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ABSTRACT: Silver nanowires are promising components of
flexible electronics such as interconnects and touch displays.
Despite the expected cyclic loading in these applications,
characterization of the cyclic mechanical behavior of chemi-
cally synthesized high-quality nanowires has not been
reported. Here, we combine in situ TEM tensile tests and
atomistic simulations to characterize the cyclic stress−strain
behavior and plasticity mechanisms of pentatwinned silver
nanowires with diameters thinner than 120 nm. The
experimental measurements were enabled by a novel system
allowing displacement-controlled tensile testing of nanowires, which also affords higher resolution for capturing stress−strain
curves. We observe the Bauschinger effect, that is, asymmetric plastic flow, and partial recovery of the plastic deformation upon
unloading. TEM observations and atomistic simulations reveal that these processes occur due to the pentatwinned structure and
emerge from reversible dislocation activity. While the incipient plastic mechanism through the nucleation of stacking fault
decahedrons (SFDs) is fully reversible, plasticity becomes only partially reversible as intersecting SFDs lead to dislocation
reactions and entanglements. The observed plastic recovery is expected to have implications to the fatigue life and the application
of silver nanowires to flexible electronics.
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Silver nanowires are being investigated as the conductive
elements in flexible electronic systems. Because of their

high conductivity and ease of synthesis, they have been
employed in diverse applications such as high-conductivity
flexible interconnects,1 mechanically tunable antennas,2 and
strain sensors.3 Furthermore, transparent conductive films
employing silver nanowires, either embedded in transparent
polymers or mixed with graphene to improve film con-
ductivity,4 have been deemed an important alternative to
indium−tin oxide (ITO) in touch displays.5 This technology
has the potential to dramatically reduce costs in display
technologies by replacing ITO, whose cost has increased due to
scarce indium supply.6 This potential is demonstrated by recent
industrial interest in silver-nanowire-based conductive films.7

In all these flexible electronics applications, a random
network of silver nanowires provides a conductive path for
electrical signals. A reliable conductivity is dependent on the
integrity of such network, which in turn is directly related to the
mechanical integrity of the nanowires. As such, understanding
the mechanical properties of silver nanowires is critical to
predict failure modes of flexible electronic devices. In particular,

due to continuous flexing of the electronic device and the
random characteristic of the embedded nanowire network, it is
reasonable to assume that silver nanowires may become
stretched beyond the plastic limit and undergo several loading
modes on repeated occasions, such as tension, compression,
bending and buckling.
However, characterization of the mechanical properties of

nanowires has mainly been reported in monotonic loading.
Some examples of cyclic loading have been reported for
microscale specimens, for example,8−10 and only very recently
for nanowires of sub-100 nm diameter in compression.11,12 In
fact, cyclic-straining experiments on sub-100 nm nanowires in
tension have not been reported. As a result, little information is
available on the deformation mechanisms that may emerge on
nanosized metals from nonmonotonic loading beyond the
plastic limit.
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Beyond this application-driven need for mechanical charac-
terization, there is a fundamental interest in the understanding
of plastic deformation mechanisms present in sub-100 nm
metal structures. This interest arises due to the observation of
increasing yield-strength with decreasing sample size, attributed
to the transition from a regime controlled by dislocation
motion to one controlled by dislocation nucleation.13−15

Similarly, the mechanisms of cyclic plastic deformation and
dislocation accumulation, which presumably control the fatigue
behavior of these specimens, have not been explored yet.
In this work, we carry out a combined experimental−

computational approach to study the behavior of silver
nanowires past the plastic limit on repeated loading−unloading
tensile cycles. We demonstrate that the nanowires recover a
fraction of the plastic deformation upon unloading. The
fraction of plastic recovery increases with increasing strain,
and also increases slightly with decreasing nanowire diameter.
These observations can be explained by reversible dislocation
mechanisms identified through atomistic simulations.
Combined Experimental-Computational Approach.

Silver nanowires with a pentatwinned structure were chemically
synthesized and characterized extensively by HRTEM as
reported elsewhere.14 Nanowire diameter ranges approximately
from 30 to 120 nm with lengths of several microns. The
nanowires consist of five single crystal domains, all aligned in
the ⟨110⟩ directions and intersecting at {111} twin boundaries.
Recent reports have established that these nanowires display
increasing tensile strength with decreasing diameter14,16 and
distributed plastic deformation that delays localization.14

Plasticity is initiated by the nucleation of Shockley partial
dislocations from the nanowire surface, which lead to the
formation of 5-fold stacking fault decahedrons (SFD), as
predicted by molecular dynamics (MD) simulations. The
signature of multiple SFD chains was also observed by in situ
TEM experiments.14 The first SFD catalyzes the formation of a
chain of SFDs along the nanowire until the process stops due to
diameter variations, and plasticity can be reinitiated by forming
another chain of SFDs at a different location on the nanowire.
The loading conditions in previous tensile tests of nano-

wires,17−21 including ours,22 can be described as in-between
force-controlled and displacement-controlled. As a result, the
coupling between the loading mechanism and the deformation
processes in the sample makes the analysis difficult. On the
other hand, strict displacement control matches closely the
loading condition of atomistic simulations and allows detection
of individual yield events.23 In this work, we utilize a recently
developed testing system based on microelectromechanical
system (MEMS) technology (Figure 1a), which permits fully
instrumented uniaxial tensile testing of nanowires in displace-
ment control with high signal-to-noise ratio.24 In the testing
microsystem, the flexible element used to measure load is kept
stationary by means of closed-loop feedback control (hardware-
based) and electrostatic actuation. This feedback control
prevents accumulation of elastic energy in the testing
microsystem.
The operation of the tensile testing device can be understood

as follows.24 As voltage is applied to the thermal actuator with
chevron beams,25 Joule heating causes deformation of the
beams, moving a shuttle where one end of the specimen is
positioned (Figure 1b). This actuator therefore controls the
strain applied to the specimen. The sample is attached on the
other end to a load sensor, where a capacitance change
proportional to the sensor displacement is generated and

converted to a voltage. This voltage is compared to a reference
corresponding to the displacement-control condition (i.e., zero
voltage), and the difference (error) is fed to a controller, which
computes a control voltage applied to the electrostatic actuator,
in order to keep the load sensor stationary. The electrostatic
force is equal to the force in the specimen, which can then be
computed from the applied voltage and the actuator geometry.
The implementation of closed-loop feedback control, plus the
fabrication of the device by silicon-on-insulator (SOI)
technology with a device layer 25 μm thick, leads to a high
resolution on the stress−strain curves capable of capturing
sudden unloading events associated with the nucleation of
dislocations from the surface of the nanowires. This is
exemplified on the stress−strain curve plotted in Figure 2a
and stress−strain curves presented in the Supporting
Information for wire diameters in the range of 38−118 nm.
This device therefore allows unprecedented resolution in
mechanical testing of sub-100 nm nanowires, combined with
tensile loading, which is preferred over compression due to
potential in-homogeneities on compressive loading near the
indenter punch.13

Tensile testing of silver nanowires was carried out under in
situ scanning electron microscopy (SEM). Cyclic straining was
achieved by performing several loading unload−reload cycles
with increasing unloading strain, up to fracture. Six nanowires
were experimentally tested, ranging from 38 to 118 nm in
diameter. The strain rate throughout the tests was kept
constant at approximately 1.5 × 10−3/s. For details on data
reduction and electronics, please see Methods section. A
separate experiment in situ transmission electron microscopy
(TEM) was used to elucidate atomistic mechanisms.
To compare with experiments and gain atomistic insights we

performed loading−unloading molecular dynamics simulations
using the MD++26 and LAMMPS27 codes on nanowires with

Figure 1. Experimental tensile testing of nanowires. (a) SEM
micrograph and electronic schematic of the MEMS for displace-
ment-controlled testing of nanowires. Scale bar: 300 μm. (b) SEM
micrograph of one of the nanowires tested (diameter: 38 nm). Scale
bar: 1 μm.
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diameters ranging from 6 to 22 nm and length to diameter ratio
of about 2.5. We employ the embedded atom method (EAM)
potential developed by Williams, Mishin, and Hamilton for
silver.28 The largest nanowire modeled consists of ∼1 200 000
atoms. To mimic the diameter variation and surface roughness
in the experimentally tested nanowires14 the size of the
pentagon-shaped cross section has a sinusoidal variation along
the nanowire (see Figure 5).29 The nanowires are then relaxed
under the NPT ensemble at 300 K and zero axial stress for 100
ps. The nanowires are then loaded or unloaded along the long
axis, both at a constant strain rate of 5 × 107/s. The
temperature is kept at 300 K by the Nose−́Hoover thermostat
during the whole loading−unloading process.
Cyclic Stress−Strain behavior: Strong Intrinsic Bau-

schinger Effect. Figure 2 shows representative stress−strain
curves of the cyclic behavior of the nanowires for (a)
experiments and (b) MD simulations (for more experimental
stress−strain curves see Supporting Information). Both
experimental and computational curves show hysteresis upon
unloading and subsequent reloading, and the hysteresis
increases as the unloading strain is increased. The hysteresis
appears because the unloading portion of the curves differs
significantly from the ideal elastic unloading (dashed lines),
indicating that plastic flow occurs during unloading. It is
encouraging to note that the atomistic simulations predict
hysteresis-loop sizes that are similar to those observed
experimentally. The softening behavior observed in MD
simulations may be caused by the very high strain rate and
limited size of the simulations, as hypothesized before.14

However, further research is needed to clarify this issue.
The fact that plastic flow occurs upon unloading means that a

Bauschinger effect is observed. However, the traditional
Bauschinger effect observed in bulk materials refers to samples
first deformed, say, in tension, and then in compression with
the yield stress in compression being smaller than the initial
yield stress in tension. In other words, plastic flow occurs earlier
in compression when the sample has been deformed beyond
yield in tension. However, the stress−strain curves in Figure 2
are such that reverse plastic flow occurs during unloading even
when the stress is still tensile. This is a strong form of the
Bauschinger effect, which has also been called “unusual”30 or
“anomalous”.10 This type of Bauschinger effect can be beneficial
for fatigue resistance as it reduces damage (dislocation)
accumulation during cyclic loading. The strong Bauschinger
effect has been previously observed experimentally in micro-

pillars12 and thin-films9 when they are coated by hard ceramic
films, which act as barriers to dislocation and promote
dislocation pile-ups, causing backward flow upon unloading.
It has also been observed in polycrystals with heterogeneous
grain sizes,8 where the earlier yielding of large grains leads to
internal stresses in the smaller grains, resulting in an asymmetry
between loading and unloading. The Bauschinger effect caused
by a hard film coating may be regarded as an “extrinsic” effect
and may not be beneficial in extending the fatigue life of
nanocomposites, because the hard film tends to fracture during
cyclic loading, deteriorating the mechanical properties of the
material. In contrast, the Bauschinger effect of the pentat-
winned nanowires reported here may be regarded as an
“intrinsic” effect, ultimately rooted in the crystal geometry of
the as-synthesized nanowires and not requiring any post-
processing. It is interesting to note that the twin boundaries
that are responsible for the strong Bauschinger effect reported
here are also responsible for improved ductility of nanotwinned
materials31,32 although the specific mechanisms are different.
The mechanistic details on the plastic recovery of pentatwinned
nanowires are elaborated in subsequent sections.
In order to quantify the magnitude of the Bauschinger effect,

in Figure 3 we plot the strain recovery as a function of the
unload strain, both normalized by the yield strain.9 Exper-
imentally, the yield strain is taken as the 0.2% offset strain. In
MD simulations, the yield strain is taken at the onset of
dislocation nucleation or dislocation motion. The recovery
strain is the difference between the strain that would have
occurred under ideal elastic unloading (i.e., extrapolation to
zero stress along the dashed line plotted in Figure 2) and the
actual strain when the stress has returned to zero. Figure 3
contains both experimental and computational results.
The recovery is present in all the diameters tested and it is of

the same order of magnitude within experimental scatter. There
seems to be a small increase of recovery strain with decreasing
diameter but the size effect is weak. This size effect is consistent
with the expectation that dislocations in thinner specimens
experience a stronger image force that pulls the dislocations
toward the surface. On the other hand, there is a pronounced
increase of recovery strain as the unload strain is increased.
Similar observations were made in thin films and micro-
pillars.9,12 Here, a higher recovery with higher unloading strains
provides another indirect confirmation of the atomistic
mechanisms of plastic deformation in pentatwinned nanowires
through SFDs because SFDs, being an arrangement of partial

Figure 2. Representative stress−strain curves under repeated unload−reload cycles. The strain recovery is defined as the difference between the
strain at zero stress if ideal elastic unloading happens (dashed lines) and the actual strain at zero stress. (a) Experimental curve for a 85 nm nanowire
(b) MD simulation of an undulated 22 nm nanowire. Gray line corresponds to the first loading starting from the relaxed configuration until the strain
reaches ∼10%. Color lines correspond to unloadings and subsequent reloadings. Points 1−4 indicate points in the curve further analyzed in Figure 5.
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dislocations, become unstable (reversible) upon unloading (see
next section) due to their interactions with the twin boundaries,
and we have previously observed that increasing tensile strain
increases the number of discrete plastic zones, each containing
multiple SFDs.14

Atomistic Mechanisms. Simulations and In Situ TEM.
Further insights into the atomistic mechanisms that govern the
reversible plastic behavior can be obtained by in situ TEM
experiments and MD simulations. Experimentally, we tested a
61 nm nanowire in tension in situ TEM. (A video of the testing
process is available in the Supporting Information). To capture
the details of the plastic behavior we loaded slowly the
nanowire from its initial state at relatively low magnification. In
the initial state shown in Figure 4a, the nanowire shows a

structure free of dislocations and with some bend contours
resulting from slight misalignments between the shuttles of the
testing microsystem. After tension to a strain of ∼2.5% we
observed the nucleation of a defect, indicated in Figure 4b with
a white arrow. After a slight tension to a higher strain (∼2.7%),
we stopped the deformation and zoomed in (Figure 4c).
Maintaining the same magnification we proceeded to unload
and at a strain of ∼2.1% we observed the disappearance of the
defect (Figure 4d). Loading the nanowire again promoted the
nucleation of the same defect, this time at a strain of ∼2.9%
(Figure 4e). This in situ TEM experiment demonstrated the
reversible nature of the plastic deformation in these
pentatwinned nanowires. However, due to tilting limitations
with the TEM holder designed to accommodate the testing
microsystem it was not possible to establish unambiguously the
dislocation type.
Therefore, to gain more insights into the plastic mechanisms

and dislocation activities we analyze the MD simulation
snapshots using the Crystal Analysis Tool with OVITO,33,34

which allows us to identify the type of dislocations formed
during tensile straining.
The MD snapshots are shown in Figure 5 in which twin

planes are plotted for reference. The dominant dislocations are
Shockley partials with Burgers vector 1/6⟨112⟩ and partial
dislocations with Burgers vector 1/9⟨222⟩ at the intersection
between SFDs and twin boundaries. This observation is
expected given our previous prediction that SFD formation is
the dominant plastic deformation mechanism in pentatwinned
silver nanowires.14 In particular, each SFD starts with the
nucleation of a (leading) Shockley partial at the surface,
creating a stacking fault in one of the five single crystal
domains. Propagation of the stacking fault into neighboring
domains leaves 1/9⟨222⟩ dislocations at the twin boundary (we
will call such dislocations through-twin partials). These
dislocations can be visualized using the double Thompson
tetrahedron, shown in Figure 5a,35 which represents the

Figure 3. Strain recovery as a function of unloading strain, normalized
by the yield strain.

Figure 4. Experimental evidence of reversible plastic deformation. (a) A 61 nm nanowire initially free of dislocations was loaded until a defect
nucleation event (b) was observed (white arrow). (c) Subsequently, the loading process was stopped and the defect was imaged at high resolution.
Note the black arrow as a point of reference for subsequent images. (d) Keeping the same magnification, unloading is performed, leading to the
disappearance of the defect. Scale bars: a-b: 100 nm, c-e: 20 nm. Further loading (e) leads to the nucleation of the defect at the same location.
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dislocations in a face-centered cubic crystal and their
interactions with the {111} twin boundary. In particular, the
Burgers vectors of Shockley partials nucleated at the surface of
the nanowires have a 30° angle with the twin boundary (e.g.,
Bα), and those of the through-twin partial dislocation are
perpendicular to the twin boundary (e.g., α′ α).
Our MD simulations show that these two types of

dislocations are highly reversible and hence are responsible
for the plastic strain recovery upon unloading. In particular,
Figure 5b shows that when these dislocations are the major
types of dislocation present, unloading leads to full reversibility
and a complete recovery of the plastic strain. Partial plastic
recovery occurs as other types of dislocation form to anchor the
dislocation network. This is evident in Figure 5c, where
Shockley partials, through-twin partials, perfect dislocations,
and other dislocations have formed a complex structure. Upon
unloading, this entanglement persists at zero stress, thus
preventing a full recovery. Our MD simulations show that such
complex dislocation structures form when multiple SFDs
intersect with each other, although the detailed reaction
mechanisms are probably too complex to enumerate in full
detail.
To complement the MD simulations results, we calculated

the energy barrier of several unit processes involving Shockley
and through-twin partials during strain recovery, using a
modified version of the string method.36 For simplicity, we
consider the destruction of a five-sided stacking fault hat (SFH,

see Figure 6a), which is half of an SFD, during unloading.
Several unit processes have been studied (see Supporting
Information). It is found that the removal of the first stacking
fault area from a five-sided SFH is the rate-limiting step. After
the removal of the first face, the removal of the remaining
proceeds quickly without any energy barrier (see Supporting
Information).
Figure 6b shows that the energy barrier for the removal of

the first stacking fault area from a SFH. As the stress is reduced
during unloading, the energy barrier becomes very small when
the stress is still positive (i.e., tensile). This is consistent with
the MD simulation result showing that isolated SFDs formed
during loading would be removed during unloading. At the
experimental time scale, energy barriers around 0.5 eV can be
overcome by thermal fluctuation. This means that a SFH (or
SFD) becomes unstable when the stress drops below 0.5 GPa.
The energy barrier results are also consistent with the slope

changes in the stress−strain curve, during the unloading
process, as predicted by MD (Figure 2b). In the initial stage of
unloading, the slope is relatively high, similar to the elastic
regime. The slope starts to decrease further when the stress
drops below 1 GPa. This is when “perfect” SFHs start to be
destroyed. Activation of the process shown in Figure 6 leads to
removal of many SFHs that are not pinned by other
dislocations, which leads to recovery of plastic strain visible
on the stress−strain curves.

Figure 5. (a) Schematic of the double Thompson tetrahedron used to visualize the Burgers vectors of the dislocations in the pentatwinned structure.
The following color convention is used for the MD snapshots: green, Shockley partial; gray, trough twin partial; blue, stair-rod dislocation; purple,
Frank partial; yellow, Hirth partial; red, perfect dislocations. (b) MD Snapshots of the 1−2 unloading of Figure 2b, indicating full recovery when only
Shockley partial and through-twin dislocations are present in the system. (c) MD Snapshots of the 3−4 unloading of Figure 2b, indicating that full
recovery is impeded when Shockley partial and through-twin dislocations are entangled with other dislocations. In the snapshots, only atoms
belonging to twin boundaries or stacking faults are visualized as dots, while dislocation lines are colored. Figure 5a reproducted with permission from
ref 35. Copyright 2011 Elsevier.
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Therefore, both the MD simulations and the energy barrier
calculations show that the plastic strain recovery is mostly
caused by the destruction of SFDs when the applied stress is
lowered but still in the tensile regime. However, when
dislocations other than the Shockley and through-twin partials
appear (due to SFD intersection), part of the dislocation
structure become anchored inside the nanowire, leading to
incomplete recovery (Figure 5c).
Conclusions. In summary, we have characterized the cyclic

plastic behavior of pentatwinned silver nanowires by both in
situ electron microscopy experiments and atomistic simulations.
Experiments are enabled by a novel MEMS device designed for
displacement-controlled testing of nanowires. The experimental
and computational results reveal a strong intrinsic Bauschinger
effect, i.e., reverse plastic flow during unloading even when the
stress remains tensile. Both in situ TEM experiments and MD
simulations show that the recovery of plastic strain is caused by
reversible dislocation activity. In particular, the deformation
mechanism of stacking Fault Decahedron (SFD) formation,
which is mediated by Shockley and through-twin partial
dislocations, can be reversed when the tensile stress drops
below a threshold value. However, when dislocations of
different types form through reactions, they can anchor part
of the dislocation network even when the stress drops to zero,
making the recovery incomplete.
It is of interest to discuss whether the Bauschinger effect

reported here can also occur in single crystal nanowires, that is,
without the five twin boundaries. Recovery of plastic
deformation has been reported by MD simulations of single

crystal metal nanowires in torsion37 in which partial
dislocations stored in the nanowires can easily escape during
untwist. However, such mechanism is unlikely to occur and has
not been reported in single crystal nanowires under uniaxial
loading, because dislocations nucleated from the nanowire
surface can easily escape from the opposite surface under
uniaxial loading, leaving the nanowire in a “dislocation starved”
state.38 On the other hand, reversible deformation can occur in
single crystal gold nanowires where plasticity is mediated by
deformation twinning.11 However, the underlying mechanism
does not involve dislocation storage and recovery and hence it
is not referred to as a Bauschinger effect. Incidentally,
computations indicate plastic recovery is possible for nanowires
with twins running along the cross section.39 However, those
nanowires only display recovery on a narrow set of strains,
specifically before trailing partials nucleate and generate perfect
dislocations, and only show this phenomenon under certain
twin densities. In contrast to these cases, pentatwinned
nanowires show partial recovery more generally, at all strains
beyond the plastic regime. Given that SFD formation is a
mechanism particular to the pentatwinned atomic structure, we
speculate that the intrinsic Bauschinger effect reported here in
pentatwinned nanowires may be stronger that in nontwinned
nanostructures, such as single crystal nanowires.
The partial recovery of plastic deformation in the

pentatwinned nanowires is an important aspect to take into
account for the design of nanowire-based flexible electronic
applications where cyclic deformation of the nanowires past the
yield point is likely to happen. In particular, a natural extension
of this work could be made to study the fatigue life of the
nanowires, given the relation between fatigue life and
accumulation of plastic deformation. In particular, if fatigue
stresses are all of the same sign (tensile), the observed plastic
recovery should be beneficial to fatigue life. Further research
with combined tensile and compressive loading is needed to
clarify the effect of load-direction reversal on fatigue.

Methods. Electronic Setup Used in the Experiments.
Cyclic straining was achieved by programming a waveform
containing several cycles of increasing and decreasing voltage in
a signal generator and using such waveform to actuate the
thermal actuator. The electronics for load sensing and feedback
were implemented using a commercial chip for capacitive
sensing (MS3110), an analog feedback control with fast
response (100 kHz, Stanford Research Systems SIM960) and
voltage amplifiers (OPA445). The MEMS device was wire-
bonded to a custom printed-circuit-board (PCB) that allows
operation of the MEMS inside electron microscopes.24

Experimental Data Reduction for the Stress−Strain
Curves. Strain was determined from the applied voltage to
the thermal actuator and a calibration curve obtained before the
experiment with no specimen mounted. Given that the other
end of the specimen remains stationary and the actuator
displacement is solely controlled by the applied voltage,24 the
nanowire deformation is equal to the actuator displacement.
The force is derived from the control voltage applied to the
electrostatic actuator and the actuator geometry.24 To obtain
stress, this force is divided by the initial nanowire cross-section,
which was assumed to be of circular shape.14 The diameter was
determined by a high-resolution image of the nanowire. The
data acquisition rate was 1000 Hz, and a moving average with a
window of 20 data points was applied to filter out noise.

Figure 6. Energy barrier calculations for the rate-limiting process
during unloading, that is, the removal of a stacking fault area from a
perfect SFH. (a) We selectively visualized atoms with high central
symmetry parameter. The stacking fault area is removed when a
leading partial exits the SFH, leaving an empty area in the plot. (b)
Energy barrier for the process shown in panel a.
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