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will specify exactly the conditions under 
which the formation of nanostructures is 
reversible after bending the nanowire. 

 Reversibility is typically related to the 
shape memory effect and pseudo-elasticity 
in shape memory alloys (SMAs). [ 5–7 ]  The 
shape recovery is achieved by thermo-
elastic martensitic phase transformations 
and domain switching. The driving force 
for the shape recovery arises from the free 
energy difference between the martensite 
and parent phase. This effect is strongly 
size-dependent and it is not obvious 
how SMAs operate in thin wires. [ 8,9 ]  The 
fundamental question is whether a dif-
ferent shape memory effect exists at the 

nanoscale and if so by which mechanism. This is important 
because many traditional SMAs fail under nanoscale bending 
and it becomes important to search for alternative functional 
materials to replace the traditional SMAs for such nanoscale 
applications. We show by molecular dynamics simulations that 
α-Fe, which is not a shape memory alloy, also shows shape 
recovery (or pseudo-elasticity) after bending. Large bending in 
α-Fe occurs via the formation of interfaces between domains 
of different orientation and twinning. The deformed nanowire 
completely recovers under unloading. The mechanism is 
shown to be very different from the classic pseudo-elasticity, 
and is related to high-energy interfaces in the nanowire and 
not the martensite-austenite phase transformation. This result 
has implications more widely for shape-dependent SMAs that 
are used in microelectromechanical systems (MEMS) tech-
nology. This is also an example of the emerging fi eld of domain 
boundary engineering where functionality (namely the shape 
recovery) is linked to domain boundaries and interfaces, but 
not to bulk properties (such as the martensite–austenite phase 
transformation). [ 10–12 ]  

 Previous molecular dynamics (MD) simulations have iden-
tifi ed a class of metallic nanowires with both face-centered 
cubic (fcc) and body-centered cubic (bcc) structures that show 
pseudo-elasticity and shape memory effects. [ 13–19 ]  This pseudo-
elastic behavior was achieved under uniaxial tension while little 
is known whether such unique behavior can still exist when a 
wire is bent. Under tension, the shape recovery relates to the 
reversibility of conventional twinning. The driving force for 
the recoverable deformation stems from the minimization of 
the surface energy. [ 14,15,17,18 ]  The total recoverable strain is very 
large and can exceed 40%. A large inelastic deformation medi-
ated by conventional twinning has been confi rmed experimen-
tally in fcc palladium and bcc tungsten. [ 20,21 ]  Here we also show 
that the shape recovery effect under bending in α - Fe relates to 
the formation of nonconventional interfaces between domains 
of different orientations. Unlike conventional <111>/{112}-type 
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  1.     Introduction 

 Fe based nanowires are the key element in magnetic racetrack 
technologies for high density memory devices. [ 1 ]  In this appli-
cation, mobile domain walls and interfaces are the carriers of 
information. Magnetoresistance (MR) measurements as func-
tions of domain wall density, temperature, and angle of the 
applied fi eld determine the fi eld MR contributions. They relate 
to conventional ferromagnetism and the erasure of domain 
walls. A negative domain wall contribution to the resistivity 
shows that domain boundaries are an important hindrance 
for electronic transport while electron transport in Fe micro 
or nanowires without such domain structures is particularly 
large. [ 2 ]  In racetrack technologies, magnetic domain walls are 
generated during the writing action. These walls often interact 
with low-velocity domain walls such as twin walls, which is det-
rimental for the device performance. [ 3,4 ]  The understanding of 
twin walls and other domain walls are hence crucial for the opti-
mization of nanowires for racetrack-type memory devices. We 
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twinning in bcc metal, these interfaces under bending lie in 
{110} planes of α-Fe and possess high interfacial energies. The 
nanowire completely recovers after unloading. The thermody-
namic driving force is hence very different from the pseudo-
elasticity in bcc and fcc nanowire under tension, as it is related 
to high-energy interfaces, while the surface energy becomes 
somewhat less important. We also show that this bending 
induced pseudo-elasticity can be extended to a wide range of 
wire diameters if the sample is seeded with conventional twin 
boundaries, which will transform to the desired {110} inter-
faces under bending.  

  2.     Results and Discussion 

  2.1.     Bending Induced Pseudo-Elasticity 

 Bending is achieved by tilting the rigid loading ends 
against each other, while keeping the neutral line constant 
( Figure    1  a). The bending angle  θ  is defi ned as half of the incli-
nation angle of the two fi xed surface layers against each other 
(parallel surfaces layers for  θ  = 0° and semi-circle bending for 
 θ  = 90°). The bending deformation generates a stress gra-
dient as shown in Figure  1 b. The magnitude of stress normal 
to the cross-sectional area drops linearly from a tensile stress 
at the top surface to a compressive stress at the bottom sur-
face. The bending moment is calculated by integrating the 
moments of all atomic sites in the cross-sectional area as 

∫σ dnl S
S

, where  σ  n  is the normal stress for each atomic site in 

the loading grid,  l  is the distance from the atomic site to the 
neutral line and  S  is the cross-sectional area of the loading 
grid.  

  Figure    2  a shows the bending moment as a function of 
bending angle at 300 K in a α-Fe nanowire with dimensions 
22.6 nm × 3.2 nm × 3.2 nm. The black and red curves refer to 
loading and unloading stages, respectively. The nanowire fi rst 
undergoes an elastic deformation under loading with an almost 
linear increase of the bending moment and then yields when 
 θ  = 22°. The bending moment undergoes an abrupt drop at the 
yield point; further yield events follow at higher bending angles. 
The nanowire is then unloaded from the maximum bending 
angle of 80°. After unloading, the nanowire fully recovers its 
original shape (red curve in Figure  2 a).  

 The atomic confi gurations during the (un-)bending pro-
cess show recovery/nucleation of domains and interfaces. 
Figure  2 b–i shows the atomic confi gurations during loading 
and unloading. Starting from the pristine nanowire (Figure  2 b), 
interfaces nucleate from the top surface when the nanowire 
fi rst yields (Figure  2 c). Bending produces a large tensile stress 
in the top surface where twin planes nucleate. These planes are 

the conventional <111>/{112}-type twin planes as reported for 
[100]-oriented α-Fe nanowire under tension. [ 14 ]  Once interfaces 
and domains nucleate, they grow towards the inside of the 
nanowire in a wedge shape (Figure  2 d). Further loading nucle-
ates more domains and promotes their growth (Figure  2 e,f). 
The interfaces layer of the triangular domain is distorted 
and lies near the {110} plane instead of the conventional 
{112} twin plane in bcc crystals. The nucleation and growth of 
twin regions correspond to the change of the bending moment 
in Figure  2 a. 

 A recoverable detwinning process occurs when the 
nanowire is unloaded, as shown in Figure  2 g–i. The increase 
of bending moment in Figure  2 a corresponds to the detwin-
ning progress. The annihilation of domains is accomplished 
at  θ  = 17°. Further unloading leads to the release of elastic 
energy. Note that we avoided the intersections between twins 
and the wire-surface at the lowest layer because such intersec-
tions induce major disruptions during the shape recovery to 
the sample.  

  2.2.     The Nonconventional {110}-Type Interface 

  Figure    3  a shows the morphology of the {110} interface in a side 
view at  θ  = 26°. The top four layers of the nanowire are shown 
in different colors. A red dashed circle marks the nucleation 
site of the triangle-shaped interface. Figure  3 b shows the atomic 
arrangement in the [011] direction of the highlighted area. 
Figure  3 c–f shows the atomic arrangement of each plane from 
the inside to the top surfaces: a local <111>/{112} “twin” forms in 
each layer whereby the “twin plane” of each layer glides like a  a /6 
[111] partial dislocation. The thicknesses of the local <111>/{112} 
twin in each layer are not constant but decrease from the top 
layer downwards. In fact, we fi nd no twinning in the fourth layer 
in Figure  3 c while there is still a weak displacement in the third 
layer. The  a /6 [111] partial dislocation nucleates from the surface 
and glides in the plane, leading to a lattice misfi t in this layer 
as indicated in the grey solid line in Figure  3 d–e. The displace-
ment of atoms near the surface becomes larger than that in the 
interior of the wire, e.g., the displacements in the second layer 
are twice as large as the  a /6 partial (Figure  3 e) and the displace-
ments in the fi rst layer increase to three times of the  a /6 partial 
(Figure  3 f). The relative displacement persists between each adja-
cent layers and thus shows that the {110} interface is formed by 
piling up a series of local <111>/{112} twins. Here we can see 
that the confi guration of the nonconventional {110} interface is 
quite different from the <111>/{112} twin boundary. A schematic 
image of the formation of traditional <111>/{112} twins and non-
conventional {110} interfaces is shown in Figure S1 (Supporting 
Information).  
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 Figure 1.    Illustration of bending deformation in nanowires. a) Simulation model. b) Distribution of normal stress in cross-sectional area.
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 Figure 2.    Pseudo-elasticity of α-Fe nanowire (22.6 nm × 3.2 nm × 3.2 nm) under bending at 300 K. a) The variation of bending moment with bending 
angle. b–f) Typical atomic images for loading. g–i) Typical atomic images for unloading. The color of the atoms represents the centrosymmetry 
parameter. [ 22 ] 

 Figure 3.    Illustration of a distorted {110} interface. a) The snapshot of deformed nanowires at  θ  = 26°. The top four layers are present for each layer 
in a different color. The area indicated by the arrow is where the {110} interface forms. b) Top view of atomic confi guration in the area indicated by the 
arrow. c–f) Atomic images for each top single layer from inside to the top of the nanowire.



FU
LL P

A
P
ER

763wileyonlinelibrary.com© 2015 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 Once nucleated, further bending induces the growth of the 
{110} interface.  Figure    4   shows the atomic confi guration of 
interfaces in a highly deformed nanowire. The atoms in yellow 
color indicate the surfaces and those in blue color refer to the 
{110} layer of the interface. All local twin boundaries are dis-
torted and connected to form a W shape with each segment 
in the {110} planes. In fact, W-shaped interfaces are similar 
to bifurcated twins and commonly observed in ferroelastic 
materials. [ 23,24 ]    

  2.3.     The Effect of the Surface Roughness on Pseudo-Elasticity 

 Present experimental techniques can fabricate nanowires of 
ultrathin size, [ 25,26 ]  approaching that of our simulations. How-
ever, it is very diffi cult to produce materials without any defects 
and dislocations. Surface roughness and vacancies will always 
exist. In order to mimic the experimental conditions, we ana-
lyze the effect of preexisting defects on the pseudo-elastic 
behavior. The density of preexisting dislocations is usually very 
low, as the nanowire is in the “dislocation starvation” state. [ 27 ]  

Here we primarily consider the effect of the surface roughness 
on the twinning deformation and the related pseudo-elasticity. 

 A rough surface was created by removing surface atoms ran-
domly from a pristine nanowire.  Figure    5  a shows the initial 
model with 5% of the surface atoms removed. The nanowire 
was then subjected to the same loading/unloading experiment 
as the perfect wire. We fi nd that the surface roughness does not 
have a signifi cant infl uence on the twinning mediated pseudo-
elasticity. The variation of the bending moment as function of 
the bending angle is shown in Figure  5 b and behaves similarly 
as that in the smooth nanowires. Twinning is still the dominant 
mode under bending deformation, as shown in Figure  5 c–f. 
The {110} interfaces and W-shaped patterns are formed. The 
detwinning progress occurs at the unloading stage and the 
shape of the nanowire is almost completely recovered after 
unloading.  

 Surface roughness is hence relatively unimportant for 
bending deformations in nanoscale α-Fe wires when twin-
ning is the main deformation mechanism. This is different 
from macroscopic bcc crystals, such as α-Fe, W, and Mo, where 
plastic strain is primarily carried by dislocations and defor-
mation twinning is less common. [ 28 ]  However, when the size 
reduces from the micro to the nanoscale, the material strength 
increases dramatically, [ 29–31 ]  and dislocations become rare. [ 32,33 ]  
Previous simulations and experiments on nanoscale α-Fe 
under tension already showed that twinning dominates. [ 34–38 ]   

  2.4.     Multitwinned Bending Pseudo-Elasticity Based 
Nonconventional {110} Interfaces 

 Our results apply only to very thin nanowires. When we upscale 
the size of the nanowire, dislocations will appear during defor-
mation, which potentially destroys pseudo-elasticity. To avoid 
the nucleation of dislocations, we seed the sample with con-
ventional <111>/{112} twin boundaries. These twin boundaries 
are expected to become non-conventional {110}-type  interfaces 
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 Figure 4.    Snapshot of a {110} interface under bending. The morphology 
of the {110} interface is typically W-shaped.

 Figure 5.    The effect of surface roughness on pseudo-elasticity. a) The initial confi guration of nanowires with rough surfaces. The color of the atoms is 
shown according to its centrosymmetry parameter. [ 22 ]  b) The variation of bending moment with bending angle. c–f) Atomic confi gurations marked in (b).
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under bending, as shown in  Figure    6  . Once the sample is 
seeded with twin boundaries, we fi nd that no dislocations 
nucleate because the preexisting twin boundaries compensate 
the main part of the bending energy. Seeding is hence the 
second “defect mechanism,” which turns out to be benefi cial 
for shape recovery.  

 In the simulations, we consider a nanowire with a multi-
domain structure. The initial dimension of wire is 72 nm in 
 x -[100], 10 nm in  y -[011] and  z - [011] directions, respectively. 
The twin spacing is ≈8 nm. The sample was then bent in the 
 xy -plane. Figure  6 b–d shows the shape of the nanowire upon 
loading/unloading of a multitwinned sample. The pre-existing 
twin boundaries fi rst lie in {112} planes (Figure  6 e). They start 
to move when the bending angle reaches 4°, after the end of 
the elastic regime. Twin planes bend by generating steps in 
the interface. In this way the {112} twin boundary transforms 
to the {110} interface (Figure  6 f). Most of the {110} interfaces 
transform back to the original {112} twin boundaries upon 
unloading. However, we noticed that some step-like interfaces 
are formed near the bottom surface when the bending angle 
reaches zero (Figure  6 g). Figure  6 h shows the variation of the 
bending moment with bending angle during the loading/
unloading process. The unloaded nanowire contains some 
steps and does, therefore, not completely transform back to 
the original state after the fi rst unloading. Nevertheless, the 
remaining defects do not change the fundamental process of 
pseudo-elasticity. During the second and third cyclic bending 
deformation, the nanowire continues with full shape recovery 
behavior. The “defect” region is already present in the initial 
state (after the fi rst cycle) of the shape recovery experiment 
(Figure  6 i) and does not change under subsequent cycles. 

 The structure of the defect area is shown in  Figure    7  . We 
found that steps occur in the (112) plane and form locally 
a <111>/{112}-type twin structure. The newly formed twin 

boundary has a low interfacial energy and it does not change 
much the energy balance after unloading. In addition, its high 
mobility helps the nanowire to recover its shape.  

 Seeding longer nanowires with conventional twin bounda-
ries does indeed prevent dislocations from appearing and main-
tains a good shape recovery effect under repeated bending. We 
expect that seeding will also be possible for thicker nanowires, 
which is essential for potential applications.  

  2.5.     The Driving Force for Pseudo-Elasticity 

 The formation of interfaces and deformation twinning induces 
permanent plastic strain in bulk crystals. Unlike their bulk 
counterparts, the pseudo-elasticity of nanowires is mediated 
by a reversible twinning mechanism. [ 15,17 ]  The traditional 
understanding is that such pseudo-elastic behavior and shape 
recovery under tension is driven by the reduction of the surface 
energy. [ 14,15,17,18,39 ]  The high surface energy of nanosized mate-
rials has even driven nanowires to undergo unusual marten-
sitic phase transitions. [ 39,40 ]  Here we will show that the scenario 
is quite different for bending deformations. 

 We analyze the driving forces during bending-induced 
pseudo-elasticity in terms of their energetics. The bending 
moment acting on the system will generate mechanical work. 
The mechanical work balances the changes of surface energy 
(Δ E  sur ), the {110} interfaces (Δ E  int ), and the elastic energy 
(Δ E  ela ). We then calculate the components of Δ E  sur , Δ E  int , and 
Δ E  ela  for the bending deformation in order to identify which 
part provides the primary driving force for the pseudo-elastic 
effect.  Figure    8  a shows a snapshot of the atomic confi gura-
tion for the maximum bending angle  θ  = 80°. The colors mark 
the potential energy per atom. The distribution of energies 
per atom in Figure  8 b shows three regimes marked in blue 
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 Figure 6.    The bending of a <111>/{112} multi-twinned nanowire. a–d) Typical atomic images for loading and unloading. e–g) The interface morphology 
of different types in details. h) The variation of bending moment with bending angle in the fi rst bending cycle. i) The variation of bending moment with 
bending angle in the fi rst three bending cycles. The pseudo-elastic effect was fully recoverable under multiple cycling (after the fi rst cycle when some 
defects were generated near the lower surface). The color of the atoms show their centrosymmetry parameter. [ 22 ] 
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(elastic bulk energy), red (interfacial energy), and magenta 
(surface energy). No overlap exists between the surface energy 
and other energies so that it is straightforward to defi ne atoms 
at the surface as those that have energies in the magenta 
regime. Some overlap exists between the elastic bulk energies 
and the interfacial energies. Most interfacial energies are well 
separated from elastic energies; these are atoms at the core of 
the interface. Atoms further away from the core approach the 

bulk energy so that a limiting value was set to separate these 
two regimes. We determine the threshold between elastic 
and interfacial energy by the criterion that no isolated atoms 
in the bulk should contribute to the interface energy. This 
lower bound for the energy leads to a value for the threshold 
of �4.25 eV per atom. Typical energy distribution near the 
twin boundary is shown in Figure S2 (Supporting Informa-
tion). The wider we choose the interfacial energy distribution 
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 Figure 7.    Structure of the step interface formed under unloading. a) Side view of the (112) interface, which is constructed by a series of <111>/{112} 
twin boundaries. b) Top view of the step interface in two atomic layers which consist of local <111>/{112} twins.

 Figure 8.    a) Distribution of potential energy in a bent nanowire at  θ  = 80 o  (shown in Figure  2 f). The colors show the atomic potential energy for each 
atom. b) Distribution of atoms according to their potential energy. Three distinct energies are the elastic energy (blue), the interface energy (red), and 
the surface energy (magenta). Thresholds between the three groups were defi ned as –4.25 eV per atom (elastic to interfacial energy) and –4.05 eV 
per atom (interfacial to surface energy) c) Variation of energy components upon loading and unloading. Red circle, blue triangle, and green square 
represent Δ E  int , Δ E  ela,  and Δ E  sur , separately. Black triangle represents the total potential energy as Δ E  tot . The {110} interfacial energy provides the main 
driving force for shape recovery.
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the more atoms are counted as interfacial energy. As the total 
interfacial energy is dominated by its high energy tail, these 
small changes do not change the calculated energies in the 
three regimes very much. We then calculate the energy of each 
regime (the details are shown in Figure S3 in the Supporting 
Information), and then divide the energy by the total number 
of atoms in the nanowire so that the unit of energy becomes 
meV per atom. The resulting values of Δ E  sur , Δ E  int , and Δ E  ela  
for each bending angle are shown in Figure  8 c during loading 
and unloading. Under loading, Δ E  ela  increases during the 
elastic deformation and reaches a maximum at the end of the 
elastic regime near the lowest yield point. The elastic energy 
Δ E  ela  remains almost unchanged in the subsequent plastic 
regime. Δ E  sur  and Δ E  int  do not change much during the elastic 
stage and increase gradually with increasing bending angle in 
the plastic regime. Comparing the magnitude of all compo-
nents during detwinning, we fi nd that Δ E  int  is larger than the 
other energies in the plastic regime. The surface energy con-
tributes little to small bending angles ( θ  < 32°) and approaches 
the level of the elastic energy when the bending deformation 
is very large. During further unloading, all three components 
decrease, indicating that all contribute to the driving force for 
recovery. However, since the Δ E  int  provides a large part of the 
three energy components, it also contributes greatly to the 
shape recovery. This result is quite different from pseudo-elas-
ticity induced by tension, where surface energies provide the 
dominant driving force for shape recovery. [ 14,15 ]    

  2.6.     Bending-Induced Twinning and Related Shape Recovery 
in Experiments 

 Deformation in bulk bcc metals at room temperature is usually 
controlled by dislocations with high lattice resistances. [ 28,41–46 ]  
However, in small-scale bcc crystals, the large surface area 
tends to destabilize bulk dislocation sources. As a result, nucle-
ation of defects from the surface, including dislocations and 
twins, becomes a competing deformation mode at room tem-
perature and low strain rates; twinning dominates when its 
nucleation from the surface is easier than that of dislocations. 
A recent experimental result shows twinning as the dominant 
deformation mechanism at nanoscale in bcc tungsten metal. [ 21 ]  
Our results are very similar. 

 The recent experiment in tungsten also shows that the com-
petition between twinning and dislocations at the nanoscale 
still follows the Schmid law, indicating that the formation of 
twinning is orientation dependent. [ 21 ]  Our simulations show 
that twinning occurs in the tensile regime with tension along 
[100] direction, which is again consistent with recent experi-
mental work in tungsten. [ 21 ]  

 As for the bending pseudo-elasticity, there are very few 
experimental observations of shape recovery of bent nanowires. 
Previous experiments have shown that materials with almost 
“defect-free” structures can sustain large bending deforma-
tions, such as Cu, [ 47 ]  GaP whiskers, [ 48 ]  or Si nanowires. [ 49 ]  It 
was argued that planar defects, such as stacking faults or twin 
boundaries, were generated upon bending, and shape recovery 
depends on the migration of defects. Our simulations show a 
similar effect where the role of defects is taken by the nucleation 

and propagation of nonconventional interfaces along {110}. 
Similar interface driven shape recovery was observed in bulk 
Cu-Al-Ni SMAs with a triangle shaped twin morphology. [ 50 ]  The 
crystallography of domain wall bending motions was elucidated 
in a multi-domain bar of In-Tl alloys. [ 51 ]  For non-SMAs, highly 
localized twin bands were observed in magnesium alloy under 
three-point bending. [ 52 ]    

  3.     Conclusion 

 Using atomistic simulations, we found shape recovery in bent 
[100]-oriented α-Fe nanowires. A nonconventional {110} inter-
face is formed by piling up {112} local twin and <111> a /6 par-
tial dislocations due to the stress gradient produced by bending. 
The {110} interface processes a high interfacial energy, and 
provides the primary driving force for shape recovery upon 
unloading. Such bending pseudo-elasticity can be extended to a 
wide range of wire diameters, if the sample is seeded with con-
ventional twin boundaries which will transform to the desired 
{110} interfaces under bending.  

  4.     Experimental Section 
 The atomic interactions in α-Fe were simulated by the embedded atom 
method (EAM). [ 53,54 ]  The nanowire with an orientation of  x -[100],  y -[011], 
 z -[ ]0 11 and a simulation box of 80 a  × 8 2  a  × 8 2 a  (corresponding to 
22.6 nm × 3.2 nm × 3.2 nm) were constructed, where  a  (=0.2855 nm) 
is the lattice repetition unit of α-Fe at 0 K. Before bending, the nanowire 
was relaxed at 300 K for 0.1 nanosecond using a Nosé–Hoover 
thermostat. [ 55,56 ]  One atomic layer at both ends of the nanowire was fi xed 
rigidly as the loading grip during bending. The bending was achieved by 
tilting the rigid loading ends against each other. The tilt was increased 
stepwise by Δ θ  = 1° per step and relaxed at 300 K for 0.1 nanosecond. 
Unloading experiments are performed in a similar way by reducing the 
tilt angle. The MD calculations were carried out in a canonical ensemble 
by using the large-scale atomic/molecular massively parallel simulator 
(LAMMPS) code, [ 57 ]  and the atomic confi gurations were displayed by 
AtomEye. [ 58 ]  

 The generalized stacking fault energy, interstitial and vacancy 
formation energy, thermal expansion, and dislocation properties 
predicted by the potential [ 54 ]  are in good agreement with density 
functional theory (DFT) calculations. [ 59,60 ]  The potential was already 
used for the simulation of tensile and compressive deformation of 
α-Fe. [ 14,34–38,61,62 ]  Previous simulations also showed that twinning 
is the dominant deformation mode for α-Fe nanowires under 
tension, [ 14,15,34–37,63 ]  which is consistent with our simulations where 
twinning always nucleates from the tensile region of the sample under 
bending. The potential correctly predicted the sixfold core structure 
of screw dislocation as confi rmed by DFT calculations. [ 64 ]  We compile 
the properties calculated using our potential in Table S1 (Supporting 
Information) for comparison with experimental data. 

 Despite the good agreement between simulations and observations, 
one should not expect that semi-empirical potentials can reproduce 
all properties of the materials in full detail. To avoid errors due to 
defi ciencies of the potential, we also used other potentials of α-Fe to 
check our simulation results. [ 65–68 ]  The agreement between all potentials 
was very good (see Figure S4 in the Supporting Information). A further 
limitation of MD simulations of mechanical deformation lies in the high 
strain rate due to the short MD simulation time. To exclude possible 
effects induced by high strain rates, we also performed simulations using 
molecular statistics techniques, which is based on energy minimization 
by using the conjugate gradient algorithm and is independent of strain 
rate. The molecular statics simulations produced very similar results 
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as the MD simulations (Figure S5, Supporting Information). We expect 
that our potentials capture the essence of the nanostructure evolution of 
α-Fe, therefore.  
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