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The effect of coherent twin boundary migration on
the deformation mechanism of Fe—Ni nanowires:

molecular dynamics simulation

Wenchao Shi, ©2 Jun Cai,*® Yong Zhang® and Junping Lin®

Fe—Ni nanowires (NWs) containing coherent twin boundaries (CTBs) have received widespread attention in

recent years owing to their unique chemical properties. It is important to understand the influence of CTBs

on the deformation mechanism of Fe—Ni alloy NWs to develop functional materials based on Fe—Ni alloy
NWs. The deformation process of BCC Fe—Ni NWs containing several CTBs under uniaxial stretching was
simulated using the molecular dynamics method. It is shown that the NWs of CTBs exhibit two

deformation mechanisms under uniaxial stretching. The first mechanism shows that CTB migrates and

then completely merges and disappears after yielding the NWs. In this case, if dislocations occur, only

few dislocation lines are generated. During the stretching process, the potential energy of atoms within

grains increases slowly, while the potential energy of atoms on the CTB increases rapidly. Thus, the

whole CTB has a huge activation energy, which leads to its migration. The second mechanism is that

during deformation, CTBs of NWs do not migrate. In this case, the potential energy of almost all atoms

in the NWs increases. Thus, the local energy of the NWs jumps to a higher level. The higher local energy

changes their structure near the CTB from the BCC phase to amorphous structural phases, and the
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nucleations of deformation twins and those of dislocation lines occur in these regions. Furthermore, the

twins and dislocations grow within the grains. These grown twins and dislocations impede the migration

DOI: 10.1039/d4ra07238c

rsc.li/rsc-advances twin boundaries.

1. Introduction

Alloy nanowires (NWs) play a pivotal role in the field of chemical
catalysis and exhibit extensive applications in various domains,
including electronic devices, sensors, optical components, energy
conversion and storage materials, as well as biomedical
materials.’” In order to better use this material, it is crucial to
study its mechanical properties. Owing to their special magnetic
and chemical properties, alloy NWs containing coherent twin
boundaries (CTBs) have attracted increasing attention.®
Compared with common high-angle grain boundaries, CTBs not
only have lower energy but also belong to distortion-free
boundaries, which make CTBs common in metals.”® It is gener-
ally believed that twins increase the strength of crystals, but some
studies have suggested that twin boundaries can weaken the
mechanical properties of crystals in body-centered cubic
metals.>'® The effect of CTBs on the mechanical properties of
alloy nanowires is different from that of a macro alloy block. In
order to better understand the influence of CTBs on the
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of CTB. These findings are beneficial for the better application of alloy nanowires containing coherent

mechanical properties of NWs, a variety of devices have been
used experimentally to characterize the influence of twins on
their mechanical properties.’® However, the extremely small size
and complex application environment of NWs make their
experimental evaluation challenging. Molecular dynamics and
Monte Carlo simulations can provide atomic-level microscopic
insights into the mechanical properties of nanoscale alloys. In
fact, molecular dynamics simulations have been widely used to
study the elastic modulus, deformation mechanism, and failure
behavior of metal nanowires, such as Fe-Ni NWs, Ni-Co NWs,
and Nb NWs."'** Previous theoretical studies of nanowires have
shown that the deformation mechanism depends on the orien-
tation of the nanowire crystals. Sainath et al. found that nano-
wires with <100>, <112> and <102> orientations deform mainly
through the twin mechanism, while nanowires with <110> and
<111> orientations deform via dislocation sliding."* Li et al. used
molecular dynamics to study the mechanical properties and
deformation mechanism of Fe-Cu-Ni ternary alloys, and they
found that temperature and impurity atoms played an important
role in the deformation mechanism of the alloys.”” To our
knowledge, there is currently no research on the deformation
mechanism of Fe-Ni-BCC-NWs containing multiple CTBs under
tensile loading. Herein, we studied the mechanical properties of
BCC-Fe-Ni NWs by molecular dynamics. We employed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecular dynamics simulations with varying Ni atomic ratios
and simulation temperatures to investigate the similarities and
differences in the deformation mechanisms of Fe-Ni NWs con-
taining different numbers of CTBs under tensile loading.

2. Theory and methods

A large-scale parallel atomic/molecular simulator (LAMMPS*®)
was used to simulate the tensile mechanical properties of the
BCC Fe-Ni alloy NW. The NW comprises cylindrical lines with
a cross-section diameter of 8.0 nm and a length of 40 nm. The
NW contains several layers of CTBs that are equidistant and
parallel. The nanowire was constructed using a method similar
to that from Li et al.™* and Deng et al.,"” and is shown in Fig. 1.
We utilized Atomsk to construct a rectangular BCC Fe crystal
model containing CTBs without Ni doping. Subsequently,
LAMMPS was employed to carve out a cylindrical NW.' As
a typical example, Fig. 1 shows the NW with 4 layers of CTBs
perpendicular to the <112> direction of the Z-axis. The X-axis
and Y-axis are along the <—1-11> and <—110> directions,
respectively. The NWs are stretched along the Z-axis. The peri-
odic boundary condition is added along the Z-axis, and the
other two directions in the NWs were kept free. We simulated
the stretching process of the Fe-Ni alloy NWs including 0-10
CTBs. Ni atom contents of 1.5% and 8.5% were adopted. We
simulated the structure of 1000 randomly doped Ni atoms via
MD using the model with the energy minimum for subsequent
MD simulations.

The interactions between atoms in the Fe-Ni alloy NW were
investigated using the embedded atom method potential by
Bonny et al.*® This potential function has been successfully used
to study the solid-liquid interface energy of crystal Fe," the
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interactions between the asymmetric dislocation and planar
fault in Fe-Ni alloys,* the crystallization mechanisms of the
rapidly supercooled Fe-Ni alloys,** irradiation damage in the
Fe-Ni alloy,” and the atomic diffusion between different phase
boundaries in the Fe-Ni alloy.”® Li et al. used the potential to
simulate the deformation process of Fe-Ni alloy NWs not con-
taining CTBs under a stretching load."* They found that a large
number of dislocations and deformation twins are produced in
the NW."" In the present simulation, we consider an Fe-Ni alloy
NW that contains CTBs. A Nose Hoover-type thermostat for
temperature control is used.** The steps for the simulations are
as follows: Firstly, the conjugate gradient method is used to
minimize the energy of the system at the temperature of 0 K.
Then, an NPT ensemble is implemented to simulate the micro-
structure evolution of the system at some temperature. The
system was equilibrated by running for 100 000 time steps, at
which point the model had reached an energy-optimized state.
Subsequently, an NVT ensemble is used to simulate the
stretching process of the NW system along the Z-axis at a strain
rate of 3.0 x 10% s™". Dislocation extraction analysis (DXA) in
OVITO software is used to observe the evolution of the dislo-
cations and crystal structure of the NW.>

3. Results and discussions

3.1 Effects of the CTBs layers, temperature, and Ni
concentration on the tensile mechanical properties of the Fe-
Ni alloy NW

We simulated the stretching process of the Fe-Ni alloy NW. The
Ni content of the NW includes two kinds of concentrations at
1.5% and 8.5%. The NWs are stretched under four different
temperatures of 100 K, 300 K, 600 K, and 900 K. To reduce the

Coherent twin
boundary

Twin boundary
spacing

Fig. 1 Fe—Ni alloy NWs, including 4 CTBs, in which the types of atoms are not shown.
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Fig. 2 Stress—strain curves of NW at 100 K (a) for Fe—Ni alloy NWs with 1.5% Ni and (b) for Fe—Ni alloy NWs with 8.5% Ni. The color curves

correspond to the NW with the different number of CTB layers.

impact of the thermal vibration, Fig. 2 shows the stress-strain
curves of the NW containing (a) 1.5% and (b) 8.5% Ni under
a stretching load at the temperature of 100 K, and the curve IDs
represent the number of CTB layers. From the figure, it can be
seen that the stress-strain curves of the Fe-Ni NWs containing
different CTB layers exhibit similar shapes under the two kinds
of doping levels. If the strain is less than 4% for the NW with
two kinds of doping contents, the stress increases linearly with
the strain. If the strain is greater than 8% for the NW with 1.5%
Ni atoms, the NW begins to yield and then its strength drops
rapidly. If the strain is greater than 6% for the NW with 8.5% Ni
atoms, the NW also begins to yield and then its strength rapidly
decreases. The NW not containing CTBs poses the highest yield
stress among the NWs with Ni contents of 1.5% and 8.5% under
the tensile loading at the temperature of 100 K. Cui et al
simulated the deformation process of BCC W NWs under
tensile loading, together with experimental studies, and found
that the twin reduces the yield strength of the W NWs.”

We calculated the ratio of stress to strain to obtain the
Young's moduli of the NWs from its stress-strain curve at its

linear region (strain of 0-0.4). The Young's modulus of the NWs
with 1.5% and 8.5% Ni atom contents (and not containing CTB)
is calculated to be 156 GPa and 150 GPa, respectively. From
Fig. 2(a and b), it can be observed intuitively that the stress-
strain curves of all the NWs almost overlap each other in their
linear region of strain at less than 0.04 for the NWs, regardless
of whether they contain CTBs. This indicates that the Young's
modulus of the NWs remains almost unchanged with the vari-
ation in the number of CTBs. In FCC Ni-Co NW, a similar
conclusion was also obtained,' i.e., CTBs have almost no effect
on the Young's modulus of FCC NW. From Fig. 2, it is also seen
that the NWs with 8.5% Ni atom content have lower yield stress
than the NWs with 1.5% Ni atom content. Li performed simu-
lations for the tensile Fe-Ni alloy NWs, and found a lower yield
strength of the NWs with higher Ni concentration of the Fe-Ni
alloy NWs.?

We calculated the yield stress of the NWs at the temperatures
of 100 K, 300 K, 600 K, and 900 K. The yield stress curves of NW
containing 1.5% and 8.5% Ni atoms as a function of tempera-
ture are shown in Fig. 3. Fig. 3(a) corresponds to the NW
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Fig. 3 Yield stress of NWs as a function of the number of CTBs layers at different temperatures (a) for NWs with 1.5% Ni atom content and (b) for

NWs with 8.5% Ni atom content.
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containing 1.5% Ni atoms, and (b) corresponds to those con-
taining 8.5% Ni. From Fig. 3, it also can be seen that the NWs
with 8.5% Ni atom content have lower yield stress than the ones
with 1.5% Ni atom content. From the figure, it can be seen that
for NWs containing 1.5% Ni atoms, the presence of CTBs
significantly reduces the yield stress of the NW. At 100 K, the
NWs containing 8.5% Ni also showed similar results. However,
in the NW containing 8.5% Ni atoms, the influence of CTBs on
the NW yield stress is relatively small. At 600 K, CTB has little
effect on the yield stress of Fe-Ni NW with 1.5% and 8.5 Ni
atoms. At 900 K, it was found that the yield stress of NW is
almost independent of the number of layers of CTBs. To further
understand the deformation mechanism of the Fe-Ni alloy NWs
with 0-10 CTBs, we focus on the NW structure at the lower
temperatures of 100 K and 300 K because of the influence of
thermal vibration on the NW structure at temperatures greater
than 300 K.

3.2 Tensile deformation mechanism of the Fe-Ni alloy NW
where CTBs do not migrate

Simulations show that two phenomena occur during the
stretching process of the NWs. One phenomenon involves the
NWs where CTBs do not migrate, and the other one involves the
NWs where they do migrate. Fig. 4 shows the atomic snapshots
for the Fe-Ni alloy NWs containing 1.5% and 8.5% Ni atoms
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during the stretching process at 100 K temperature. The project
planes are the (100) face, and (a and c) correspond to the 1.5%
and 8.5% Ni atom CTBs-free NWs, respectively, and (b and d)
correspond to the NWs with four CTB layers. From Fig. 4, it can
be seen that a large number of deformation twins and a small
amount of 1/2 <112> Shockley dislocation lines are produced in
the NWs, whether or not they contain CTBs. Sainath et al. per-
formed a theoretical simulation for the tensile BCC Fe alloy NW
without CTBs. They found that the NW produces a deformation
by twinning deformation and dislocation slip.** The deforma-
tion mechanism of the NW along the <112> direction from
Sainath et al. is consistent with the present results.

In Fig. 4, the black and red arrows indicate the deformation
twins and 1/2 <112>Shockley dislocation lines, respectively. In
the figure, the yield of the NWs occurs at the strain of 10.02%,
9.06%, 7.10%, and 6.00%, respectively. For the CTB-free NWs
containing fewer Ni atoms (1.5%), it is seen that the dislocation
lines occur first at the junction of the outer surface and ending
bottom of the NW (see the leftmost part of Fig. 4(a)). With
consistent stretching of the NW, the deformation twins are also
generated on its outer surface (see the rightmost of Fig. 4(a)).
For the fewer Ni atoms NWs containing 4 CTB layers, it is found
that the 1/2 <112> Shockley dislocation line first occurs on its
CTBs (see the leftmost part of Fig. 4(b)). Upon further stretching
the NW, more deformation twins and 1/2 <112> Shockley
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Fig. 4 Atomic snapshots of the Fe—Ni alloy NWs of (a and b) 1.5% and (c and d) 8.5% Ni atom near the yield point at the temperature of 100 K. (a
and c¢) correspond to the CTBs-free NWs and (b and d) correspond to the NWs with 4 CTB layers.
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dislocation lines occur on the CTBs of the NW (see the middle
and rightmost parts of Fig. 4(b)). For more Ni atoms (8.5%) NW
that are CTBs-free, dislocation lines are firstly generated on the
outer surface (see the leftmost part of Fig. 4(c)), and then twins
are produced on its outer surface (see the middle and rightmost
parts of Fig. 4(c)). For the NW containing 4 CTBs and more Ni
atoms, deformation twins first occur on its CTB. Upon further
stretching the NW, more deformation twins and 1/2 <112>
Shockley dislocation lines occur on its CTBs, and the part of
CTB is disrupted by the deformation twins (see the far right side
of Fig. 4(d)).

To understand the deformation process of NWs in more
detail, as an example, Fig. 5(a and b) show the growing process
of the deformation twin and dislocation line, respectively, in the
form of enlarged snapshots, in the NW of Fig. 4(b). From Fig. 5,
it can be seen that during the deformation process, firstly, the
atom group near CTBs in the lower Ni content NWs have
transformed from the BCC phase to the amorphous structural
phases (see Fig. 5(al and b1)), then the nucleation of the
deformation twins (a2) and dislocation lines (b2) are formed on
the amorphous structural phases. Finally, the deformation
twins (a3) and dislocation (b3) grow into the grain of the NW.
Cui et al. pointed out the preferential nucleation of defects at
the intersection of the surface in their study of the tensile
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fracture of W NWs, and twinning is the main reason for the
decrease in the fracture strength of the NWs containing twin-
ning. The present conclusion is consistent with that of Cui
et al’®

3.3 Tensile deformation mechanism of Fe-Ni alloy NW
where CTBs do migrate

In the present simulations, we found that the 1.5% Ni atoms
CTBs in NWs with 0-3, 5-7 CTBs, and 8.5% Ni atoms CTBs in
NWs with 1-10 CTBs do not migrate, and the deformation twins
and dislocation lines are produced as described in the above
section at 300 K. Thus, if the strains continuously increase
enough, the necking phenomenon is accompanied in the NWs.
However, the CTBs in the 1.5% Ni atoms Fe-Ni NWs of 4, 8-10
CTBs do migrate and disappear during the stretching process at
300 K. Among them, the NW with 4, 10 CTBs even showed the
phenomenon of all CTBs migrating and disappearing. Accord-
ing to our simulation results, the effects of these three param-
eters on the migration phenomenon can be summarized as
follows: higher temperature facilitates the migration of CTBs,
while an increase in the nickel concentration inhibits the
migration of CTBs.

Twin boundaries generated
during stretching

L.y
(a2)

Twin boundaries generated
during stretching

(b2) (63)

Fig.5 The growth process of the deformation twins and dislocation lines in an NW with 1.5% Ni content and 4 CTBs at a temperature of 100 K. (a
and b) are divided into the growth process of the deformation twins and the dislocation lines from the CTBs, respectively.
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It is generally believed that the grain boundaries in crystals
will migrate, merge, and disappear at high temperatures. In
recent years, it has also been found that at lower temperatures,
external forces can directly cause grain boundaries in crystals to
migrate, merge, and disappear, resulting in the coarsening of
grains.>**" At present simulations, the migrations, merging,
and disappearing of CBTs are found at low temperatures (300 K)
for the Fe-Ni alloy NWs containing 4, 8-10 CTBs. The tensile
external force may be the source of the migration and merging
of the CTBs. To clearly understand the phenomenon of the
complete disappearance of the CTBs in the NWs, as an example,
a 1.5% Ni atom NW with 4 CTBs was used to explain such
a disappearance process of the CTBs (Fig. 6).

As shown in Fig. 6, unlike the NWs of 0-3, 5-7 CTBs, a 1.5%
Fe-Ni NW with 4 CTBs does not produce new deformation twins
and dislocation lines before the yield of NWs. All the grains in
the NW undergo an overall deformation under the external
forces along the Z-axis. The CTBs parallel initially to the xoy
horizontal plane gradually deviate and tilt from the horizontal
plane under the loading (see Fig. 6(b)). As the strain increases
gradually, the inclination angle further increases, and then the
CTBs migrate and even merge. In this process, unlike in the
NWs of 0-3, 5-7 CTBs, there are no deformation twins produced
in the NWs of 4, 8-10 CTBs and only a very small number of
dislocation lines appear near the CTBs migration. Finally, the
CTBs disappear in the NWs. In previous studies, the interfaces
within the alloy, under the action of force, can activate
symmetry breaking under certain conditions.”® Through exper-
iments and molecular dynamics simulation, Zhu et al. pre-
sented a finding that under shear loading, the grain boundary
does migrate.”* Kvashin et al. reported the migration of twin
boundaries in BCC crystals under shear action.** So, the shear
makes the CTBs migrate. Based on the phenomena observed in
our simulations and literature, the migration process of CTBs in
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Fig. 6 Snapshot of a 1.5% Ni atoms Fe—Ni NW with 4 CTBs under
strains of 0%, 7.05%, 7.5%, 7.8%, 8.2%, and 10% at a temperature of 300
K. (@) The project plane (100) of the NW. (b) The project plane (010) of
the NW, where atoms were removed from the NW and only the
surface recognized by OVTIO is kept.
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our work can be described as follows: during the stretching
process, symmetry breaking forces the twin boundaries to
completely deviate from the xoy plane without generating any
dislocation lines or deformation twins. Subsequently, this
symmetry breaking leads to the deformation of perfect grains,
and further stretching exacerbates this deformation. At this
point, the deformation effect is similar to the shear effect, which
leads to further migration of CTBs in this shear effect, ulti-
mately triggering the CTBs migration in NW under tensile
action.

During the tensile process, the microstructural changes
(such as dislocation nucleation, deformation twinning, and
grain boundary migration) occurring within the NW are typi-
cally accompanied by changes in the system's energy.
Approaching these phenomena from an energetic perspective
can aid in better understanding the formation mechanisms of
crystalline deformation.?** Specifically, during the simulation
process, the formation of defects involves the rearrangement of
some atoms within the crystal. This atomic rearrangement
inevitably leads to rapid changes in the system's potential
energy. In particular, the potential energy of the rearranged
atoms in the crystal will differ significantly from that of the
unrearranged atoms. Indeed, to theoretically calculate and
analyze the likelihood of structural changes in crystals, various
energetic analysis methods have been proposed in previous
work, such as the calculation of the activation energy during the
dislocation nucleation by McPhie et al. In general, these ener-
gies are derived from the potential energy of the simulated
system.** In our work, to visually represent our simulation
results, we utilized snapshots of the system's potential energy
and atomic potential energy to intuitively demonstrate the
similarities and differences between the two deformation
mechanisms.

Fig. 7 shows the variation of the total potential energy with
time for 1.5% Ni atom Fe-Ni NW of 0-10 CTBs at 300 K, and the

= O OO=1TO U WHN -
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Fig. 7 Variation of the total potential energy of the NW system with
time during the stretching process for the 1.5% Ni atoms Fe—Ni NWs of
1-10 CTBs at a temperature of 300 K. Each time unit is set to 100
picoseconds (ps).
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Fig. 8 Shows the comparison of structural changes and potential
energy changes during tensile deformation, where (a) shows the
comparison of structural changes and potential energy changes
during CTB migration, and (b) shows the comparison of structural
changes and potential energy changes during CTB non migration.

curve IDs represent the number of CTB layers. In the figure, the
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the tensile process. The former is the NWs where CTBs do
migrate, and the latter is the NWs where CTBs do not migrate.
The symmetry breaking during the migration of CTBs, as
previously summarized, undoubtedly requires a significant
increase in energy within the system to activate this particular
mode of atomic structural transformation, despite its intricate
physical mechanisms.* A faster potential energy curve serves as
a signal for the activation of symmetry breaking. Among the
NWs where CTBs do migrate, the NW of 4 CTBs has the fastest
increase in potential energy. The possible reason is that in the
NW of 4 CTBs, the single-layer twin boundary moves the longest
distance to migrate, compared with the NWs of 8-10 CBTs. In
this case, a larger migration energy is required. For the NWs of
1-3, 5-7 CTBs where CTBs do not migrate, their total potential
energy undergoes a local reduction during the tensile loading
and is followed by a faster increase.

Fig. 8 demonstrates the evolution of the atomic structure
and potential energy near the CTB in the nanowire (NW) as
strain increases up to the yield point, distinguishing between
the migrating and non-migrating grain boundaries. Each sub-
figure comprises an atomic snapshot (top) and its correspond-
ing potential energy map (bottom), where (a) depicts
a migrating grain boundary and (b) shows a non-migrating
grain boundary. Notably, the figure reveals that significant
changes in potential energy occur prior to observable structural
transitions. This indicates that the underlying energy changes
provide deeper insights into the structural modifications.

From the figure, it can be seen that atoms with lower
potential energy are displayed in blue, while atoms with higher
potential energy are represented in red. It can be observed that
during the stretching process of the CTB migration, there is no
significant increase in red in the local potential distribution

.
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Fig.9 The distribution of potential energy in the (001) face of NWs containing 1.5% Ni atoms with 4 (a), 10 (b), 5 (c), and 7 (d) CTBs at 300 K during
stretching. The atoms with lower potential energy are displayed in blue, and the atoms with higher potential energy are displayed in red. Fig. 8(a
and b) are for the migration of CTBs in NW, and Fig. 8(c and d) for the non-migration of CTBs in NW.
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within the grains, while the red in CTB is very bright (see Fig. 9(a
and b)). This means that the atomic potential energy within the
grain will not significantly increase, while the atomic potential
energy on CTB is very high. Therefore, under the action of
external forces, CTB accumulates sufficient energy and begins
to migrate with increasing strain. On the contrary, for the non-
migration of CTB (see Fig. 9(c and d)), more red areas appeared
within its particles, as the red color in CTB is also very bright.
This means that the potential energy of some atoms within its
grains and CTB significantly increases. The higher potential
energy causes these atoms to transition from the BCC phase to
an amorphous phase. These atoms are located near the CTB,
but within the grain. Therefore, further stretching of non-
migrating CTBs, deformation twinning, and dislocations can
lead to nucleation and growth within grains and near CTBs.
These formed defects hinder the movement of CTB.

4. Conclusions

The uniaxial tensile process of the Fe Ni alloy NW with 1-10 CTB
was simulated using molecular dynamics at different tempera-
tures and Ni atomic contents. The simulation results showed
that under uniaxial tensile load, two deformation mechanisms
were discovered during the stretching process of NWs: a CTB
migration deformation mechanism and a CTB non migration
deformation mechanism. Specifically, for the migration of CTBs
in NWs, the potential energy of the entire NW rapidly increases
during the stretching process, but the atomic potential energy
within the grain does not significantly increase. At this time, the
increased energy during the stretching process is concentrated
on CTBs, which ultimately leads to CTBs migration. For the
CTBs not migrating in NW, the potential energy of some atoms
within its grain and CTBs increased significantly during the
deforming of the NWs. The higher potential energy makes these
atoms transform from the BCC phase to the amorphous phase.
These atoms are located near the CTBs and within the grains.
Thus, further stretching the NWs, deformation twins, and
dislocation can nucleate and grow within the grain and near the
CTBs. These formed defects hinder the movement of the CTBs.
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