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Six-fold twinned nanowires sustain very large twists under torsion. The twist is generated by mobile
twin boundaries. In contrast, torsion in un-twinned nanowires is carried by dislocations and leads to
failure for small torsion angles. The twisted, twinned nanowire can be totally “untwisted” by the reverse
motion of twin boundaries, leading to huge pseudo-elasticity. The movement of twin boundaries and
dislocations is non-smooth. It progresses by jerks and avalanches. Molecular dynamics simulations show

that twin boundary jerks are power law distributed and the size exponent is compatible with mean field

Keywords: theory.

Six-fold twinning
Torsion
Pseudo-elasticity
a-Fe nanowire
Avalanches

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The driving force of shape recovery in traditional shape memory
alloys (SMAs) arises from the free energy difference between the
martensite and austenite phases [1—3]. The effect is strongly size-
dependent and it is not obvious how SMAs operate in nano-
objects [4,5]. We know that many nano-scale SMAs fail and break
[6] so that it becomes important to develop alternative functional
materials, which can replace SMAs in nano-devices. These alter-
native materials are often themselves not SMAs but nevertheless
show pseudo-elasticity or shape memory effect (SME) such as
shape recovery under mechanical forcing. Typical examples are
nanowires with face-centered-cubic (fcc) and body-centered-cubic
(bcc) structures, which sustain pseudo-elasticity under reversible
deformation by reversible twinning [7—10]. While these twinning
effects were reported mostly for tension and shear deformation of
nanowires in «-Fe, nothing is known about torsion, which is ex-
pected to be the main deformation mode in nano-devices, such as
nano-spring [11], torsional oscillator [12] and torsional actuator
[13] etc. Here we show that twin boundary (TB) movements in o-Fe
nanowires lead indeed to high quality pseudo-elasticity.

SME depends strongly on the nano-structure of the wire. Shape
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changes in pristine o-Fe wires are small and torsion is difficult to
achieve. This situation changes dramatically when the wire is
twinned. Twinning along the torsional wire axis may increase the
reversible torsion angle dramatically. This massive increase is a
property of twin boundaries and the elastic softness of twinned
structures and has nothing to do with the bulk crystal structure
[14], only twinning dominates the pseudo-elasticity and SME [2].
Furthermore, the interactions of twin boundaries with defects in-
fluences mechanical properties when twin boundary act as barriers
for dislocation motion [15,16]. The predominance of twinning is
equally seen in electrical and magnetic properties, which also
behave quite differently near twin boundaries. For example, twin
walls are polar while the bulk is non-polar in CaTiO3 [17] and are
superconducting in insulating WOs3_, [18]. Twin boundaries were
seen before in nanowires: twinned superlattices were found in II-V
semiconductors indium phosphide [19], in nanowires grown on
silicon (111) planes [20], high densities of twin boundaries and
stacking faults were found in ultrathin gold-copper nanowires [21],
in nano-twinned silver nanowires [22]| and during wire growth
nucleated by twin boundaries in CuO [23]. These twin boundaries
greatly influence the mechanical properties of the nanowire under
torsion. In this paper we predict the twinning laws and torsion
properties in a-Fe using molecular dynamics (MD) simulations.
The twin system of a-Fe is <111>/{112}. We report the effect of
two twin configurations, which influence the torsion-induced
pseudo-elasticity most profoundly, with twin boundaries along
the trigonal torsional axis [111] (Fig. 1). The two configurations
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Fig. 1. Illustration of six-fold twinned structure in [111]-oriented bcc nanowires. (a) A
pristine nanowire. (b) A bi-crystal nanowire with a preexisting [111]/(112) twin
boundary. (c) A six-fold twinning nanowire with three equivalent {112} planes as the
twinning planes. (d) Model of applying torsion to nanowires.

consist of either one twin boundary or three twin boundaries. Both
configurations are compatible with the symmetry of the crystal. We
then twist the sample around the [111] axis and identify the
recoverable torsion SME.

2. Simulation methods

Starting from a [111]-oriented pristine nanowire (Fig. 1a), a bi-
crystal is created by the (112) plane as the mirror plane (Fig. 1b).
This <111>/{112}-type twin is the typical twin structure in bcc
metals. The two twin domains are oriented as x-[110], y-[112], z-
[111] and x-[110], y-[112], z-[111]. There are three crystallograph-
ically equivalent {112} planes. Each two equivalent {112} planes
have an intersection angle of 60°. Therefore, we can further create
the six-fold twin structure by taking each {112} plane as a twin
boundary. Fig. 1c shows the three twin boundaries with 60° inter-
stitial angle. The three twin boundaries divided the crystal into six
domains with two different orientations as shown in two different
colors in Fig. 1c. Unlike the reported five-fold twinning in fcc crystal
[24,25], where disclinations are required to connect the domain
misfit, here the domains in bcc crystals could construct the six-fold
twinned structure without any volume compensation.

Atomic interactions of a-Fe are described by the embedded
atom method (EAM) developed by Mendelev et al. (potential #4)
[26]. Various properties, such as the elastic constants, point defect
energy, low-index surface energy etc., predicted by this potential
are in good agreement with data obtained by experiments or first-

principles calculations. To perform torsion, the nanowire was first
relaxed at 50 K for one nanosecond using the Nosé-Hoover ther-
mostat [27,28]. Then several atomic layers at two ends of the
nanowire were fixed rigidly as the loading grip. The torsion was
applied by rotating the rigid loading ends around the long axis of
the nanowire (Fig. 1d). The twist was applied with a rate of 0.2° per
picosecond. Unloading was performed in a similar way by rotating
the grip in the opposite direction. To study the size effect, we fixed
the length of nanowires first to be 65.3 nm and changed the wire
radius R into a series of values ranging from 2.4 nm to 4.8 nm. The
torsion was applied with the same twist rate. We also used another
EAM (potential #2) [26] to check our simulation results. Similar
results were obtained by using both potentials. All the MD calcu-
lations were carried out by using the LAMMPS code [29]. The
atomic configurations were displayed by AtomEye [30].
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Fig. 2. (a) The variation of torque with twist angle per length (and twist angle) for
pristine (red), bi-crystal (green) and six-fold twinned (black) nanowires for R = 4.8 nm.
Two stages are selected to unload the six-fold twinned nanowires as path A (light grey)
and path B (dark grey), respectively. (b) The variation of torque with twist angle for
different sized nanowires. The black, red, green and blue curves correspond to
R =4.8 nm, 6.0 nm, 7.2 nm and 8.4 nm, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)



298 S. Li et al. / Acta Materialia 125 (2017) 296—302

3. Results and discussion
3.1. Torsion deformation in different types of nanowires

Torsion generates the shear stress in the cross-section as 7 = Tr/],
where T is the applied torque, r is the radius and J is the polar
moment of inertia. J is calculated as the integral over r? in the cross-
sectional area A as [ 2dA and depends on the fourth power of the
radius (Fig. 1d). This torsion on six-fold twinned nanowires is
compared with the same tests in the pristine and bi-crystal nano-
wires. Fig. 2a shows the variation of torque as the function of
applied twist angle per length (and twist angle ¢) for the three
nanowires. For the pristine nanowire, the torque increases linearly
in the elastic regime and then undergoes a sudden drop at the yield
point. The elastic deformation increases for twist angles until
¢ = 110°. The torque then remains at a low value under further
twist. The torque mechanism in bi-crystal and six-fold twinned
nanowires are very different. The yield occurs at a lower angle.
After yield, the flow stress does not drop, but exhibits the me-
chanical strengthening so that the torque continues to increase
under further loading. The six-fold twinned nanowire has a weaker
strengthening than the bi-crystal due to the larger number of TBs.
The strengthening lasts for ¢ = 160° in bi-crystal nanowire and
¢ = 210° in six-fold twinned nanowires. After strengthening, the
torque undergoes a sudden drop with the value remaining at a
lower level under further twist.

We selected two states to unload the nanowire to test the shape
recovery [7,8,31]. One is close to the termination of the strength-
ening stage at ¢ = 200° (path A) and the other is the one right after
the strengthen stage ¢ = 220° (path B) (Fig. 2a). We find the
unloading torque follows the loading curve for path A, which de-
fines pseudo-elasticity. This is different from the loading curve B
where the torque disappears when the twist angle reaches ca.100°.
The nanowire cannot fully recovery when the maximum torque
exceeds the strength limit.

$=115.6°

Fig. 3. Typical images of plastic deformation of pristine nanowires. (a) Screw dislo-
cations (in dark blue colors) nucleate at free surfaces of nanowires and (b) move to-
wards the inside of nanowires. (c)—(d) Further loading generates more dislocations.
The color is shown according to the centro-symmetry parameter [45]. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

The simulations were designed to identify shape recovery under
torsion in nanowires. When increasing the diameter of the nano-
wire we expect a decrease of the recoverable toque. The torque is
expressed as effective stress [32] by torque divided by the R3, which
removes the explicit dependence of the recovery curves on the wire
radius. Fig. 2b shows the variation of effective shear stress as the
function of twist angle per length for different sized nanowires
(R = 4.8 nm, 6.0 nm, 7.2 nm and 8.4 nm). As R increases, the
strengthening effect becomes much stronger. Therefore, the effec-
tive stress reaches the critical value for large stress drop at much

Fig. 4. Dislocation pattern in pristine nanowires. (a) The nanowire is cut to present a
good view to dislocation configurations. (b) Cross-sectional view of dislocation pattern.
The six screw dislocations arrange symmetrically. The color is shown according to the
centro-symmetry parameter [45].

Fig. 5. Typical images of plastic deformation of bi-crystal nanowires. (a) The initial
configuration with a preexisting TB. (b) TB starts to move. (c) TB is further twisted. (d)
Screw dislocations are finally generated. The color is shown according to the centro-
symmetry parameter [45].
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lower twisting angle. The yield points for various R are almost
identical in the T/R3, which is reached for greater R at lower twist
angles. The torsion-induced pseudo-elasticity shows hence a strong
size effect that the recoverable twist angle decreases as the wire
diameter increases.

3.2. Deformation mechanisms

The atomic configuration of the un-twinned nanowire contains
a multitude of dislocations (Fig. 3). When the sample yields at
¢ = 115.6°, screw dislocations are firstly nucleated from the free
surfaces and driven towards the inside of the nanowires. Further
loading generates more dislocations. Finally, there are six disloca-
tions with each one generated in one free surface. Fig. 4a shows a
snapshot of the dislocation configuration with screw dislocations
undergoing slip. Dislocation interactions and dislocation motion
can generate point defects [33]. There are also some point defects
left during the movement of screw dislocations. Six dislocations
finally form a stable pattern (Fig. 4b) with a symmetrical arrange-
ment, similar to that in gold nanowires [34].

Typical atomic images during twisting of a twinned nanowire
show that plastic strain is carried by TB motion. Instead of
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Fig. 6. Typical images of plastic deformation of six-fold twinned nanowires. (a) The
initial configuration with three equivalent preexisting TBs. (b) TB is severely twisted.
(c) Dislocations are finally generated. (d) Unloading at state ¢ = 200°. (e) Unloading at
state ¢ = 212.4°. The color is shown according to the centro-symmetry parameter [45].

dislocations, the twin boundary motion dominates during the
whole strengthening stage, as the bi-crystal shown in Fig. 5. When
the twisting angle is very large, the single TB itself cannot sustain
such large rotation and dislocations are generated at around
¢ = 160° (after the strengthening stage). Owing to the different
loading orientation, there is no detwinning as that occurs in fcc
nanowires [35]. Fig. 6 shows the typical images during the loading/
unloading of the six-fold twinned nanowire. Starting from a
nanowire with three preexisting TBs (Fig. 6a), the sample can un-
dergo a twist of ca. 210°, which is much larger than that in bi-
crystal. The steady state strengthening corresponds to the collec-
tive motion of all three TBs (Fig. 6b). The exhaustion of TB motion
comes with the emission of dislocations (Fig. 6¢), which corre-
sponds to a drop of torque in Fig. 2a. The unloading before the
dislocation emission can make the nanowire in a good shape re-
covery (Fig. 6d). However, once the dislocations are generated, the
nanowire can only recover partially upon unloading (Fig. Ge).

For the role of twin boundary on the mechanical performance,
these preexisting planar defects can make the nanowires yield at
low twisting angle when comparing to that of pristine nanowires
since the twin boundary only requires a smaller stress to move. The
more twin boundaries added, the lower yielding point. After
yielding, we can see an obvious strengthening in a large plastic
regime in the twinned nanowires, quite different to that in pristine
nanowires. The reason lies in that the twisted twin boundary can
increase the deformation energy gradually, which produces the
observed strengthening.

Our simulation results show that the yielding stress has a weak
dependence on the wire diameter in six-fold twinned nanowires
(Fig. 2b). We know that the yielding corresponds to the motion of
preexisting twin boundaries, not to the nucleation of new defects,
such as the dislocations generation. In our earlier work [7], we
calculated the energy landscape for twinning deformation in bcc
crystals in terms of generalized stacking faults energy. These results
showed that the nucleation of twin layers required a much higher
energy than the energy barrier for subsequent twin motion (or
growth) [7]. Thus, with regard to the preset twin boundaries in the
nanowire, we can expect they are driven at a similar stress level,
leading to a weak dependence on wire size, as shown in Fig. 2b.

It is noted that, when we compare the magnitude of torque for
generating dislocations for the three kinds of nanowires, we find
that the dislocations require a high torque in pristine nanowires but
a lower torque in six-fold twinned nanowires. The reason might lie
in that the twin boundaries produce stress fields, which nucleate
dislocations at low torque. Fig. 7 shows the interactions between
dislocations and twin boundaries in the six-fold twinned nano-
wires. The dislocations are generated at extremely larger twisting
angle (¢ > 210°). These dislocations first nucleate in the surfaces
near the rigid loading grip (Fig. 7a). Once nucleated, they move
towards the core region. When they meet the twin boundaries, they
cannot penetrate the twin boundary to move further but are stored
in the sub-grains (Fig. 7b). Further torsion can generate more dis-
locations in other sub-grains (Fig. 7c). These dislocations are all
accumulated and localized the plastic deformation (Fig. 7d). Finally,
necking occurs in this site which induces the permanent irrevers-
ible deformation to the nanowires.

3.3. Energy analysis

Pseudo-elastic behavior of nanowires under tension is driven by
the reduction of the surface energy [9,10,31]. The large surface
energy in nanowires can even induce spontaneous crystal reor-
ientation [36] or inverse phase transition [37]. We compare this
surface-energy-driven mechanism with the torsion-induced
pseudo-elasticity. The potential energy changes during the



300 S. Li et al. / Acta Materialia 125 (2017) 296—302

(@) ¢=212.20

1 —

Fig. 7. Several snapshots for the interactions between dislocations and twin bound-
aries at different twisting angle in six-fold twinned nanowires. The left column shows
the side-view images in the section of nanowires at the end. The right column shows
the images when viewing along the axis of nanowire. (a) The dislocations first nucleate
in the surfaces around the rigid loading grip, as the white arrows indicate. (b) When
dislocations meet twin boundaries, they cannot penetrate the boundary but are stored
in the sub-grain. (c) Further torsion can generate more dislocations. (d) With more
dislocations are induced, the deformation is concentrated in the local area, roughening
the surfaces, as the black arrows indicate. The color is shown according to the centro-
symmetry parameter [45].

deformation process, with three contributions identifiable: the
surface energy change (AEgyf), the deformation of twin boundary
energy (AErg), and the stored bulk elastic energy (AEpyik-ela). We
calculate each component AEgyf AEg and AEpyjk-ela Under loading/
unloading to identify their contribution to pseudoelasticity. We use
the same criterion in terms of distribution of atomic potential en-
ergy (E3™) to distinguish the different groups of energy compo-
nents atom-by-atom as in Ref. [8]. Let us take ¢ = 50° as an example
(Fig. 8a). We define atoms in the outermost three layers as the
surface layers, which can take account for 99% of the surface energy.
In the bulk there is an overlap between the bulk elastic energy and

the twin boundary energy. The overlap comes from those atoms
further away from the core region of twin boundaries, which will
approach the bulk energy. Fig. 8b shows the normalized distribu-
tion of Ef,%%m for all the atoms outside the surface layers. There is a
peak in the low energy region and an asymmetric distribution for
higher energies. The peak corresponds to the bulk elastic energy
while the asymmetric shoulder corresponds to the twin boundary
regime. To distinguish the two energy components, we define a
threshold value. Assuming the distribution of bulk elastic energy
follows a normal distribution at finite temperature (data in black
color). We find that a large deviation occurs when Egto"tm is
around —4.10 eV. This value was taken as the threshold to separate
bulk elastic energy and twin boundary energy. The atoms with Ep,-
&M smaller than the threshold are considered as bulk, larger
values as twin boundary atoms.

Fig. 8c shows the variation of all the energy components in the
loading and unloading stages. The energy component is further
averaged to the corresponding number of atoms in each group as
AEpulk-ela®™™, AEsu:¢2°™ and AErp®'®™. The three components in-
crease continuously during loading. There is a jump for AEg, 2™
and AE7g®°™ and an obvious drop for AEpuik-ela*°™ when entering
the plastic regime. At higher loading, AErp"°™ remains almost
constant while AEpuikela®©™ and AEq2°™ increase gradually;
AEsu2°™ increases more strongly than AEpyjk.ela®®™. There are
some local jumps in AEsu 2™, which may be due to the sluggish
motion of twin boundaries at low temperature. These local jumps
are also seen in torque-angle curves (Fig. 2a). Upon unloading, the
components AEpyik-ela®™®™ and AEs, 2™ decrease gradually, but
AE7p?°™ still exhibits a long plateau with the magnitude almost
unchanged until it decreases at the end of the unloading stage.

This analysis shows that the stored bulk elastic energy and
surface energy provide the driving force of shape recovery. Unlike
in tension-induced pseudo-elasticity [9,10,31] where the surface
energy is altered by crystal reorientation, the change of surface
energy is mostly from the elastic twisting of surfaces under torsion.
Therefore, in a general sense, AEs, 2™ could also be classified as
elastic energy change, but distinguished from bulk elastic energy
AEpyikeela ™™

3.4. Avalanche dynamics

The evolution of the torsion movement is not a smooth function
of time. Under torsion, the twin boundaries rotation is jerky. Simi-
larly, the nucleation of dislocation also occurs in a stepwise manner.
Such “jerky” time evolution is often characterized by avalanche
processes where each small advance can trigger a multitude of
secondary processes. The avalanche dynamics in wires and disor-
dered materials was reviewed in Ref. [38]. The hallmark of avalanche
dynamics is the power law distribution of the “jerks” with power
law exponents from within a small range of parameters. We tested
this hypothesis in our twinned systems and found that the jerk
distribution is indeed power-law distributed (see Fig. 9). The linear
log-log distribution shows a power law range of one decade. This
value is limited by the statistics of the MD simulations where the
short time scale and rapid superposition for avalanches disallows for
large scale distributions [39]. The slope of the logarithmic proba-
bility distribution functions is near 1.5 and hence compatible with
the predicted values of mean field theory [31], which is close to
values observed for slip in nano-materials [40]. Sheared nano-pillars
were found to slip with similar exponents [33].

We also tested the avalanche dynamics for finite size effects but
found no evidence despite the small diameter of the wire (see
Fig. 9). The absence of finite size scaling appears to imply that the
relevant length scale for the jerky movement is below 4.8 nm and
hence extends over only few interatomic distances.
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Fig. 9. (a) log-log plot of probability of the peaks of (dT/d¢)? for six-fold twinned
nanowires in different size. Linear fitting was made for the values in range of [5.5, 6.5].
The slopes are —1.59, —1.80, —1.89 and —147 for R = 4.8 nm, 6.0 nm, 7.2 nm and
8.4 nm, respectively.

3.5. Experimental observations

Only few experimental results have been obtained for torsion
experiments on nanowires that may be correlated with our results.
Hodge et al. [41] studied the twin stability of nano-twinned Cu
upon high pressure torsion (HPT) and found that the original col-
umns of twins in the interiors of samples persist to high shear
strains. Other experiments show that the deformed twin show
good recovery under torsion in Mg—Al—Zr alloys [42]. Hardening
was found for the large densities of twins in Co [43]. Nano-grained
NiTi shape memory alloy also exhibit monotonic hardening upon
torsion [44]. In none of these experiments we find nano-twinned
configurations so that large angle torsion could not yet be
observed. Nevertheless, once a suitably twinned nanowire has been
produced we expect high torsional flexibility.

4. Conclusions

By using molecular dynamics simulations, we studied the me-
chanical deformation of six-fold twinned nanowires upon twisting.
Unlike the pristine nanowires where the plastic strain is primarily
carried by dislocations, the six-fold twinned nanowires undergo
severely twisting with the aid of TBs motion before dislocations are
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generated. The twisted nanowires can be fully recovered upon
unloading, leading to a novel pseudo-elastic behavior. The twin
boundary motion is non-smooth, but proceeds by jerks. The pre-
sent work enriches potential applications of twinned nanowires as
the functional devices.
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