
R
E
S
E
A
R
C
H
A
R
T
IC
L
E

Copyright © 2007 American Scientific Publishers
All rights reserved
Printed in the United States of America

Journal of
Computational and Theoretical Nanoscience

Vol. 4, 1–10, 2007

The Effect of Defects on the Mechanical Behavior of
Silver Shape Memory Nanowires

Changjiang Ji and Harold S. Park∗

Department of Civil and Environmental Engineering, Vanderbilt University, Nashville, TN 37235-1831, USA

We present atomistic simulations of the uniaxial tensile deformation of silver shape memory
nanowires to investigate the effects of initial defects on the resulting thermomechanical behavior. In
particular, the focus of the work is on investigating the unique atomistic deformation mechanisms
that are observed during the tensile loading as a result of the initial defects, while correlating that
behavior to the measured mechanical properties of the shape memory nanowires. In particular,
wires with initial defects show a non-constant stress state during the �110�/�111� to �100�/�100�
reorientation due to the presence of multiple propagating twin boundaries, as well as reductions
in transformation stresses and strains due to the presence of the initial defects. Under most cir-
cumstances, the wires with initial defects still tend to exhibit complete reversibility between the
�110�/�111� and �100�/�100� orientations, and thus the shape memory effect. Comparisons are
made to defect-free shape memory nanowires to illustrate the relative mechanical performance of
each structure.

Keywords: Shape Memory, Pseudoelasticity, Silver Nanowires, Atomistic Simulation, Initial
Defects.

1. INTRODUCTION

Of the multitude of experimentally synthesized and studied
nanoscale structural materials, metallic and semiconduct-
ing nanowires appear to be one of the most promising
for functionalization in future nanoscale machines and
devices. Nanowires have been proposed for many impor-
tant nanoscale applications, including biosensing,1 as inter-
connects in future nanoscale electronics,2 in photonics,3

and many others.4

From a mechanics perspective, nanowires have many
desirable properties, including yield stresses, yield strains
and fracture strains that far exceed those found in the
corresponding bulk material. These properties have been
obtained through experimental5–7 and theoretical investi-
gations into the uniaxial tensile deformation of nanowires.
Nanowires with a �100�/�100� orientation have been stud-
ied most frequently;8–19 other orientations, such as �110�
or �111� have also been studied,20–25 though the literature
is not as extensive.

Recently, metal nanowires have been found to undergo
phase transformations and structural reorientations that are
surface stress driven, with additional dependencies on size,
thermal energy, and material properties. For example, gold
nanowires were found to phase transform from FCC to

∗Author to whom correspondence should be addressed.

body-centered tetragonal (BCT) if the wire cross sectional
length is below about 2 nm.26�27 �100�/�100� FCC metal
nanowires were found to reorient to a lower energy �110�
configuration with �111� side surfaces and a rhombic cross
section by various researchers.25�28–33 The reorientation is
caused by intrinsic surface stresses34 that cause instabil-
ity of the �100�/�100� orientation if the wire cross sec-
tional length is sufficiently small, driving the reorientation
to the lower energy �110�/�111� orientation. The ener-
getics of the reorientation have been confirmed both by
experiment,35 and by recent density functional and tight
binding calculations,36 which show that copper, nickel, and
silver nanowires do in fact reorient from �100�/�100� to
�110�/�111� under their own surface stresses if the wire
diameter is less than about 2 nm.

Of significant interest, the reoriented �110�/�111�
nanowires were shown to exhibit both shape memory and
pseudoelastic behavior29–32�37 that has previously been seen
only in bulk, polycrystalline shape memory alloys such
as nickel titanium (NiTi).38 The shape memory effect in
nanowires is a purely nanoscale phenomenon, and is made
possible due to the fact that intrinsic surface stresses,
which are insignificant at the macroscale, are substan-
tial at the nanoscale and continuously drive the reorien-
tation from higher energy �100�/�100� to lower energy
�110�/�111� configurations.
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Polycrystalline shape memory alloys (SMAs) are typ-
ically utilized as essentially one-dimensional structures;
therefore, much of the experimental work characterizing
their thermomechanical behavior has focused on uniaxial
deformation.38–40 For nanowires, previous work has been
performed by the authors on the uniaxial thermomechani-
cal deformation of silver shape memory nanowires.32 How-
ever, one critical issue that has not been considered to-date
is the influence of defects formed during the �100�/�100�
to �110�/�111� reorientation on the subsequent thermome-
chanical properties and deformation behavior of the shape
memory nanowires; previous investigations into the shape
memory and pseudoelastic behavior were performed on
idealized, defect-free nanowires.29–32

Therefore, the purpose of this paper is to characterize
the influence of pre-existing defects on the thermome-
chanical behavior and properties of silver shape memory
nanowires. Due to the likelihood of future difficulty in syn-
thesizing defect-free nanowires, and due to the fact that
individual lattice or surface imperfections can dramatically
degrade the mechanical strength of nanoscale materials,
such investigations are necessary to assess the practical
potential of these novel shape memory materials. By per-
forming atomistic simulations of the tensile deformation
of �110�/�111� nanowires with initial defects, we quan-
tify the effects of the pre-existing defects on the observed
atomistic deformation mechanisms, while relating these
mechanisms to the nanowire strength and mechanical
properties. Comparisons to defect-free nanowires and
polycrystalline shape memory alloys are made for further
insight.

2. SIMULATION METHODS

Classical molecular dynamics (MD)41 simulations were
performed modeling the atomic interactions using the
embedded atom method (EAM)42�43 as the underlying
atomic interaction model. For the EAM, the total energy
U for a system of atoms can be written as

U =
N∑
i

(
Fi	
̄i�+

1
2

N∑
j �=i


ij 	Rij�

)
(1)

where the summations in (1) extend over the total number
of atoms N in the system, Fi is the embedding function,

̄i is the electron density at atom i, 
ij is a pair inter-
action function, and Rij is the distance between atoms i
and j . The specific potential utilized in this work for sil-
ver was that developed by Voter and Chen,44 which was fit
to cohesive energy, equilibrium lattice constant, bulk mod-
ulus, cubic elastic constants, and the unrelaxed vacancy
formation energy, bond length and bond strength of the
diatomic molecule.

Square cross section gold �100�/�100� nanowires were
created out of a bulk FCC crystal with {100} surface
orientations. The wires were all 20.45 nm long in the
z-direction, with cross sectional lengths of 2.045 nm in the

x and y-directions. Because the shape memory effect is
obtained in nanowires through reversibility between the
�100�/�100� and �110�/�111� orientations, the �100�/
�100� to �110�/�111� reorientation was achieved by fixing
the ends of the wires to move only in the z-direction along
with heating to 500 K using a Nosé-Hoover thermostat45�46

with a time step of 0.001 ps.
As was illustrated by multiple researchers,28–32 there

exists a critical reorientation temperature Tc which is
directly proportional to the wire cross sectional length; Tc

increases with the wire cross sectional length as the sur-
face stresses decrease proportional to the wire cross sec-
tional length. Previous studies30�31 have shown that the
shape memory effects are achieved by stress-inducing a
reorientation from �110�/�111� to �100�/�100� at a tem-
perature less than Tc. By subsequently heating the stress-
induced �100�/�100� wire above Tc, reorientation back to
�110�/�111� occurs thus illustrating the shape memory
effect. If the stress-induced reorientation occurs at a tem-
perature greater than Tc, then the resulting �100�/�100�
wire will be unstable under its surface stresses, and pseu-
doelastic unloading back to the �110�/�111� configuration
will occur.

The focus of this work will therefore be on the uni-
axial tensile deformation of the �110�/�111� nanowires
with initial defects. The �110�/�111� wires that were ten-
sile loaded were obtained by annealing the reoriented
�110�/�111� nanowires to three different temperatures
using the Nosé-Hoover thermostat: 30 K, 200 K, and
400 K. These temperatures were chosen as representative
values that are less than or equal to the critical reorienta-
tion temperature (Tc = 400 K) for the wire size chosen for
this paper. The annealed wires were then loaded in ten-
sion in the z-direction at the three temperatures and strain
rates of �̇ = 1× 108, 1× 109, 1× 1010 by fixing one end
of the wire, creating a ramp velocity profile which went
from zero at the fixed end to a maximum value at the free
end, then pulling the free end at the maximum value. The
ramp velocity profile was utilized to avoid the emission of
shock waves from the loading end of the wire. All refer-
ences to strain rate in this paper will be in units of s−1. As
with any MD simulation, the strain rates imposed during
loading are higher than are generally observed experimen-
tally. Thus, we have simulated the material response of the
annealed �110�/�111� nanowires across three decades of
accessible MD loading rates to isolate the characteristic
mechanical properties. The equations of motion were inte-
grated in time using a velocity Verlet algorithm, and all
simulations were performed using the Sandia-developed
code Warp.47�48

For each temperature and strain rate, the uniaxial ten-
sile deformation of the annealed �110�/�111� nanowires
was performed both with and without Nosé-Hoover
thermostatting; the thermostatting is utilized to model
isothermal deformation by idealized heat transfer to a
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surrounding medium, while simulations without ther-
mostatting model adiabatic deformation. These idealized
conditions were chosen as transient heat transfer effects
have been shown to have a significant effect on the
mechanical behavior of polycrystalline SMAs.39�49 For the
remainder of the paper, we will refer to the thermostat-
ted simulations as isothermal, while the non-thermostatted
simulations will be referred to as adiabatic.

3. SIMULATION RESULTS
AND DISCUSSION

3.1. �100�/�100� to �110�/�111� Reorientation

We first illustrate the �100�/�100� to �110�/�111� reori-
entation at 500 K. While this reorientation has been doc-
umented by various researchers,25�28–32 we illustrate here
the process leading to the formation of the �110�/�111�
nanowires with interior defects. This reorientation pro-
cess is driven by intrinsic surface stresses that allow the
�100�/�100� nanowire to reduce its surface energy by
reorienting to a �110� orientation with low energy �111�
side surfaces. The reorientation process from �100�/�100�
to �110�/�111� is illustrated in Figures 1 and 2, which
show the process leading to �110�/�111� nanowires that
do and do not contain interior defects. Both figures show
side by side snapshots of the nanowire potential energy
along with the atoms visualized using the centrosymmetry
parameter,50 which is a measure of local atomic coordi-
nation; a value of zero indicates a bulk, fully-coordinated
atom while values increasingly greater than zero indicate
the presence of lattice defects such as dislocations, stack-
ing faults, and twins.

The reorientation process leading to the �110�/�111�
silver nanowire with parallel interior �111� stacking faults

Fig. 1. The reorientation of an initially defect-free �100�/�100� silver
nanowire to a �110�/{111} orientation containing interior parallel �111�
stacking faults at 500 K. Units of potential energy are in eV, centrosym-
metry is defined in Ref. [50].

Fig. 2. The reorientation of an initially defect-free �100�/�100� sil-
ver nanowire to a �110�/{111} orientation free of interior defects at
500 K. Units of potential energy are in eV, centrosymmetry is defined in
Ref. [50].

is shown in Figure 1. As illustrated in Figure 1(b), the
reorientation occurs by spatially distributed twinning on
different crystallographic variants. The interactions of the
different twin boundaries results in the formation of par-
allel �111� stacking faults in the interior of the wire as
shown in Figure 1(c). Upon completion of the reorientation
in Figure 1(d), the parallel �111� stacking faults remain in
the wire center, while additional twin-like defects exist at
the ends of the wire. These defects exist due to the fact
that the ends of the wire are constrained to move only in
the z-direction during the reorientation in order to assure
a clean tensile loading plane, and have been seen in previ-
ous simulations to propagate as twin boundaries to allow
reversibility upon tensile loading to the initial, undeformed
�100�/�100� orientation.31�32

The reorientation process leading to the �110�/�111�
silver nanowire containing only the twin boundaries at the
wire ends is illustrated in Figure 2. Again, the compression
induced by the tensile surface stresses causes reorienta-
tion via spatially distributed twinning, though on the same
crystallographic variant as illustrated in Figures 2(a) and
(b). Of note in both reorientation processes illustrated in
Figures 1 and 2 is that the interior of the twins are largely
defect-free; this confirms earlier investigations31 indicating
that the formation of defect-free twins is key to allowing
reversibility between the �110�/�111� and �100�/�100�
orientations. The final step in the reorientation is illustrated
in Figures 2(b) and (c), which show that the remaining
twin boundaries are removed by creation of ideal �111�
surfaces, resulting in a �110�/�111� wire without interior
stacking faults.

A comparison between the defective and defect-free
reoriented �110�/�111� nanowires after further annealing
to 30 K is shown in Figure 3. As can be seen, the defective
�110�/�111� nanowire has individual surface defects along
with the interior �111� stacking faults. We note that

J. Comput. Theor. Nanosci. 4, 1–10, 2007 3
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Fig. 3. Comparison of defective and defect-free �110�/{111} nanowires
after annealing to 30 K. Units of potential energy are in eV, centrosym-
metry is defined in Ref. [50].

in the present examples, the defective and defect-free
�110�/�111� nanowires were obtained simply by small
variations in the Nosé-Hoover frequency parameter, which
causes the variations in twinning leading to the forma-
tion of interior �111� stacking faults seen in Figure 1.
Variations in the Nosé-Hoover frequency lead to activa-
tion of slip planes at different points along the nanowire
length due to disparities in local temperature, leading to
the differences in the final structure of the reoriented
�110�/�111� nanowires seen in Figure 3.

While the differences in the �110�/�111� nanowires
were generated through small variations in numerical mod-
eling, there are many practical situations in which varia-
tions in applied heat or energy could cause initial defects
as shown in Figure 1. For example, if reorientation from
�100�/�100� to �110�/�111� is initiated by application of
heat, a non-uniform application of the heat source could
activate different twinning planes and systems along the
nanowire. In addition, if the shape memory nanowires are
utilized as reinforcing materials within a nanocomposite,
surface defects due to interactions with the matrix mate-
rial could also adversely affect an idealized reorientation
to a defect-free �110�/�111� orientation. Because these
shape memory nanowires are therefore likely to be utilized
in situations where they are not defect-free, we will pro-
ceed in the next section to investigate the potentially dele-
terious effects existing defects have on their mechanical
performance.

3.2. Uniaxial Tensile Deformation of
Defective �110�/�111� Silver Nanowires

3.2.1. Uniaxial Deformation at 30 K

In this section, the results of the MD simulations of
the uniaxial tensile loading for the defective �110�/�111�
silver nanowires at 30 K are discussed. The loading was

performed across three decades of applied strain rates at
30 K considering both idealized adiabatic and isother-
mal heat transfer conditions. Strain is defined as � = l−l0

l
,

where l0 is the length of the reoriented �110�/�111� sil-
ver nanowires with initial {111} stacking faults and l is
the current length of the nanowire during loading. Stresses
reported in this work are based on the virial theorem,
which takes the form

�ij =
1
V

(
1
2

N∑
�=1

N∑
��=�

U ′	r���
�x

��
i �x

��
j

r��
−

N∑
�=1

m�ẋ
�
i ẋ

�
j

)
(2)

where V is the current volume of the nanowires, N is the
total number of atoms, ẋ�

i is the ith component of velocity
for atom �, m� is the mass of atom �, r�� is the distance
between two atoms � and �, �x

��
j = x�

j − x
�
j , U is the

potential energy function and r�� = ��x��
j �. Alternative

methods of defining stress in an atomistic system have
been recently proposed in.51�52

We present in Figure 4 an illustration of the stress-
induced reorientation from �110�/�111� to �100�/�100�
that is possible even if the �110�/�111� nanowire is ini-
tially defective. The applied strain rate is �̇ = 108 and the
wire is loaded adiabatically at 30 K. Upon application of
tensile loading, the {111} stacking faults in the wire center
first reorient into two separate twin boundaries as illus-
trated in Figure 4(b). Concurrently, the twin-like defects at
the wire ends from the opposite ends of the twin bound-
aries; the two twins then propagate towards each other
under tensile loading as shown in Figure 4(c). At this
point in the deformation, the interior of the twins have
a �110� orientation with �111� side surfaces. Outside the
twin boundaries, the wire has its initial �100�/�100� orien-
tation with �100� side surfaces.30�31 At a strain of �= 0�38

Fig. 4. Stress-induced reorientation from �110�/�111� at zero strain
to �100�/�100� orientation at about 38 percent strain for adiabatically
loaded silver nanowire at �̇ = 108. Units of potential energy are in eV,
centrosymmetry is defined in Ref. [50].

4 J. Comput. Theor. Nanosci. 4, 1–10, 2007
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with respect to initial �110�/�111� nanowire, the two sets
of twins annihilate each other and the nanowire regains
its initial, defect-free �100�/�100� orientation as seen in
Figure 4(d).

A unique feature in the deformation of the initially
defective nanowire seen in Figure 4 is the formation and
propagation of two distinct twins within the nanowire inte-
rior, which is in contrast to the single twin boundary
propagation seen in defect-free nanowires.30–32 Previous
investigations into the uniaxial deformation of defect-free
silver shape memory nanowires found that the propaga-
tion of multiple twins was seen only in extremely high
strain-rate loading conditions,32 indicating that such defor-
mation proceeds as a way of relieving the local material
instability. In addition, the propagation of multiple twins
in defect-free wires was seen to result in higher plateau
stresses driven by the increased effort necessary to propa-
gate the multiple twin boundaries.

In this work, we define the transformation stress as the
difference between the initial stress in the wire prior to
tensile loading and the maximum stress during the ini-
tial period of linear elastic deformation, while the plateau
stress is defined as the stress state present in the wire
immediately following the transformation stress as the
reorientation from �110�/�111� to �100�/�100� proceeds
via the propagation of the twin boundaries. Due to the
non-constant plateau stresses seen in this work, we loosely
define the plateau period as ending at about � = 0�30.
In terms of the active deformation mechanisms illustrated
in this work, the transformation stress corresponds to the
stress level at which the initial {111} stacking faults in
the defective nanowires orient themselves favorably under
the applied uniaxial loading to form the appropriate twin
boundaries.

The stress–strain curves for the defective nanowire at
30 K under both adiabatic and isothermal loading con-
ditions across three decades of strain rates are shown in
Figure 5. The curves illustrate many interesting features
particular to the tensile deformation of the �110�/�111�
nanowires with initial {111} stacking faults, which we will
now discuss.

The first phenomena we discuss deals with the fact
that, for both adiabatic and isothermal deformation, we do
not observe a flat stress plateau following the transforma-
tion stress as typically exists in polycrystalline SMAs,39�53

and was observed in the uniaxial tensile deformation of
defect-free �110�/�111� shape memory nanowires.32 In
polycrystalline SMAs, the flat stress plateau following
the transformation stress occurs while favorably oriented
austenite grains transform under applied loading to marten-
site. In defect-free shape memory nanowires, the flat stress
plateau occurs after a sufficiently high stress state (the
transformation stress) is reached whereby the twin bound-
aries at the ends of the wire as illustrated in Figure 2 begin
to propagate.
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Fig. 5. The uniaxial stress–strain relationship under various loading
rates for silver shape memory nanowires at 30 K. (a) Isothermal,
(b) adiabatic.

In the �110�/�111� nanowires with initial {111} stack-
ing faults, multiple twins initiate and propagate as seen in
Figures 4(b–c). Due to the presence of the twin bound-
aries, long-ranged stress fields exist in the nanowire. The
propagation of the multiple twin boundaries causes inter-
action of the stress fields, and results in a non-constant
and increasing stress level necessary to propagate the mul-
tiple twin boundaries. This is observed in Figure 5, which
illustrates that from a strain level of about � = 0�1, the
plateau stress is non-constant and increasing for the adia-
batically loaded wires, while a similar transition occurs at
a strain level of about � = 0�15 in the isothermally loaded
wires. The later increase in plateau stress in the isothermal
case is due to difficulties in untangling the {111} stacking
fault structure in the wire interior. The slope of the stress–
strain curve increases markedly at higher strains due to
the stress needed to annihilate and drive together the twin
boundaries; this is most evident for the isothermally loaded
nanowires beginning at a strain level of about � = 0�30 in
Figure 5(a).
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This conclusion has been drawn by comparing the
present results to stress–strain curves of the tensile
deformation of defect-free �110�/�111� shape memory
nanowires, in which the plateau stress remains constant
across a range of deformation temperatures and heat trans-
fer conditions to strain levels of 25 to 30 percent while
the single twin boundaries propagate towards each other.32

The stress in the defect-free wires begins to increase
once the stress fields due to the boundaries of the single
propagating twin begin to interact. The interaction culmi-
nates with the annihilation of the twin boundaries, and the
twin boundary interaction/annihilation process results in
a nearly monotonically increasing stress strain-response.
Because of the single twin system propagating in the
defect-free wires, the plateau stress remains constant for
a larger duration of time, thus explaining the difference
in observed stress–strain response between defective and
defect-free �110�/�111� shape memory nanowires loaded
under tension.

A second point of interest is related to one of the
major purposes for initiating this work, which is to deter-
mine whether the existence of initial defects within the
�110�/�111� nanowires prevents complete reorientation
back to the original �100�/�100� orientation. As can be
seen in Figure 5 for the 30 K cases, most wires considered
were able to reorient back to the defect-free �100�/�100�
orientation. Two exceptions were seen: the wire loaded
isothermally at a strain rate of �̇= 108 and the wire loaded
adiabatically at a strain rate of �̇ = 1010. As we will show
later in this work, the wires loaded at lower temperatures
and strain rates are more likely to reorient back to the
�100�/�100� configuration at lower temperatures.

For those �110�/�111� nanowires with initial defects
that were able to reorient back to the defect-free �100�/
�100� orientation, the mechanical properties are nearly
identical to those seen in the defect-free �110�/�111� case.
For example, the stress in the wires when the �100�/�100�
orientation is reached exceeds 3 GPa in the isothermal
cases at 30 K, and is slightly below 3 GPa in the adia-
batic cases, similar to what was previously observed for
defect-free wires.32 The transformation stresses and strains
are reduced for the initially defective wires; this will be
discussed in detail in the next section.

The thermal softening observed in the tangent moduli
in Figure 5 after the plateau stress raises an interesting
and enlightening comparison of nanowire shape memory
behavior and bulk, polycrystalline shape memory behavior.
In polycrystalline SMAs, the shape memory effect occurs
due to a phase transformation between the low temperature
martensite phase and the high temperature austenite phase.
Because the austenite phase is stable at high temperatures,
raising the deformation temperature requires more stress to
induce and propagate the martensitic phase transformation
due to the fact that the material is closer to stability in the
austenite phase.

0 0.1 0.2 0.3 0.4
20

40

60

80

100

120

140

160

180

Strain

T
em

pe
ra

tu
re

 (
K

)

Adiabatically loaded silver shape memory
nanowires at 30 K

Strain rate = 108

Strain rate = 109

Strain rate = 1010

Fig. 6. Evolution of temperature for three decades of applied strain
rates in adiabatically loaded silver shape memory nanowires at an initial
temperature of 30 K.

For the adiabatic loading shown here, the temperature
increases dramatically during the deformation as illus-
trated in Figure 6. In addition, it has been documented
that a critical temperature Tc is required to reorient the
�100�/�100� nanowire to the �110�/�111� wires that are
uniaxially loaded in this work. Thus, it would appear
that shape memory nanowires should behave similarly to
polycrystalline SMAs in that at the higher nanowire tem-
peratures that result due to the adiabatic loading condi-
tions, the stresses in the nanowires should increase to
offset the increased tendency of the nanowire to revert
back to the lower energy �110�/�111� orientation. How-
ever, as shown in Figure 5, the stress when the initial
�100�/�100� orientation is reached is still lower than when
the nanowire is loaded isothermally. It thus appears that at
the nanoscale, thermal fluctuations which draw the lattice
structure away from an idealized crystalline state have a
much stronger effect on the resulting nanowire mechanical
strength and properties than energetic considerations draw-
ing the nanowire to various crystallographic orientations.

3.2.2. Uniaxial Deformation at Elevated Temperatures

In this section, the response of defective �110�/�111�
nanowires under uniaxial tension at elevated temperatures
is discussed in comparison to the 30 K cases. Similar
to the nanowires at 30 K, these nanowires were tested
under various loading rates and heat transfer conditions
for a given deformation temperature. The similarities and
differences between the thermomechanical behavior of
the �110�/�111� nanowires with initial defects at ele-
vated temperatures as compared to lower temperatures are
best illustrated by considering the stress–strain responses,
which are shown in Figures 7 and 8.

The major similarities as compared to the mechanical
behavior at lower temperatures are the increasing and non-
constant plateau stress as a function of strain, and the
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Fig. 7. The uniaxial stress–strain relationship under various loading
rates for silver shape memory nanowires at 200 K. (a) Isothermal,
(b) adiabatic.

thermally-induced softening of the reorientation stress, or
the stress level in the nanowires after the reorientation to
the �100�/�100� configuration has been completed. The
increasing plateau stress occurs for the same reason as
previously discussed, i.e., due to the propagation and inter-
action of multiple twins within the nanowire. The reduced
reorientation stress occurs similarly due to thermal soften-
ing effects on the overall mechanical strength.

One important difference at 400 K is that none of the
initially defective �110�/�111� nanowires, regardless of
applied strain rate or heat transfer condition, are able to
complete a defect-free stress-induced reorientation back to
the initial �100�/�100� configuration. The cause for this
is illustrated in Figure 9. At 400 K, the reorientation gen-
erally proceeds with multiple twin boundaries propagat-
ing under applied uniaxial loading, and reaches a state
just before twin boundary annihilation should occur, as
illustrated in Figure 9(a). At this point, partial disloca-
tions propagate through the wire leaving trailing stacking
faults, as observed in Figure 9(b). One of the twins may
eventually annihilate, as does the upper twin in Figure 9(c),
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Fig. 8. The uniaxial stress–strain relationship under various loading
rates for silver shape memory nanowires at 400 K. (a) Isothermal,
(b) adiabatic.

but the other remains and additional partial dislocations
propagate through the wire, preventing defect-free reori-
entation back to the initial �100�/�100� configuration.
Because this occurs more frequently at elevated temper-
atures and strain rates, it is likely that reduced energetic
barriers to defect nucleation in conjunction with surface
defects are the cause for premature yielding before defect-
free reorientation can occur.

3.3. Discussion: Overall Impact of Initial Defects

One manner in which the effects of initial defects can
be quantified is by looking at the transformation stresses
and strains in the tensile-loaded �110�/�111� nanowires.
For example, we observe differences in the transforma-
tion stresses and strains at elevated temperatures versus
those at lower temperatures, and also in comparison to the
transformation stresses and strains observed in the defect-
free wires; these are quantified graphically in Figures 10
and 11 for isothermally loaded defect-free and defec-
tive �110�/�111� nanowires. All references to and data
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Fig. 9. Adiabatic tensile loading of an initially defective �110�/�111�
nanowire at 400 K and a strain rate of �̇ = 109 in which defect-free
reorientation to �100�/�100� does not occur. Units of potential energy
are in eV, centrosymmetry is defined in Ref. [50].

for defect-free �110�/�111� wires are taken from Park
and Ji.32

Similar trends are seen in the adiabatically loaded
wires. The first observable trend is that the transforma-
tion stresses and strains both tend to increase with increas-
ing temperature for the initially defective �110�/�111�
nanowires. The reason for this is tied to the initial stress
state in the wires due to the presence of the initial
defects. As illustrated in Figures 5, 7, and 8 the stress in
the initially defective �110�/�111� wires is nonzero after
thermal annealing. With increasing temperature, the ini-
tial stress in the wires gradually approaches zero. There-
fore, while the transformation stress itself decreases with
increasing temperature, the difference between the initial
stress state and the transformation stress increases with
temperature.

This fact also explains the increase in transformation
strain with increasing temperature. That is, the increase
in initial temperature allows the wire to accommodate the
initial {111} stacking faults by thermally-induced expan-
sion. Upon application of tensile loading, the wire is
then allowed to deform elastically for a longer period
of time before the stress state in the wire reaches the
critical transformation value, causing the initial stacking
faults to reorient into propagating twin boundaries. In this
sense, the behavior of the �110�/�111� nanowires with
initial defects is similar to that observed in polycrys-
talline SMAs, in which the transformation stresses and
strains are observed to increase with increasing temper-
ature. The initial stacking faults then serve as idealized
grain boundaries, which require additional work to trans-
form into propagating twins to initiate the stress-induced
reorientation.

In contrast, as illustrated in Figure 10(a), the transfor-
mation stress for the defect-free �110�/�111� nanowires
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Fig. 10. Summary of transformation stresses as a function of tem-
perature for: (a) Defect-free �110�/�111� nanowires. (b) �110�/�111�
nanowires with initial {111} stacking faults.

appears to decrease or remain constant with temperature
for most cases, again indicating thermal softening effects
on reducing the amount of idealized deformation that is
supportable in the nanowires. The transformation strains
for the defect-free wires also show patterns of inconsis-
tency, particularly at temperatures approaching the critical
temperature for the �100�/�100� to �110�/�111� reorien-
tation; see Figure 11(a). Despite these trends, we note that
for a given temperature and strain rate, the transforma-
tion stresses and strains for the defect-free wires were in
all cases larger than those for the initially defective wires,
indicating the effects of the initial defects in reducing these
values.

The simulation results have also revealed both similar-
ities and differences in the tensile stress–strain responses
of the initially defective �110�/�111� nanowire studied in
this work and the defect-free �110�/�111� nanowires.32

For example, the transformation stresses and strains shown
in Figures 10 and 11 were lower for all temperatures
and loading rates for the initially defective wires. How-
ever, once the stress state in the wire had increased
enough to initiate the propagation of multiple twins, the
plateau stresses and the stress state in the wires when the
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original �100�/�100� orientation was reached is similar
between initially defective and defect-free �110�/�111�
nanowires.32 In addition, when irreversible deformation
was observed to occur in the wires due to the formation of
complex stacking fault structures at twin boundaries or full
dislocations, the irreversibility occurred late in the reori-
entation process, typically after strains of 30 percent or
larger with respect to the original �110�/�111� configu-
ration; this is illustrated in Figure 9. This result is quite
encouraging, as most polycrystalline SMAs have reversible
inelastic strains approaching about 10 percent.38

Another interesting aspect of the deformation is that the
stress state during the uniaxial tensile deformation when
multiple twins propagate in the nanowires, as was observed
throughout this work for the initially defective wires, is
not higher than the stress observed in the uniaxial tensile
deformation of the defect-free wires. The reason for this
can be tied to the reduced velocities at which multiple
twins propagate in a wire of the same length as compared
to the velocity of a single propagating twin. As was elo-
quently explained by Shaw and Kyriakides,39 if more twins
are propagating in a material of a given length, the veloc-
ities of each set of twins must be reduced accordingly to

accommodate the same amount of deformation. Therefore,
while a larger stress is presumably required to propagate
multiple twins as compared to a single twin, the fact
that the velocities of the propagating twins are reduced
accounts for the non-elevated stress response for initially
defective shape memory nanowires as compared to initially
defect-free wires.

We close this discussion by mentioning two key issues
which were not considered in this work. First, an issue not
considered in this work, but which can be inferred from
the results herein is the importance of stochastic effects in
predicting the resulting mechanical properties of defective
shape memory nanowires. The configuration chosen in this
work, i.e., that of the reoriented �110�/�111� nanowire
with internal {111} stacking faults, was analyzed after con-
siderable work studying the �100�/�100� to �110�/�111�
reorientation, and finding the most typical configuration
with defects to be that with interior {111} stacking faults.
Clearly, this single situation does not account for all pos-
sible scenarios involving combinations of initial defects
both within the nanowire and on the nanowire surfaces.
However, it does serve to illustrate that with judicious
selections of deformation temperature and applied strain
rate, nanowires with initial defects can still reorient com-
pletely between the low energy �110�/�111� and higher
energy �100�/�100� orientations, thus paving the way for
shape memory behavior and relevant applications at the
nanoscale.

Finally, another key issue which was not considered in
the present work but has important implications for prac-
tical usage of metal nanowires is that of oxidation. In the
future, it will be important to investigate, perhaps using
first principles techniques for accuracy, the effects of oxi-
dation layers on the deformation behavior and properties
of metallic nanowires and nanostructures.

4. SUMMARY AND CONCLUSIONS

We have presented atomistic simulations of the stress-
induced reorientation for silver shape memory nanowires
between a �110�/�111� orientation with interior {111}
stacking faults and a �100�/�100� orientation. The sim-
ulations were performed accounting for various deforma-
tion temperatures, idealized heat transfer conditions and
loading rates to investigate the deleterious effects of initial
defects on the robustness of the shape memory effect in
silver nanowires. Though the reorientation was shown to
be precluded in certain situations, notably at deformation
temperatures approaching the critical reorientation temper-
ature Tc and high applied strain rates, the nanowires in
general demonstrated reversibility at lower strain rates and
deformation temperatures.

Due to the existence of the initial {111} stacking faults,
reversibility between the �110�/�111� and �100�/�100�
orientations was shown to occur by the propagation
and annihilation of multiple twin boundaries. While
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the transformation stresses and strains of the initially
defective �110�/�111� wires were reduced as compared
to initially defect free �110�/�111� wires, the formation
and evolution of multiple twin boundaries during tensile
loading led to non-constant and increasing plateau stresses
as compared to previous investigations of initially defect-
free �110�/�111� nanowires with a single propagating twin
boundary.32 It was also shown that if reorientation to the
�100�/�100� configuration occurred, the nanowires with
initial defects showed no degradation in mechanical prop-
erties as compared to those without initial defects.

While the simulations in this work focused on the
behavior of silver nanowires, it would be of great inter-
est to study the reorientation tendencies and non-idealized
deformation characteristics of other FCC metals that have
been shown to exhibit shape memory and pseudoelas-
tic behavior, namely copper29–31 and nickel.31 This would
be of interest as those materials have significantly higher
stacking fault energies than silver, which may impact the
twinning mechanisms observed in this work. In addition,
while the silver shape memory nanowires tended to deform
reversibly up to at least 30 percent strain, the viability of
that strain figure under repeated cyclic loading needs to be
carefully evaluated.
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