variation (Φ(R)) under the rigid shift of one part of the crystal
relative to another at a fault vector R along the [11̄0] direction.
To be consistent with the above cracked models, we construct
three kinds of grain boundary model with the same orienta-
tions as the above cracked models A, C, and E, respectively.
Each model is divided into two parts by grain boundary; the
part on one side of the grain boundary is fixed and the part
on the other side of the grain boundary is gradually displaced
along the [11̄0] direction. During this rigid sliding, the GSF
energy can be calculated by

Φ(R) = (Epot(R)−Epot(0))/S, (2)

where R is the relative shear displacement between the lower
fixed part and the upper moving part, S is the total area of the
(111̄) plane, Epot(R), and Epot(0) are the potential energies of
the system at the relative shear displacement R and 0, respec-
tively.

Figure 9 shows the GSF energy as a function of the di-
mensionless shear displacement during the rigid sliding of the
lower (fixed) and upper (moving) parts of the crystal. The
energies located at 0.5b (b =

√
2a0, with a0 being the lattice

constant of Fe) are the unstable stacking energies, which rep-
resent the energy barrier for grain boundary slipping. It can be
found that the unstable stacking energies of the {001}/{110},

{110}/{111}, and {001}/{111} grain boundaries are 3.93,
3.74, and 19.42J/m2, respectively. That is to say, the unsta-
ble stacking energies of the {001}/{110} and {110}/{111}
grain boundaries are almost equal to a fifth of the unstable
stacking energy of the {001}/{111} grain boundary. There-
fore, the {001}/{110} and {110}/{111} grain boundaries are
easier to slide than the {110}/{111} grain boundary under the
shear stress. This is the reason why the {001}/{110} and
{110}/{111} grain boundaries can slide under the shear stress
of the crack tip and the {110}/{111} grain boundary cannot.
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Fig. 9. (color online) Generalized stacking fault energy as a function
of the dimensionless shear displacement during the rigid sliding. The R
is the relative shear displacement between the lower fixed part and the
upper moved part.

Based on the above simulations and energy analysis,
the sliding of {001}/{110} and {110}/{111} grain bound-
aries plays an important role in arresting the propagation of
the crack (along the SD) which is perpendicular to the grain
boundary (along the RD), and increases ductility of the ma-
terial. The similar mechanism of improving ductility by slid-
ing of the grain boundary was also addressed by Farkas in the
study of fracture resistance of nanocrystalline Ni.[38] When the
propagation of the crack along the SD is arrested by the grain
boundary sliding, the crack will propagate in a grain boundary
sliding manner (model A and model B) or by delamination of
the grain boundary manner (model C), and this will dramat-
ically enhance the low-temperature impact toughness of the
steel. Furthermore, the ultrafine grain structure bcc steel bar
was analysed by EBSD, and it was found that the intensities
of the SD//⟨101⟩ crystal orientations are larger than those of
the SD//⟨001⟩ crystal orientations and those of the SD//⟨111⟩
crystal orientations.[14] From the analysis of the EBSD, we
can deduce that the quantity of the {001}/{110} type and
{110}/{111} type grain boundary is larger than that of the
{001}/{111} grain boundary. This can increase the proba-
bility of the grain boundary sliding and contribute to impact
toughness. Moreover, the ultrafine grain structure bcc steel
bar has an ultrafine elongated grain structure, and the aver-
age grain size in the SD direction is 260 nm.[13] This ultrafine
grain structure along the SD and elongated along the RD can
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increase the quantity of the grain boundary along the SD and
elongate the free gliding distance of the grain boundary (along
the RD). Therefore, it is another key factor to improve the im-
pact toughness of the ultrafine grain structure bcc steel bar.

4. Conclusions
In this paper, molecular dynamics simulations are used to

investigate the mechanisms of low-temperature impact tough-
ness of the ultrafine grain structure steel. Firstly, based on
the analysis of EBSD, six cracked models are constructed to
study the effect of the grain boundary on the impact toughness
of the ultrafine grain structure steel. The simulations suggest
that the sliding of the {001}/{110} type and {110}/{111} type
grain boundaries can arrest the cracks which propagate along
the SD direction, sometimes leading to the crack propagat-
ing along the grain boundary, forming a delamination crack
at the grain boundary, and improving the impact toughness.
However, the {001}/{111} type grain boundary cannot slip
along the grain boundary and has no contribution to the im-
pact toughness. Then, the mechanism of grain boundary slid-
ing was studied, and it was found that the dislocations that nu-
cleate at the crack tip and move along the grain boundary are
the underlying cause of the grain boundary sliding. Finally, the
sliding of the grain boundary was analyzed from the standpoint
of the GSF energy and we found that the unstable stacking en-
ergies of the {001}/{110} and {110}/{111} grain boundaries
are almost equal to a fifth of the unstable stacking energy of
the {001}/{111} grain boundary. Therefore, the {001}/{110}
and {110}/{111} grain boundaries are much easier to slide
than the {110}/{111} grain boundary under the shear stress of
the crack tip. Thus, we can draw a conclusion that the sliding
of the {001}/{110} type and {110}/{111} type grain bound-
aries is one of the main factors to improve the low-temperature
impact toughness of the ultrafine grain structure steel. The
methods which can increase the quantity of the {001}/{110}
type and {110}/{111} type grain boundaries and elongate the
free gliding distance of these grain boundaries will improve
the low-temperature impact toughness of the ultrafine grain
structure steel.
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