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Abstract

The plastic deformation mechanism of iron (Fe) nanowires under torsion is studied
using the molecular dynamics (MD) method by applying external driving force at a
constant torsion speed. We find that the deformation behaviors depend on the
orientation of the wire. The dislocations in <100> and <111> oriented nanowires
propagate through the nanowires under torsion whereas those in <110> oriented
nanowires divide the wire into two parts. The situation that there is a low angle twist
grain boundary (GB) in the nanowires is also under consideration. The results reveal
that the dislocations concentrate on the GB in the initial state, presenting different
patterns of dislocation network. The networks change depending on the twist direction.
They shrink with increase in twist angle but expand with the decreasing twist angle
presenting an asymmetric phenomenon. Our findings can help us deeply understand

the plastic deformation mechanism of Fe nanowires under torsion.
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1. Introduction

Nanowires are attracting a lot of interests due to their unique properties and
potentials as a fundamental building block of nanotechnology, having been envisioned
to apply in miniaturized electrical, optical, magnetic, catalytic and mechanical
systems [1-6]. Therefore, in order to build more robust nanodevices, it is necessary to
study their mechanical behaviors of the fundamental deformation. However, it is
difficult and challenging to perform experiments to evaluate the mechanical properties
of nanowires at nanoscale. With the rapid improvement of computational capability,
MD simulation, as an efficient tool to study the mechanical behaviors of
nanomaterials, has been used widely.

For tensile properties of nanowires, Wu et al. [7] performed simulations on the
failure of copper nanowire, and they confirmed that nanowire failure depends on the
length of nanowire. The plastic deformation mechanism of Cu nanowires was
investigated by Xie et al. [8] using the MD method. They pointed out a new
mechanism of face centered cubic (fcc)-body centered cubic (bec)-hexagonal close
packed (hcp) phase transformation at a high strain rate. Tensile testing of Fe and FeCr
nanowires was done by Byggmastar et al. [9] using MD simulations. And they
identified that the pure Fe nanowires are elastically softer than bulk Fe. Other
simulations made by Sainath et al. [10-12] studied the tensile deformation and
fracture behaviors of Fe nanowires, and the results revealed that the deformation
behaviors depend on not only the size but also the orientation. Healy et al. [13] found
the compression-tension asymmetry in plasticity of Fe nanopillars by MD simulation.

For torsion properties of nanowires, simulations were carried out by Christopher et al.
2

Page 2 of 27



Page 3 of 27

RSC Advances

[14, 15] to research the plasticity of metal nanowires under torsion. It was observed
that the plastic deformation of nanowires under torsion could be either homogeneous
or heterogeneous, regardless of size, depending on the wire orientation, and the
plasticity is dominated by dislocation nucleation from free surfaces. Gao et al [16]
made simulation to investigate the mechanical behaviors of Cu nanowire under
torsion, and they discovered that the nanowires take different paths of deformation at
different loading rates. We recently also discussed the evolution behaviors of GB for
metals and their bimetal interface under torsion. Our finding shows that bimetal
interface has an inhibition on the evolution of GB [17]. The simulations discussed
above reveal that MD method is a good tool to study the mechanical behaviors of
nanomaterials.

Bcc Fe nanowires present good magnetic properties. Therefore, they are suitable to
apply in data-storage media and memory devices, spin electronics, medical sensors
and as an enhancement agent for magnetic resonance imaging [18-20]. But studies on
Fe nanowires are not perfect or sufficient. Now the work is confined to the study of
plastic deformation of Fe nanowire under tension and compression. As for torsion
effects, the very common phenomena in micromechanical application of nanodevices,
such as molecular motors, nano gears and nano bearings, as far as we know, have not
been studied in Fe nanowires before. However, it is inevitable to keep some defects in
the nanowires under some conditions, such as GB, having a great influence on the
mechanical properties of the nanowires.

In this work, we investigate the plastic deformation behaviors of Fe nanowires in
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three orientations under torsion using the MD method, together with the evolution
phenomena of their low angle twist GBs. Dislocation structures are presented with the
time to show the deformation mechanism. And the potential energies of the nanowires
as a function of time are also depicted to explain the plastic deformation behaviors.
They can help us understand the deformation behaviors of Fe nanowires easily. And it
is convenient for us to design the nanodevices made of Fe nanowires.
2. Methods

The simulations have been carried out using a parallel program, LAMMPS, which
is widely used in MD simulations [21-24], developed by Plimption [25]. Empirical
inter-atomic potential developed by Mendelev et al. [26] with an embedded-atom
method was employed. It coincides with the experiment results very well. As far as
we are concerned, it has been used to study the motion of dislocation for Fe in MD
simulations widely [10-12] [27-28]. The simulation model was a cylindrical nanowire
with a length of 15 nm and a radius of 5 nm, in total comprising 100 590, 101 288 and
100 828 atoms in <100>, <110> and <111> orientations, respectively. When there was
a twist GB, the nanowires was divided into two equal parts by the GB. The initial
twist angle was set to 9.8 degrees. To do this, we can rotate the upper part with an
anticlockwise angle of 9.8 degrees. Then it was treated as the initial twist angle of the
model. The structures of GB were obtained by the following steps. Firstly, the initial
distance of two grains was set to larger than the interlayer spacing of adjacent planes.
Then an energy minimization of the system was performed by conjugate gradient

algorithm to obtain a stable structure. We applied periodic boundary conditions in the
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axial direction with free boundary conditions in the other two directions. There are
about 1.5 nm atoms layers above (or below) the bottom (or top) layers were fixed as
rigid layers, and a twist rate of 27 x10~ rad fs! was applied on the top rigid layers,
as shown in Fig. 1. We have also tested our simulation results by applying different
rates, and it shows that there is little influence on the simulation results with the
rotation rate from 0.1z x107 rad fs”' to 107x10~ rad fs". The canonical ensemble
was applied throughout the whole MD simulations with a Nose-Hoover thermostat
and the time step was set to be 1 fs. In order to avoid the effect of temperature on the
dislocation nucleation in the sliding process, the system was thermally equilibrated to
a low temperature of 50K. The centro-symmetry (CS) parameter [29] for each atom in
the model, except the rigid layers, was calculated to clearly visualize the various
defects. For Fe, we have tested the CS parameters in different configurations. Here we
use CS > 0.8 which is enough to show all kinds of crystal defects. All the figures in
this work were coloured based on atoms’ CS values. To study the temperature effect
on the system in the simulations, the cases at 20K and 100K are taken into
consideration, respectively. As for size effect, the models with lengths of 12nm and 20
nm, and the models with radii of 3nm and 7nm are also taken into consideration,
respectively.
3. Results and discussions
3.1 The deformation behavior of defect-free nanowire under torsion

Fig. 2(ap) is the initial configuration in <100> oriented nanowire. Fig. 2(a;) and (a,)

are the defect structures of Fig. 2(ag) after 62 ps and 80 ps, respectively. Fig. 2(a3) and
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(a4) are their side views, respectively. Fig. 2(ag) reveals that there is no dislocation in
the initial nanowire except the boundary shown in a circle. With an increasing of the
twist angle, the nanowire undergoes elastic deformation first, and then the plastic
deformation. In the stage of elastic deformation, without torsion, the deformation
disappears gradually, so the wire can change back to its initial configuration. Beyond
the elastic limit, dislocations begin to generate on the nanowire surface, and then
propagate within the nanowire, finally form a dislocation line with a mirrored “C”
shape which is marked with a red curve, as seen in Fig. 2(a;). With the plastic
deformation continue, the screw dislocation line extends through the nanowire from
the driving end to the fixed end. In addition, more dislocation lines begin to generate
from the boundary, and they intersect each other eventually, as shown in Fig. 2(a4),
forming a three-dimensional network structure which can prevent the slippage of
dislocations. Therefore, the strength of nanowire in <100> orientation can be
enhanced. It is manifested that dislocations in <100> oriented nanowire are inclined to
propagate along the <100> orientation, and a modest twist may improve the strength
of <100> oriented Fe nanowire.

Different from the case above, the plastic deformation behaviors of <110> oriented
nanowire presents an intriguing phenomenon, as illustrated in Fig. 2(b). Fig. 2(by) is
the initial configuration. Fig. 2(b;) and (b;) are the defect structures of Fig. 2(by) after
60 ps and 80 ps, respectively. Fig. 2(bs) and (bs) are their side views, respectively. At
the beginning of the deformation, dislocation planes are generated on the nanowire

surface gradually, and then propagate to the center of the wire with the increasing
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twist angle, as seen in Fig. 2(b;) and (b3). The red arrows marked in Fig. 2(b;)
represent the Burgers vectors which are parallel to the <111> orientation. As the
twisting continues, the propagation directions of dislocations normal to the Burgers
vectors move to the center of the wire. And eventually a larger dislocation plane is
formed, namely the GB, dividing the whole wire into two parts, as depicted in Fig.
2(b,) and (bs), respectively. This phenomenon coincides with the theory [28, 30] that
the <111> orientation is the slip direction of (110) slip plane in Fe nanowire.

Fig. 2(cy) is the initial configuration of <111> oriented nanowire. Fig. 2(c;) and (c;)
depict the dislocation structures of Fig. 2(c) after 60 and 80 ps, respectively. Fig. 2(c3)
and (c4) are their side views, respectively. It reveals that the deformation behavior
shows a similar phenomenon to the case of <100> oriented wire. The nanowire
boundary begins to produce dislocations with increase in twist angle, and then the
dislocations form a dislocation line finally. However, there are still some differences,
the nanowire surface also produces slip planes extending through the wire, as depicted
in Fig. 2(c;) and (c3), respectively. The three dot lines marked in Fig. 2(c;) represent
the propagation directions of the dislocations. Each two lines make an angle of 120°
which is in agreement with the <110> crystal orientation family. Moreover, when the
twist is over a certain degree, dislocations normal to the rotation axial are generated at
two ends of the wire with the increasing twist angle, as shown in Fig. 2(c;) and (c4),
respectively.

Fig. 3 illustrates the potential energies of the three oriented nanowires change with

time. Although the nanowires have different orientations, they have the same trends.
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From beginning to the 56 ps, the nanowires are in the eclastic stage under external
stress, so the curves increase in a quadratic form with time. In the vicinity of 60 ps,
they reach the first yield point, the energy curves decrease sharply because of the
dislocation. After this, the curves begin to increase linearly. As for the curve in <111>
oriented nanowires, there is a fluctuation in the vicinity of yield point. This may be
that the wire generates some slide planes which may decrease the energy absorbed by
dislocation atoms. Compared the three curves, it can be seen that the <100> oriented
nanowires undergoes a longer elastic stage, therefore, the elasticity of Fe nanowires in
<100> orientation is better than those in the other orientations.
3.2 The deformation behavior of nanowire with a twist GB under torsion

The twist GB evolution behaviors of nanowires in three orientations under
anticlockwise and clockwise torsion are presented in Fig. 4(a), (b) and (c),
respectively. The initial twist GB structures of different orientations display different
patterns of planar networks which have been reported [31-32] in other materials.
Fig. 4(ap) is the top view of the initial GB structure in <100> oriented nanowire,

forming a rectangular dislocation network with uniformly distributed orthogonal

dislocation lines. A similar phenomenon has been researched by Hafez Haghighat et al.

[33]. Fig. 4(a;), (az) and (a3), (a4) are the anticlockwise and clockwise twist GB
configurations of the initial GB structure after 20 ps and 40 ps, respectively. The
dislocation lines are close to each other gradually under anticlockwise torsion with the
increasing twist angle, leading to a shrinking of the dislocation network as shown in

Fig. 4(a;) and (ay), respectively. This phenomenon is in good agreement with our
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previous report [17] for face-centered cubic metals before. On the other hand, the
screw dislocation lines are far away from each other under clockwise torsion with the
twist angle becoming smaller, as seen in Fig. 4(a3). As the twisting continues, the
screw dislocation lines adjacent to the boundary become curved and irregular, as
presented in Fig. 4(a4), which may be the effect of the boundary.

The top view of initial twist GB structure in <110> oriented nanowire can be seen
in Fig. 4(by). Fig. 4(b;), (b2) and (b3), (bs) are the anticlockwise and clockwise twist
GB configurations of the initial GB structure after 20ps and 40 ps, respectively. The
dislocation network consists of zigzag dislocation lines forming many junctions of an
“X” shape which can be seen in Fig. 4(by) with a red circle. Each junction consists of
four screw dislocations. Under anticlockwise torsion, with the twist angle becoming
larger, the dislocation lines tend to move to the center of the GB, so the “X” junction
shrinks leading to a shrinking of the dislocation network, as shown in Fig. 4(b;) and
(by), respectively. Therefore, the density of dislocation increases gradually. However,
the dislocation lines propagate to the border of GB under clockwise torsion. The “X”
junction expands with the increasing twist angle, resulting in a decrease of dislocation
density, as revealed in Fig. 4(bs). As the twisting continues, the dislocations are
almost lost in the twist GB finally, as depicted in Fig. 4(bs). The two parts have a
trend to form a defect-free nanowire. It is revealed that rotation provides a feasible
method to eliminate the dislocations in twist GB for <110> oriented nanowires, which

can improve the mechanical properties of the nanomaterials.
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Fig. 4(co) depicts the top view of the initial twist GB structure in <111> oriented
nanowire. Fig. 4(c;), (cz) and (c3), (c4) are the anticlockwise and clockwise twist GB
configurations of Fig. 4(cy) after 20 ps and 60 ps, respectively. The screw dislocation
network is different from the cases having been discussed above, consisting of three
group of parallel dislocation lines. The dislocation lines immigrate to the center of GB
under anticlockwise torsion. The parallel dislocation lines are close to each other
leading to a shrinking of the dislocation network as shown in Fig. 4(c;) and (c,),
respectively. Then the density of the dislocations increases with increase in twist angle.
Under clockwise torsion, with the twist angle decreasing, the parallel dislocation lines
are far away from each other gradually resulting in an expansion of the dislocation
network, as presented in Fig. 4(c3) and (c4), respectively. Fig. 4(d) is the side view of
the <111> oriented wire corresponding to Fig. 4(c). It illustrates the dislocations can
move to the grain interior eventually, which coincides with the dislocation evolution
tendency of defect-free nanowires.

From Fig. 5 the potential energy curves of <100> and <111> oriented nanowires
increase under clockwise torsion, whereas they increase first and then tend to
equilibrium under anticlockwise torsion. This is because the rotation of the specimen
is inhibited with the reducing dislocations under clockwise torsion then the potential
energy starts to be stored in the nanowires. Under anticlockwise torsion, the
dislocations increase first, and then form a steady slip layer making the rotation
happen easily, so the potential energy becomes to equilibrium finally. As for the <110>
oriented nanowires, the curve is similar to other orientations under anticlockwise

10
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torsion. However, it drops first and then presents a similar phenomenon to the
defect-free nanowires under clockwise torsion. This is because the dislocations
disappear gradually with the decreasing twist angle, and then the model undergoes an
elastic deformation and a plastic deformation successively with increase in twist
angle.

Comparing the twist GB evolution behaviors of the three oriented nanowires
studied above. It is concluded that the dislocation networks shrink under
anticlockwise torsion but expand under clockwise torsion showing an asymmetric
phenomenon. Therefore, the density of dislocation increases with the increasing twist
angle but decreases with the decreasing twist angle. This may be that the misfit lattice
sites increase when the twist angle becomes larger but decrease when the angle
becomes smaller. In addition, the patterns of the dislocation networks are also
different from each other, just depending on the orientation of the nanowires. The
dislocation network in <100> oriented nanowire consists of two group of parallel
screw dislocation lines. While the dislocation network in <111> oriented nanowire is
made of three groups of parallel dislocation lines. As for the dislocation network in
<110> oriented nanowire, it shows an intriguing pattern, forming many junctions of
an “X” shape.

Now we give an interpretation of the GB evolution behaviors we have studied
above. The twist GB structure in <100> oriented nanowires can be seen in Fig. 6(a).
Crystal orientations, i.e. [010], [001], [010] and [001], are marked with red
arrows to describe the dislocation slip directions. They are parallel to the dislocation

11
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lines and form an orthogonal structure which is in agreement with the dislocation
network. That is to say, the <110> crystal orientation family are the slip directions of
twist GB in (100) plane. This may be that atomic arrangement in <100> directions is
relative loose, the interaction between atoms is weaker than the cases in <110> and
<111> directions making atoms glide easily in these directions. For screw dislocation,
the propagation directions of dislocation lines are perpendicular to the dislocation
lines. Under anticlockwise torsion, the immigration directions of dislocation lines
point to the center of GB resulting in the dislocation lines close to each other.
Whereas they propagate to the border of GB, leading to an expansion of the
dislocation network under clockwise torsion.

Fig. 6(b) presents the local structure of twist GB in <110> orientation, showing an
“X” shape. Crystal orientations, i.e. [111], [111], [111] and [111], are noted
with red arrows to represent the dislocation slip directions. They are parallel to the
dislocation lines, forming an “X” junction. The high angle between two atom
arrangement directions (between [111] and [1 Tl], [111] and [I1 T]) is measured
to be 109.5°, which coincides with the theory value. Then it is manifested that the
slip directions of (110) twist GB are <111> crystal orientation family. The driving
forces of the four directions are equal in size, because they are symmetrical. Under
anticlockwise torsion, the propagation directions of the dislocation are normal to the
dislocation lines and point to the area of low angles (between [111] and [111],
[111] and [111]). The four Burgers vectors interact with each other resulting in a
shrinking of the dislocation network. While the propagation directions of dislocation

12
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lines point to the area of high angles under clockwise torsion. The dislocation lines
expand to make an “X” junction become larger.

The dislocation structure in (111) twist GB is consist of three groups of parallel
dislocation lines. Therefore, there are three slip directions in the local structure as
shown in Fig. 6(c). Crystal orientations, i.e. [011], [101] and [110], are marked
with red arrows to represent the dislocation slip direction which is consistent with the
atom rearrangement direction. Then we can know that <110> crystal orientation
family are the dislocation slip directions of (111) twist GB. Under anticlockwise
torsion, the propagation directions of dislocation lines are perpendicular to the
dislocation lines and point to the center of GB, leading to a shrinking of the
dislocation network. Under clockwise torsion, the dislocation lines point to the border
of GB resulting in an expansion of dislocation structure.

3.3 The temperature effect on deformation behavior of nanowire under torsion

Now we take temperature effect into consideration. The initial dislocation
configurations are not shown because there is no dislocation in defect-free nanowires
without torsion. Fig. 7(a) and (b) are the dislocation structures of the model at 20K
and 100K, respectively. Fig. 7(a;) and (a;) are the dislocation structures of initial
configuration after 62 ps and 80 ps, respectively. Fig. 7(a;) and (a4) are their side
views, respectively. Fig. 7(b) shows the dislocation structures of the model
corresponding to Fig. 7(a) at the same time. At 62 ps, there is no dislocation line in
Fig. 7(a;), whereas there are many dislocation lines in Fig. 7(b;). At 80 ps, all of them
form three-dimensional network structures, as shown in Fig. 7(as) and (ba),

13
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respectively. Then it can be seen that the evolution speed increases with the rising
temperature, but temperature does not change the evolution tendency. This may be
that high temperature can improve the activity of atoms. As for the nanowire with a
twist GB, temperature also has nothing with the deformation trend of dislocation.

3.4 The size effect on deformation behavior of nanowire under torsion

As for size effect, both length and radius are taken into consideration. Fig. 7(c) and
(d) are the dislocation structures of the model with a length of 12 nm and 20 nm,
respectively. Fig. 7(c) presents the dislocation structures of the model corresponding
to Fig. 7(a) at the same time. Fig. 7(d;), (d») and (ds) are the dislocation structures of
initial configuration after 62 ps, 80 ps and 100 ps, respectively. Fig. 7(dy) is the side
view of Fig. 7(d3). It can be seen that the dislocation in shorter specimen can evolve
faster from Fig. 7(c) and (d). However, the two models have the same evolution trend,
forming three-dimensional network structures, as seen in Fig. 7(cs) and (ds),
respectively. This may be that the shorter specimen has a larger torque.

Fig. 7(e) and (f) are the dislocation structures of the model with a radius of 3 nm
and 7 nm, respectively. Fig. 7(e;), (e2) and (es3) are the dislocation structures of initial
configuration after 62 ps, 100 ps and 140 ps, respectively. Fig. 7(e4) is the side view
of Fig. 7(e3). Fig. 7(f) depicts the dislocation structures of the model corresponding to
Fig. 7(a) at the same time. From Fig. 7(e) and (f), it is concluded that the model with a
larger radius changes faster than that with a smaller radius. And they also form

three-dimensional network structures finally, as shown in Fig. 7(es) and (fa),
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respectively. This may be that the specimen with a larger radius has a larger surface,
and the surface atoms suffer larger forces making them move more easily.

Then it is concluded that the dislocation evolution tendency keeps constant at low
temperature with the changing size. The size effect just affects the evolution speed of
dislocation, but does not change their evolution trend under torsion. As for the
nanowires with a twist GB, size effect also does not change the evolution tendency.

4. Conclusions

In summary, we have systematically studied the plastic deformation mechanism of
Fe nanowires in <100>, <110> and <111> orientations under torsion using the MD
method. The evolution results of the nanowires with a twist GB are different from
those of defect-free nanowires. In defect-free nanowires, the dislocations in <100>
and <111> oriented nanowires can propagate through the nanowires, while the
dislocations in <110> oriented nanowires form a large plane dividing the nanowire
into two parts finally. But there are also some differences between <100> and <111>
oriented nanowires. The dislocations of <100> oriented nanowires present a line in a
mirrored “C” shape, whereas those of <111> oriented nanowires also form dislocation
planes in a mirrored “C” shape except the dislocation line. As for the nanowires with a
twist GB, they show intriguing plastic deformation behaviors in GBs. The GB in (100)
plane shows a rectangular array of screw dislocation consisting of two group of
parallel dislocation lines. An “X” junction is formed in (110) twist GB by four
dislocation lines. The network in (111) GB is made of three groups of parallel screw
dislocation lines. All of the dislocation networks shrink under anticlockwise torsion

15
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but expand under clockwise torsion indicating an asymmetric phenomenon. From the
patterns of the dislocation networks, it can be seen that <100> orientation is the slip
direction of (100) dislocation plane in Fe nanowire but the slip direction of (111)
plane is <110> orientation. Our findings depicted the plastic deformation behavior
clearly and can help us deeply understand the plastic deformation mechanism of Fe
nanowires under torsion, which is meaningful to the design and synthesis of various
nanodevices.
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Fig. 1 Schematic of the simulation model (dimensional unit: nm)
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Fig. 2 (a), (b) and (c) are the dislocation evolution configurations of Fe nanowires in <100>, <110>

and <111> orientations, respectively.
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Fig. 3 Black, red and blue curves represent the potential energy of the region between the two

ends in the <100>, <110> and <111> oriented nanowires, respectively.
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Fig. 4 (a), (b) and (c) are the GB evolution behaviors of Fe nanowires in <100>, <110> and <111>

orientations, respectively. (d) is the side view of (c) for reference.
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Fig. 5 The potential energies of the GB region between the two ends in <100>, <110> and <111>
orientations with the time are marked in black, red and blue curves, respectively. The part on the
left of zero point represents the potential energy under anticlockwise torsion whereas the right part

under clockwise torsion.
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Fig. 6 (a), (b) and (c) are the local structures of Fig. 4(ay), (by) and (cy), respectively. The red

arrows represent the dislocation slip directions.
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Fig. 7 (a) and (b) are the evolution behaviors of <100> oriented Fe nanowires at 20K and 100K,

respectively. (c¢) and (d) are the evolution behaviors of <100> oriented Fe nanowires with a length
7
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of 12 nm and 20 nm, respectively. (e¢) and (f) are the evolution behaviors of <100> oriented Fe

nanowires with a radius of 3 nm and 7 nm, respectively.
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