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a b s t r a c t

Molecular dynamics simulations are used to show a new type of pseudo-elasticity and
shapememory effects in small-scale nanotwinnedmetals. Nanotwinned Au thin-films and
nanowires are found to achieve full recovery of up to 20% tensile and −6.25% compressive
strains upon reverse loading when the twin boundaries make a special angle of 70.53°
from the principal axis. This phenomenon results in superelastic recoverable strains up to
5 times larger than the useful range of deformation that can be induced in some advanced
bulk shape-memory-alloys and small-scale ceramics, with a tensile strength above 1 GPa.
The pseudo-elastic behavior stems from a unique interplay between deformation twinning
and slip in grains composed of non-{1 1 1} free surfaces and discontinued twin boundary
migration in those exposing only {1 1 1} free surfaces. This finding could open up new
opportunities for small-scale nanotwinned metals as advanced materials for vibration
damping and mechanical energy storage applications.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Shape-memory effects and pseudo-elasticity have been
widely observed in alloys that experience martensitic
transformations subject to stress or temperature change
[1–5]. With the growing interests in nanomaterials, new
forms of phase transformation and shape-memory effects
have been found in low-dimensional single-crystalline
metals such as face-centered cubic (FCC) [6–9] and body-
centered cubic (BCC) metal nanowires (NWs) [10,11] in
recent years. As revealed by in-situ nanomechanical ex-
periments [12] and atomistic simulations [6,9], pseudo-
elasticity and shapememory effectswere achieved at small
scale by crystal reorientation from ⟨0 0 1⟩/{1 0 0} FCC NWs
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with a square cross section to ⟨1 1 0⟩/{1 1 1} FCCNWswith
a rhombic cross section [6,9,12]. The reorientation process
in single crystal (SC) FCC NWs is mediated by deformation
twinning and twinboundary (TB)migration [6,9,12],which
differs from the martensitic transformation in conven-
tional shape memory alloys [1–5].

In this letter, using molecular dynamics (MD) simu-
lations, we report a different form of pseudo-elasticity
and shape memory effects in small-scale metals contain-
ing nanotwins, with recoverable transformations involv-
ing neither crystal reorientation nor martensitic transfor-
mation. Nanotwinned metals have drawn considerable in-
terest for their extreme tensile strength (over 1 GPa) and
high ductility [13–16], compared to single-crystalline and
nanocrystalline metals. However, past studies on the
tension/compression of twinned metal NWs where pre-
existing coherent twin boundaries (CTBs) were oriented
either perpendicular or parallel to the NW axis and load-
ing direction, did not find any evidence of pseudo-elasticity
[15–18], although two recent studies reported recoverable
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Fig. 1. Stress–strain curves of a nanotwinned Au thin-film subjected to uniaxial tension and compression, or upon reverse loadings before reaching the
maximum strengths in tension or compression. Representative deformation states are marked by red circles. The inset shows the atomistic model of the
nanotwinned Au film with atoms colored according to their local lattice structure. Surface atoms are colored in blue, while CTBs and FCC atoms appear
in red color and yellow color, respectively. The FT, FC, and ZT designations correspond to faceted twinned, faceted single-crystalline, and zigzag twinned
configurations, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
plasticity in penta-twinned Ag NWs governed by disloca-
tion nucleation and retraction [19,20]. Here, using Au thin-
films and NWs as prototypes, we demonstrate that strong
shape memory effects and pseudo-elasticity can prevail in
nanotwinned metals if CTBs are oriented at a special angle
of 19.47° from the horizontal, i.e. a 70.53° angle from the
principal axis, which generally favors soft slip in the direc-
tion parallel to the twin plane.

2. Materials and methods

An Au film with tilted periodic nanotwins was con-
structed as shown in the inset of Fig. 1. Since the theo-
retical angle between two neighboring {1 1 1} planes in
FCCmetals is also 70.53°, the initially horizontal CTBswere
rotated around the Y -axis (⟨1 1 0⟩) by 19.47° so that half
of the free surface is turned into the {1 1 1} type, as indi-
cated in Fig. 1. The dimensions of the simulation cell were
∼10nm×18nm×18nmalong theX , Y , and Z directions as
defined in Fig. 1, and the spacing betweenCTBswas∼4nm.
Periodic boundary conditionswere applied along the Y and
Z directions,while the two surfaces perpendicular to theX-
directionwere set free. All simulationswere performed us-
ing the MD simulation software LAMMPS [21] with an em-
bedded atom method potential for Au [22]. This potential
was chosen for being able to reproduce consistent stacking
fault energy and twinning fault energy for Au [16,17,23],
which are key variables for predicting the dislocation nu-
cleation and deformation twinning behavior in this metal
under mechanical loading. The simulation time step was
5 fs as in our previous atomistic studies of AuNWdeforma-
tion [17,18,23]. The systemwas thermally relaxed at 300 K
for 500 ps under zero pressure with isothermal–isobaric
ensemble (NPT) prior to the uniaxial tensile or compressive
deformation,whichwas performed at 300 K and a constant
engineering strain rate of 5 × 108 s−1 with canonical en-
semble (NVT) following the relaxation. The stress was cal-
culated by adding the local Virial atomic stress along the
loading direction over all atoms and dividing by the de-
formed volume [17,18,23]. AtomEye was used to visualize
the atomistic configurations [24].
3. Results

The stress–strain curves for uniaxial tensile and com-
pressive loadings are shown in Fig. 1. Reverse loading
imposed before reaching the maximum strength under
both tension and compression are also represented, along
with different deformed states marked by red circles on
the stress–strain curves. Fig. 1 shows that the loading–
unloading behavior in the nanotwinned Au film is highly
recoverable after the first loading cycle, albeit prior to the
maximum tension and compression strengths, circles FC
and ZT, respectively. A significant superelastic (pseudo-
elastic) behavior extending up to 20% strain in tension and
−6.25% in compression is also evidenced. For compari-
son, we note that no pseudo-elasticity has been found in
nanotwinned Au films of similar geometry but with per-
fectly horizontal (0°) CTBs. The total amount of superelas-
tic recoverable deformation predicted in the Au thin-films
with tilted CTBs (∼26%) is 2–5 times larger than the use-
ful range of deformation that can be induced in some ad-
vanced shape-memory-alloys (13%) [25] and small-scale
ceramics (8%) [26] with a tensile strength above 1 GPa.

As shown in Fig. 2, pseudo-elasticity in nanotwinned
Au thin-films is accompanied by transformations of three
distinct structures. Each of these structures, FT, FC and
ZT in Fig. 1, is very stable within a specific range of de-
formation. When the nanotwinned Au film is stress-free
or loaded at a small strain under either tension or com-
pression, the film maintained its original configuration,
namely ‘‘flat-twinned’’ (FT) as shown in Fig. 2. Upon ten-
sile loading, the flat-twinned structure is gradually trans-
formed into a defect-free ‘‘faceted’’ SC (FC) phase before
reaching the maximum strength at 20% tensile strain, be-
yond which dislocations are nucleated and propagated in
the crystal. In contrast, the flat-twinned structure in com-
pression is transformed into a stable ‘‘zigzag-twinned’’
(ZT) structure at −6.25% strain. Dislocation nucleation and
sharp yielding is irreversibly caused if further compression
strain is applied. As highlighted by circles in Fig. 2(a), the
zigzag-twinned structure consists of TBs surrounded by
two {1 1 1} surface facets, which is different fromTBs in the
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Fig. 2. Atomistic configurations of the Au film at different deformation stages during reverse loading from (a) FC (20% strain) and (b) ZT (−6.25% strain),
respectively. The atom color is assigned according to the local lattice structure. Red dashed circles are used to highlight the formation of special zigzag
surface facets during compression. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of this article.)
undeformed FT structure. This special ZT configuration has
been previously reported in the literature, and was found
to dramatically increase the strength of nanotwinned Au
NWs [16,18,23]. In particular, MD simulations [16,18] and
in-situ high-resolution transmission electron microscopy
tensile tests [16,23] have shown evidence that ultrathin Au
NWs with zigzag-twinned structure and nano-twins ap-
proach the ideal theoretical strength for this metal. Re-
verse loadings from 20% to −6.25% strain and −6.25% to
20% strain cyclically retransform the Au film between the
ZT and FC structures, during which a FT structure is also
recovered.

The intrinsic processes governing the transformation
of the three distinct structures during reverse loading are
detailed in Fig. 2(a) and (b), respectively. Upon reverse
loading from tension in Fig. 1, Fig. 2(a) shows that the Au
film is changed from the FC structure at 20% strain to a
twinned one at 7.7% strain through deformation twinning
localized in the grains with non-{1 1 1} free surfaces, see
alsoMovie S1. The newly formed TBsmake a perfect 19.47°
anglewith respect to the loading axis, andmigrate through
shear coupling [27] to enlarge the TB spacing until the Au
film is fully recovered to its original form, i.e., FT structure.
Upon further compression, the TB migration continues
towards the grains with only {1 1 1} free surfaces to
form the zigzag-twinned structure at −3.3% compression.
Once transformed, the ZT configuration becomes very
stable up to a compressive strain of −6.25%, indicative
of discontinued TB migration. Without discontinued twin
growth, the film would possibly return to a plastically-
deformed detwinned structure with limited stability.
Therefore discontinued TB migration plays an important
role in the enhanced superelastic behavior predicted by
simulation in Fig. 1.

The reverse transformation in compression from ZT
at −6.25% to FT Au films starts by detwinning of the
{1 1 1}-faceted grains as shown in Fig. 2(b) and movie S2.
However, it is important to note that, since the direction
of the resolved shear stress on the CTB planes is reversed
between Figs. 2(a) and (b), the TB migration occurs in
opposite directions. Upon further tensile loading, the Au
film completely returns to its original flat-twinned (FT)
structure, followed by surface-mediated slip taking place
in the grains with non-{1 1 1} type free surface. During
this process, however, the newly formed {1 1 1} slip
planes continuously change sequence between the ABC
stacking parallel to the CTB plane, thus forming hexagonal
closed packed (HCP) stacking-faults in the grains with
non-{111} surfaces. The extended stacking-faults form an
intermediate phase until the overall structure is converted
back into a perfect FCC SC phase at 20% strain, Fig. 2(b), to
lower its overall energy; see also movie S2.

We emphasize that, in Fig. 2(a), the CTBs can only mi-
grate by surface nucleation of twinning partial dislocations
in the grains with non-{1 1 1} free surface, but temporar-
ily stop when a {1 1 1} surface facet is encountered. The TB
migration is thus discontinued until a much higher com-
pressive stress (the first peak during compressive loading)
is reached to trigger the ZT configuration. Similarly surface
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Fig. 3. Atomistic simulations of simple shear deformation in SC Au filmswith (a) either {1 1 5} or {1 1 1} surface facets to simulate surface slipmechanisms,
and (b) both {1 1 5} and {1 1 1} surface facets to simulate deformation twinning and shear-coupled TB migration mechanisms. The inset shows the
corresponding atomistic configurations with atom color assigned according to the local lattice structure. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
slip only occurs in the grains with non-{1 1 1}-type free
surfaces in Fig. 2(b), which reveals a fundamental differ-
ence in surface dislocation nucleation processes between
{111} and non-{1 1 1} free surfaces. It is therefore possible
to assume that partial dislocation nucleation is a more dif-
ficult process in grains with {1 1 1} free surfaces than those
with non-{1 1 1} free surfaces; for example, it has been re-
ported by Park et al. [28] that no planar defects were ob-
served in compression of FCC NWs with {1 1 1} side sur-
faces, while twinning and slip can be nucleated relatively
easily in FCC NWs with other typical surface facet orienta-
tions such as {1 0 0} and {1 1 0}.

To test this hypothesis, the critical resolved shear
stresses required to initiate surface slip or TB migration
from single crystals with either {1 1 1} or non-{1 1 1}
surface facets were computed. On one hand, as shown in
inset of Fig. 3(a), SC models with either {1 1 1} or non-
{1 1 1} free surfaces were constructed, based on the FT
configuration outlined with pink and white dashed lines
in Fig. 2(a), to simulate the surface slip mechanism. Here
the non-{1 1 1} facet is indexed to be {1 1 5}. On the
other hand, a SC model containing both {1 1 1} and {1 1 5}
free surfaces, as shown in the inset of Fig. 3(b), was made
from the region outlined in green dashed lines in Fig. 2(a),
to simulate the TB migration mechanism. Simple shear
deformation was applied to all models in the same way,
by fixing a thin slab at the bottom of the SC Au film
and moving another thin slab of atoms at the top at a
constant velocity of 8 m/s along the horizontal direction.
In Fig. 3(a), we have also considered shear deformation on
two opposite directions as to simulate the slip behavior
of Au films in Fig. 2 under either compression or tension
loading conditions. In Fig. 3(b), the applied shear direction
was identical to that produced by compression of the Au
film in the FC configuration shown in Fig. 2(a).

Fig. 3(a) shows that the critical resolved shear stress to
initiate surface slip at peak stress is lower in the model
with {1 1 5} surface facets than that with {1 1 1} surface
facets. The results also suggest that the necessary shear
stress to initiate surface slip under compression is so high
(2–3 GPa), compared to that in tension (0.8–1.2 GPa), that
dislocation nucleation from the free surface is unlikely
in compression. CTB migration is thus favored, consistent
with the transformations shown in Fig. 2(a).

The stress–strain curve in Fig. 3(b) shows three stages
of deformation for the TB migration mechanism. Stage I
exhibits a sharp peak at which surface slip takes place at
the top and bottom of the {1 1 5} faceted region, as shown
in inset. Stage II is associated with a stick–slip behavior
corresponding to the growth of twins by successive TB
migration events due to shear coupling effects [27]. As
shown in inset, twin growth is also limited to the region
with {1 1 5} surface facets. Once the top and bottom twins
meet and annihilate each other in the middle, the CTB
at the bottom starts to migrate downwards in the region
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Fig. 4. Stress–strain curves of a nanotwinned Au NW during tension or compression, and the respective reverse loadings before the maximum strength.
Representative states of deformation (i)–(iii) were marked by blue circles. The inset shows the atomistic model of the nanotwinned Au NW with atoms
colored according to their local lattice structure. The Au NW front has been removed to show the interior structure. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
with {1 1 1}-surface facets, leading to Stage III. It is clearly
shown by the stress–strain curve in Fig. 3(b) that the stress
required for CTB migration is indeed significantly larger in
the regionwith {1 1 1} surface facets (Stage III) than in that
with {1 1 5} surface facets (Stage II). Movie S3 shows the
details of the entire process described in Fig. 3(b).

Since CTBs are initially present in the un-deformed Au
films, and are involved during most of the transformations
shown in Fig. 2, it is important to clarify that the pseudo-
elasticity and transformation mechanism predicted here
are different from shape-memory effects and pseudo-
elastic behaviors reported previously in FCC NWs, i.e.
through purely deformation twinning and TB migration.
Although deformation twinning and TB migration were
nevertheless important for the transformation from FC to
ZT and ZT to FC configurations as shown in Fig. 2(a) and (b)
respectively, no crystal re-orientation between ⟨1 0 0⟩ and
⟨1 1 0⟩ was observed as previously reported in FCC metal
NWs showing pseudo-elasticity. On the contrary, neither
the original nor the final transformed Au films are oriented
along ⟨1 0 0⟩ or ⟨1 1 0⟩ directions during thewhole process.
Furthermore, for tension between 0.5% and 7.6% strain,
the transformation from the original FT to FC structures is
achieved though continuous surface slip; here deformation
twinning and TB migration play little role, if any, during
this stage of deformation.

So far, it has been demonstrated that pseudo-elasticity
can be achieved in the model system of nanotwinned Au
film with the CTBs oriented at a special angle. However,
a similar mechanism and pseudo-elasticity could be ex-
pected in other types of small-scale FCC metals. For ex-
ample, pseudo-elasticity based on the re-orientation be-
tween ⟨1 0 0⟩ and ⟨1 1 0⟩ NWs has been widely reported
in various types of FCC NWs including Au [12], Cu [9] and
Ag [7]. Therefore it is important to test if the concept can
be extended to other low-dimensional materials such as
metal NWs, which are of practical importance for nano-
electromechanical systems. For that purpose, a cylindrical
nanotwinned Au NW with a diameter of 10 nm was cut
from the nanotwinned Au film model, as shown in state
(i) in the inset of Fig. 4. The front of the Au NW is removed
in this figure to reveal the interior structure. Tensile and
compressive deformation in the Au NWwas simulated un-
der the same conditions than the nanotwinned Au films.
The stress–strain curves and associated deformation snap-
shots shown in Fig. 4 confirm that the pseudo-elasticity
observed in nanotwinned Au films is also present in the
nanotwinned Au NW: Full recovery between three distinct
structures, FT, FC and ZT Au NWs, was evidenced upon
loading and reverse loading, between −6.25% and 18.75%
strains.

We note that pseudo-elasticity and shape memory ef-
fects in FCC NWs based on crystal re-orientation between
⟨1 0 0⟩ and ⟨1 1 0⟩were found to be driven by temperature
effects [6], whereas pseudo-elasticity and structural trans-
formations shown in Fig. 4 only required stress-driven sur-
face slip. To confirm the lack of temperature dependence
in our simulations, we have performed additional simu-
lations at high temperatures from 800 to 1200 K without
mechanical deformation, which showed no NW transfor-
mations.

Also it is worth mentioning that a temporary FCC-to-
HCP phase transformation was observed during surface
slip as shown in inset of Fig. 4. The formation of HCP phase
in Au has been reported in past experimental andMD sim-
ulation studies [29,30]. However, the HCP phase in this fig-
ure was found to not be stable, transforming back to FCC
phase via sequential surface slip along {1 1 1} planes.
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4. Discussion

It needs to be emphasized that the pseudo-elasticity
in nanotwinned cylindrical metal NWs largely depends on
the TB orientation, the TB spacing, and the aspect ratio of
the NW. For example, no pseudo-elasticity and transfor-
mations between the three configurations was found in
nanotwinned Au NWs when the initially horizontal CTBs
were rotated around the ⟨1 1 2⟩ (x-axis) direction, instead
of the ⟨1 1 0⟩ (y-axis) direction. It was also found that ro-
tating the CTBs around ⟨1 1 0⟩ (y-axis) direction by an an-
gle slightly different from 19.47° still resulted in pseudo-
elasticity, but the recovery strain was not as high as when
the rotation angle was 19.47°. Furthermore, the deforma-
tion of cylindrical Au NWs with TBs oriented in the same
way than those in Fig. 4, but with a larger diameter of
20 nm (length of 54 nm) and two different TB spacings (4
and 8 nm) were simulated under the same loading condi-
tions. It was found that the transformation from the origi-
nal FT configuration to ZT structure upon monotonic com-
pression or FC structure upon monotonic tension was pos-
sible in both Au NWs, but the full recovery between the FT
and FC structures was only achieved in the Au NW with
TB spacing = 8 nm. These results therefore suggest that a
combination of relatively small aspect ratio and large spac-
ing between the CTBs is desirable to improve the recovery
and pseudo-elasticity in nanotwinned Au NWs. The main
reason is that NWswith a high aspect ratio will experience
severe buckling during compression, which prohibits a full
recovery of the NWs during reverse loading. Furthermore,
a relatively large TB spacing is important to allow sufficient
space for successive surface sip and CTB migration, which
are important for the recovery process. When the TB spac-
ing is small, the transformed FC structure contains more
facets. Therefore, during reverse loading, surface slip and
deformation twinning aremore easily localized on the sur-
face facets, resulting in buckling and early failure of theNW
before the full recovery is achieved. This may be the rea-
son why pseudo-elasticity was not observed in the work
by Jang et al. [15] who performed in-situ nanomechanical
tension test of twinned Cu nanopillars with the CTBs tilted
by 18°; the TB spacing in their samples was 0.63–1.25 nm.
Although another experimental study has investigated the
effect of twin orientation onmechanical properties inmet-
als [31], the new form of pseudo-elasticity found in this
work has not yet been reported in the literature. How-
ever, it is expected that proof of concept experiments based
on this study can be designed through in-situ tension and
compression [15,32–34] of nanotwinned metal pillars by
carefully controlling the TB spacing, the aspect ratio, and
TB orientations.

5. Conclusions

We have found a new form of pseudo-elasticity in nan-
otwinned Au films and Au NWs with the TBs oriented
at a special angle by using MD simulations. Transforma-
tion of three recoverable structures was predicted in nan-
otwinned Au thin-films and NWs upon tensile and com-
pressive loadings, over a wide range of deformation up to
26% strain (20% tension and−6.25% compression). The ob-
served superelasticity is larger than that of advanced bulk
shape-memory-alloys and small-scale ceramics with ten-
sile strengths above 1 GPa. The pseudo-elastic transforma-
tions in small-scale nanotwinnedmetals were found to re-
sult from facet-dependent surface slip and discontinued TB
migration processes, which are different from the pseudo-
elastic behavior and shape memory effects in FCC metal
NWs that have been reported before. The conclusions of
this study are also broadly important for understanding
the role of nanotwins in small-scale materials for vibration
damping and mechanical storage energy applications.
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