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Abstract

We present an analysis of the uniaxial thermomechanical deformation of single-crystal silver shape memory nanowires using atomistic
simulations. We first demonstrate that silver nanowires can show both shape memory and pseudoelastic behavior, then perform uniaxial
tensile loading of the shape memory nanowires at various deformation temperatures, strain rates and heat transfer conditions. The sim-
ulations show that the resulting mechanical response of the shape memory nanowires depends strongly upon the temperature during
deformation, and can be fundamentally different from that observed in bulk polycrystalline shape memory alloys. The energy and tem-
perature signatures of uniaxially loaded silver shape memory nanowires are correlated to the observed nanowire deformation, and are
further discussed in comparison to bulk polycrystalline shape memory alloy behavior.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nanowires, both metallic and semiconducting, have
been intensely studied for the past decade due to the supe-
rior mechanical, electrical and optical properties that arise
because of their nanometer size scale [1–17]. Because of
these unique properties, it is believed that nanowires will
be utilized as next-generation structural materials, bio-
sensors, and as circuitry and interconnects in future
nanoscale computers and devices.

Recently, much research has been performed to quantify
the dramatic effects of surface stresses [18,19] on the
mechanical behavior of metal nanowires. For example,
various researchers have demonstrated that single-crystal
face-centered cubic (fcc) metal nanowires can undergo
structural reorientations and phase transformations that
are driven by surface stresses [20–27]. Æ100æ gold nanowires
were found to phase transform solely by intrinsic surface
stresses into a body-centered tetragonal structure
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[22,23,26] if the cross sectional dimensions of the wire are
smaller than about 2 nm. For larger cross section nano-
wires, initially Æ100æ fcc nanowires were found to reorient
into Æ11 0æ wires with low-energy {111} surfaces due to
the effects of surface stresses [23–25,27]. The direct, first-
order effect of side surface orientation on the operant
deformation mode and resulting strength in fcc nanowires
was also recently uncovered [28].

Of further interest, it was demonstrated using molecular
dynamics (MD) simulations that certain single-crystal fcc
metal nanowires can exhibit both shape memory [24] and
pseudoelastic behavior [24,25,27] that is typically found in
exotic alloys such as nickel titanium (NiTi). The shape
memory and pseudoelastic behavior is a distinctly nano-
scale phenomena that is not observed in bulk metals, and
indicates that metal nanowires may be used in future
nano- and microscale structures as self-healing materials.
Shape memory nanowires (SMNWs) would constitute an
improvement over bulk shape memory alloys (SMAs) in
multiple respects, including the ability to sustain larger ten-
sile stresses of the order of gigapascals (GPa), having revers-
ible strains that can exceed 40% [24,25,27] as compared to
rights reserved.
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Table 1
Properties of the Voter–Chen potential for silver compared to experimen-
tal data, including lattice parameter (a0), cohesive energy (Ecoh), bulk
modulus (B), elastic constants (C11, C12, C44), vacancy formation energy
(Evf); bond strength (De) and bond length (Re) are values for the diatomic
molecule

Property Voter–Chen Experiment

a0 (Å) 4.09 4.09
Ecoh (eV) 2.85 2.85
B (1012 erg/cm3) 1.04 1.04
C11 (1012 erg/cm3) 1.24 1.24
C12 (1012 erg/cm3) 0.93 0.934
C44 (1012 erg/cm3) 0.46 0.461
Evf (eV) 1.1 1.1
De (eV) 1.66 1.66
Re (Å) 2.5 2.5

Experimental data from Ref. [42].
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about 10% for bulk polycrystalline SMAs [29–37], and also
because it is experimentally easier to synthesize single-
crystal materials than complex, multi-material alloys.

The ability of metal nanowires to show shape memory
behavior indicates that they may fill the critical need for
nanoscale self-healing materials for use in future nanoma-
chines, devices, structures, sensors and actuators. While it
is exciting that metal nanowires have such potential, much
fundamental research needs to be performed to understand
their shape memory characteristics. In particular, the basic
thermomechanical properties resulting from the uniaxial
deformation of SMNWs must be quantified and under-
stood. This behavior is critical as shape memory materials
are typically utilized as self-healing materials in situations
where the loading and subsequent healing/unloading paths
are essentially one-dimensional [37].

Therefore, the goal of this work is to utilize MD simula-
tions to quantify and elucidate the uniaxial thermomechan-
ical deformation characteristics of SMNWs. The MD
simulations allow a detailed investigation into the operant
deformation mechanisms in the SMNWs while correlating
those mechanisms to the concurrent mechanical and ther-
mal response. We first demonstrate that silver nanowires
can show shape memory and pseudoelastic behavior. Once
these phenomena have been illustrated, we concentrate on
the uniaxial tensile deformation of the SMNWs. Particular
attention is paid to effects that have been shown to influence
strongly the behavior of polycrystalline SMAs [29,36–38],
such as strain rate, temperature and ambient heat transfer;
the behavior of SMNWs and polycrystalline SMAs are also
compared and contrasted when relevant. We end the paper
with conclusions and future research directions.
2. Simulation methods

The MD simulations performed in this work used the
embedded atom method (EAM) [39,40] as the underlying
atomic interaction model. For the EAM, the total energy
U for a system of atoms can be written as

U ¼
XN

i

F ið�qiÞ þ
1

2

XN

j 6¼i

/ijðRijÞ
 !

ð1Þ

where the summations extend over the total number of
atoms N in the system, Fi is the embedding function, �qi is
the electron density at atom i, uij is a pair interaction func-
tion and Rij is the distance between atoms i and j. In this
work, we consider silver nanowires modeled using the po-
tential developed by Voter and Chen [41,42], which was fit-
ted to cohesive energy, equilibrium lattice constant, bulk
modulus, cubic elastic constants, unrelaxed vacancy forma-
tion energy and the bond length and bond strength of the
diatomic molecule. A complete listing of the fitting param-
eters used for the Voter–Chen potential is given in Table 1.

Square cross section silver Æ100æ nanowires were created
out of a bulk fcc crystal with initial {100} surface orienta-
tions. 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. The wires were first thermally relaxed by fixing
the ends of the wires to move only in the z-direction, then
heated to 500 K using a Nosé–Hoover thermostat [43,44]
with a time step of 0.001 ps. The Nosé–Hoover thermostat
introduces an additional degree of freedom into the MD
equations of motion; this additional degree of freedom rep-
resents a dynamic friction coefficient, which evolves in time
according to a first-order differential equation that is based
upon the difference between the simultaneous and target
kinetic energies of the system. The friction coefficient is uti-
lized to bring the system temperature back to the desired
temperature as the difference between current and target
temperatures increases.

If the nanowire temperature exceeds a critical tempera-
ture Tc, the initially Æ100æ wires will reorient to a Æ110æ ori-
entation with four {111} side surfaces, which is driven by
the ability of the nanowire to reduce its potential energy by
reorienting to a configuration with lower energy {111} side
surfaces [23–25,28]. Upon reorienting to the Æ110æ/{111}
orientation, the nanowires were further annealed using
the Nosé–Hoover thermostat to three different tempera-
tures: 10, 200 and 400 K. These values were chosen to give
a range of temperatures less than or equal to the critical
reorientation temperature Tc = 400 K. The critical reorien-
tation temperature Tc is a function of nanowire cross sec-
tional area; in particular, Tc increases with increasing
wire cross section as the magnitude of the surface stresses
driving the reorientation decreases with increasing wire
cross section [22,24,25].

The uniaxial tensile loading that is the focus of this work
was performed on the reoriented Æ110æ/{1 11} nanowires
by the application of various tensile strain rates at the three
temperatures stated above. The applied strain rates for
each nanowire were _e ¼ 2� 108; 2� 109; 2� 1010; and
were applied in the z-direction 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. It is
assumed that all references to strain rate in this paper are
in units of s�1, while only referring to the strain rate order
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of magnitude. As with any MD simulation, the strain rates
imposed during loading are higher than are generally
observed experimentally; this is because the vibrational
period of an atom is of the order of femtoseconds
(10�15 s). For the MD simulation to resolve accurately
the atomic vibrational period, the stable time step in the
MD calculation must be smaller than the vibrational per-
iod of an individual atom, and thus large strain rates are
necessary in order to simulate interesting material phenom-
ena within a computationally accessible time frame. We
utilized three decades of applied strain rates in this work
to determine the characteristic material behavior and its
variations due to applied loading rate.

The ramp velocity profile was utilized to avoid the emis-
sion of shock waves from the loading end of the wire. The
equations of motion were integrated in time using a veloc-
ity Verlet algorithm, and all simulations were performed
using the Sandia-developed code Warp [45–47]. For each
temperature and strain rate, the uniaxial deformation of
the reoriented Æ110æ/{1 11} nanowires was performed both
with and without Nosé–Hoover thermostatting; the ther-
mostatting is utilized to model isothermal deformation by
idealized heat transfer to a surrounding medium, while sim-
ulations without thermostatting model adiabatic deforma-
tion. For the remainder of the paper, we will refer to the
thermostatted simulations as isothermal, while the non-
thermostatted simulations will be referred to as adiabatic.

3. Shape memory and pseudoelasticity in silver nanowires

We first illustrate that silver nanowires can exhibit both
shape memory and pseudoelastic behavior. A schematic of
the shape memory and pseudoelastic behavior in nanowires
is shown in Fig. 1. As discussed by various researchers [22–
25,27,28], the reorientation between the Æ100æ and the
Æ110æ/{111} orientations is driven by the ability of the
Fig. 1. Schematic of shape memory and pseudoelasticity in fcc metal
nanowires. Tc is the critical temperature for an initially Æ100æ nanowire to
reorient to a Æ110æ nanowire with {111} side surfaces for a given wire
cross sectional length.
nanowire to reduce its overall potential energy by exposing
low-energy {111} side surfaces. This reorientation is illus-
trated in Fig. 2 for an initially Æ100æ silver nanowire at
500 K.

A higher temperature than is needed to reorient the wire
is used in order to create a reoriented Æ110æ/{111} wire
without surface defects or interior stacking faults; the del-
eterious effects of such defects on the thermomechanical
behavior of SMNWs will be explored in a future publica-
tion [48]. The addition of thermal energy initially causes
expansion of the nanowire; however, the expansion of the
nanowire also increases the disorder of the nanowire sur-
faces, thus increasing the surface stresses. This increase in
surface stress is then sufficient to drive the reorientation
of the nanowire from the initial Æ10 0æ orientation with
square cross section to a lower energy Æ110æ/{111} orien-
tation with a rhombic cross section. The fact that the lower
energy Æ110æ/{1 11} orientation is observed through MD
simulations is in agreement with experimental results
reported by Liu et al. [49], who showed that the Æ110æ ori-
entation is preferred for copper nanowire growth and
synthesis.

The pseudoelastic behavior is illustrated in Fig. 3. The
Æ1 10æ/{1 11} wire in Fig. 3(a) is obtained by the heating
the initially Æ100æ nanowire at 500 K, and corresponds to
the reoriented wire shown in Fig. 2(c). Upon loading the
reoriented Æ11 0æ/{1 11} wire isothermally at 500 K at a
strain rate of 108, the initial Æ100æ orientation is reached
at a strain of e = 0.43 in Fig. 3(c). Because the deformation
has occurred at a temperature higher than the critical reori-
entation temperature Tc, the nanowire is unstable in this
new orientation, and reorients back to the Æ110æ/{1 11}
configuration in Figs. 3(d) and (e). Note that the amount
of recoverable strain in the SMNWs is of the order of
40%, which is significantly higher than the 10% typically
seen in polycrystalline SMAs [37].
Fig. 2. Reorientation of an initially Æ100æ silver nanowire to a Æ110æ/
{111} nanowire at 500 K.



Fig. 4. Shape memory in silver nanowires. Steps (a)–(d) show stable Æ100æ
nanowire heated between 10 and 300 K. Step (e) illustrates reorientation to
Æ110æ/{111} that occurs when heating to Tc, or 400 K, occurs.

Fig. 3. Pseudoelasticity in silver nanowires at 500 K. Steps (a)–(c) indicate
stress-induced reorientation from Æ110æ/{111} to Æ100æ at 500 K. Steps
(d) and (e) show subsequent reorientation back to Æ110æ/{111} because
500 K <Tc.
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The shape memory behavior of the silver nanowires is
illustrated in Fig. 4 when the reoriented Æ110æ/{1 11} nano-
wire is loaded isothermally at 10 K at a strain rate of 108.
As shown in Figs. 4(a)–(d), the new Æ100æ nanowire was
gradually heated in increments of 100 K, while running
the simulation for 100 ps at each new elevated temperature.
The same figure illustrates that the Æ100æ nanowire is stable
until heated above the critical reorientation temperature
Tc = 400 K. At that temperature, the Æ100æ nanowire is
unstable, and reorients back to the Æ110æ/{111} configura-
tion as shown in Fig. 4(e), thus showing shape memory
behavior. Further details of the mechanisms controlling
shape memory and pseudoelasticity in metal nanowires
can be found in Park et al. [24].

We conclude this section by emphasizing that the shape
memory and pseudoelastic behavior in metal nanowires is a
nanoscale phenomenon that is made possible by the fact
that significant surface stresses that continuously drive
the reorientation from the high-energy Æ100æ orientation
to the lower energy Æ1 10æ/{1 11} orientation exist at the
nanoscale. Because the effects of surface stresses rapidly
diminish as the size scale of materials increases, the shape
memory and pseudoelastic behavior is not seen in the cor-
responding bulk metals [22–25,27,28].

4. Uniaxial thermomechanical deformation of silver SMNWs

In this section, we summarize the thermomechanical
behavior under uniaxial tensile deformation for the silver
SMNWs as obtained via atomistic simulations over three
decades of strain rates, various deformation temperatures
and heat transfer conditions. Strain is defined as e =
(l � l0)/l0, where l is the current wire length and l0 is the
reoriented Æ110æ/{1 11} wire length. The stresses reported
in this work were calculated using the virial theorem, which
takes the form

rij ¼
1

V
1

2

XN

a¼1

XN

b6¼a

U 0ðrabÞ
Dxab

i Dxab
j

rab
�
XN

a¼1

ma _xa
i _xa

j

 !
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where V is the current volume of the nanowire, N is the to-
tal number of atoms, _xa

i is the ith component of velocity of
atom a, ma is the mass of atom a, rab is the distance be-
tween two atoms a and b, Dxab

j ¼ xa
j � xb

j , U is the potential
energy function and rab ¼ Dxab

j

�� ��.
The virial stress can be obtained by performing a volume

average of the kinetic and potential energies of a system of
atoms, while assuming that the atoms are contained within
a box bounded by walls which provide both normal pres-
sure and shear tractions. Current research on the validity
of the virial stress and its applicability as a stress measure
at the atomic scale is ongoing [50,51]. As it is not the pur-
pose of this article to address this fact, we note simply that
we have calculated stresses both with and without the sec-
ond, or kinetic term in Eq. (2), and report values using
the full virial stress as given in Eq. (2). While the stress val-
ues tend to increase when neglecting the kinetic portion of
the virial, the major trends reported in this work are the
same regardless of the virial stress definition utilized.

The stress-induced reorientation at 10 K at a strain rate
of 108 from Æ110æ/{1 11} back to the initial Æ100æ orienta-
tion for an isothermally loaded wire is detailed in Fig. 5.
This particular example is shown as it illustrates the mech-
anisms required to reorient a nanowire between the Æ110æ/
{111} and Æ100æ orientations. As illustrated in Fig. 5(a),
the reoriented Æ11 0æ/{1 11} wire initially contains twin-like
defects near the wire ends, though the interior is defect free
[24,25,27,28]. Upon application of tensile loading, the twins
begin to propagate from the ends of the wire towards the
wire center, as illustrated for the snapshot at e = 0.23 in
Fig. 5(b). The propagation of the twin boundaries is well
visualized using the centrosymmetry parameter [52], which
is a measure of local atomic coordination; a value of zero



Fig. 5. Stress-induced reorientation from Æ110æ/{111} at zero strain to
initial Æ100æ orientation at about 41% strain for SMNW isothermally
loaded at _e � 108. Values of potential energy are in eV, centrosymmetry is
defined in Ref. [52].
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Fig. 6. Uniaxial stress–strain response for silver SMNWs at 10 K over
three decades of applied strain rates: (a) isothermal; (b) adiabatic.
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indicates a bulk, fully coordinated atom while values
increasingly greater than zero indicate the presence of lat-
tice defects such as stacking faults and twins. At a strain
of e = 0.41 with respect to the reoriented Æ110æ/{1 11} con-
figuration as shown in Fig. 5(c), the wire regains its initial
Æ100æ orientation after the twins meet and annihilate each
other near the wire center.

Fig. 6 shows the stress–strain curves for both the adiabat-
ically and isothermally loaded SMNWs at 10 K over three
decades of strain rates. As can be seen, the transformation
stress, or the stress at which linear elastic deformation stops
prior to a period where the stress remains approximately
constant as a function of strain, is about 1.3 GPa in both
cases. In single-crystal SMNWs, the transformation stress
corresponds to the stress at which the twins that are present
at the ends of the reoriented Æ11 0æ/{1 11} nanowires in
Fig. 5(a) begin to propagate towards each other upon appli-
cation of uniaxial loading. The stress plateau between
e = 0.04 and 0.25 in Figs. 6(a) and (b) occurs while the twins
propagate towards each other due to the applied external
loading. During this period, the reoriented Æ110æ/{1 11}
and initial Æ100æ orientations coexist in the nanowire while
separated by the propagating twin boundaries, and is best
illustrated by the snapshot at e = 0.23 in Fig. 5(b).

Modeling an isothermal deformation via thermostatting
appears to have a large effect on the stress state when the
initial Æ100æ configuration is reached. For the isothermal
case, the stress when the Æ100æ orientation is reached is
at least 3 GPa for all strain rates considered for the initially
10 K Æ110æ/{11 1} nanowires as shown in Fig. 6(a). In con-
trast, under adiabatic loading the stress when the Æ100æ ori-
entation is reached is at most 2.5 GPa as shown in
Fig. 6(b). The reason for this can be ascertained by track-
ing the temperature of the initially 10 K nanowires as a
function of strain in the adiabatically loaded cases. As
shown in Fig. 7, the temperature of the nanowires loaded
at strain rates of 108 and 109 rises about 90 K during the
stress-induced reorientation back to Æ100æ.

In metal nanowires, an increase in temperature generally
leads to a decrease in observable strength. For example,
nanowires have been seen to show their highest strength
levels under quasistatic loading [11]. The quasistatic load-
ing allows for elevated strength because the atoms can
maintain a regular, crystalline structure during loading as
they are allowed to relax back to energy minimizing posi-
tions after each load increment. In the dynamic, finite tem-
perature loading utilized in this work, such relaxation back
to energy minimizing positions cannot occur due to inertia
along with the high loading rates, and thus thermal soften-
ing is observed in the stress–strain response.



Fig. 8. Stress-induced reorientation from Æ110æ/{111} to initially Æ100æ
orientation for isothermal silver nanowire at 10 K loaded at strain rate of
_e � 1010. Note the multiple twin boundaries propagating along the
nanowire length. Values of potential energy are in eV, centrosymmetry
is defined in Ref. [52].
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Fig. 7. Evolution of temperature for three decades of applied strain rates
in adiabatically loaded SMNWs initially at 10 K.

2650 H.S. Park, C. Ji / Acta Materialia 54 (2006) 2645–2654
Under very high strain rate loading ð_e � 1010Þ, the
SMNWs exhibit distinct, thermomechanically dependent
behavior, which we will now discuss in detail. We first ana-
lyze the SMNWs at 10 K, for both the isothermal and
adiabatic cases. As seen in Fig. 6(a) for the isothermal
nanowires, the transformation stress, the magnitude of
the resulting stress plateau and the stress when the original
Æ100æ orientation is reached are all higher at the strain rate
of 1010 than the stresses obtained at lower strain rates. At
the strain rate of 1010, the observed elevated stress response
in SMNWs is similar to the amorphization phenomena pre-
viously reported for nanowires by Ikeda et al. [14], in which
loading at strain rates above _e � 1010 causes fluid-like
behavior in the nanowires, thus suppressing traditional
crystalline deformation modes such as slip, and increasing
the resulting strength. The specific deformation mecha-
nisms occurring at the elevated strain rates leading to the
increased strength are discussed below.

At the strain rate of 1010 under adiabatic loading, the
nanowire temperature rises by 160 K, which is signifi-
cantly greater than the 80 K at the lower strain rates; this
can be explained by the significantly higher atomic veloc-
ities at that elevated strain rate. Furthermore as shown in
Fig. 6(b), the SMNWs loaded adiabatically at strain rates
of 1010 at 10 K show deviations in stress when the Æ10 0æ
orientation is reached as the high strain rate deformation
in conjunction with the nanowire temperature rise causes
thermal softening and premature yielding of the nano-
wires before the Æ1 00æ orientation is reached.

The stress response after the transformation stress is
reached also diverges dramatically depending on whether
isothermal or adiabatic loading is considered. The impact
of performing the tensile loading under isothermal condi-
tions is illustrated by the stress–strain response for
_e � 1010 in Fig. 6(a), where it is shown that, following the
transformation stress, the tensile strength plateau of the
isothermal wire at 10 K at the elevated strain rate of 1010

remained greater than at the lower strain rates, while that
of the adiabatic wire did not. The reason for this is because
the high loading rates in conjunction with the isothermal
loading appear to stabilize the deformation; a similar phe-
nomenon was observed in polycrystalline NiTi wires by
Shaw and Kyriakides [29]. In that work, high strain rate
loading caused local heating in NiTi wires along with an
increase in stress. Eventually, the high local stress levels
caused the initiation and propagation of martensitic twins
in cooler regions of the wire; the propagation of multiple
fronts resulted in lower propagation velocities, which then
improved cooling by the ambient fluid.

In SMNWs, the stabilization also takes the form of mul-
tiple twins initiating and propagating along the nanowire
length, as illustrated in Fig. 8(c). In addition, analysis of
the nanowire potential energy during the deformation illus-
trates the nature of stabilization as seen in Fig. 9(a). For
the strain rate of 1010 for the isothermal wire, it is evident
that around a strain of e = 0.12, the slope of the potential
energy suddenly decreases, corresponding to a more stable
deformation path. In addition, the stress during the twin
boundary propagation in Fig. 6(a) is higher than the pla-
teaus at the lower strain rates. The stress is correspondingly
greater in this situation because more stress is needed to
continue the deformation if multiple twinning systems are
activated.

For the adiabatically loaded SMNW at 10 K and
_e � 1010, the difference in deformation can be obtained by
a combination of the stress–strain response, potential
energy and temperature plots. As seen in Fig. 6(b), the
stress that the SMNW can sustain at a strain rate of 1010



0 0.1 0.2 0.3 0.4

-2.7

-2.695

-2.69

2.685

-2.68

-2.675

-2.67

-2.665

-2.66

-2.655

Strain

P
o

te
n

ti
al

 E
n

er
g

y 
(e

V
)

Isothermally Loaded Silver Shape Memory Nanowires at 10K

 

 

Strain Rate = 108

Strain Rate = 109

Strain Rate = 1010

0 0.1 0.2 0.3 0.4

-2.7

-2.69

-2.68

-2.67

-2.66

-2.65

-2.64

Strain

P
o

te
n

ti
al

 E
n

er
g

y 
(e

V
)

Adiabatically Loaded Silver Shape Memory Nanowires at 10K

 

 

Strain Rate = 108

Strain Rate = 109

Strain Rate = 1010

a

b

-
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at 10 K: (a) isothermal; (b) adiabatic.
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Fig. 10. Uniaxial stress–strain response for silver SMNWs at 200 K over
three decades of applied strain rates: (a) isothermal; (b) adiabatic.
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drops below the sustainable stresses at lower strain rates
after the transformation stress is reached. In addition, the
temperature in the nanowire decreases suddenly at a strain
level of about e = 0.12 in Fig. 7, just as the stress drops
below that of the lower strain rates in Fig. 6(b). The tem-
perature drop indicates a drop in nanowire velocities, while
the stress drop indicates that less work is necessary to con-
tinue deformation in the SMNW. These facts, when com-
bined with visual inspection of the propagating twins,
showed that only one end of the twin boundary was prop-
agating in the strain range between e = 0.12 and 0.15 for
the adiabatically loaded nanowire. The propagation of
only one of end of the twin boundaries explains both the
drop in temperature (since one twin boundary is stagnant),
and also the resulting drop in stress (since less effort is
needed to continue loading if only one twin boundary is
propagating).

The reason this occurs is due to the large temperature
increase (80 K) before the transformation stress is reached
at e = 0.12, as seen in Fig. 7. The high local heating thus
serves to impede the twin boundary motion in the
SMNWs; similar effects on dislocation propagation that
are generally attributed to viscous drag at high loading
rates have been reported [53–55]. Thus, this effect is differ-
ent from what has been seen in polycrystalline SMAs [29],
where high local heating due to high strain rate loading
promotes initiation and propagation of twin fronts in other
areas within the NiTi wire.

Examining the stress–strain response of the nanowires
at elevated temperatures reinforces some of the findings
discussed earlier in this section. Indeed, the stress–strain
response of both isothermal and adiabatically loaded
SMNWs at a temperature of 200 K is shown in Fig. 10,
while the stress–strain response at 400 K is shown in
Fig. 11. An important trend to note is that the transfor-
mation stress decreases with increasing deformation tem-
perature. At 200 K the transformation stress appears to
be about 1 GPa, while at 400 K the transformation stress
drops further to about 0.85 GPa. The plateau stress
following the transformation stress also decreases with
increasing temperature, and finally the stress at the



0 0.1 0.2 0.3 0.4
0

0.5

1

1.5

2

Strain

S
ig

m
a zz

 (
G

P
a)

Isothermally Loaded Silver Shape Memory Nanowires at 400K

 

 

Strain Rate = 108

Strain Rate = 109

Strain Rate = 1010

0 0.1 0.2 0.3 0.4
0

0.5

1

1.5

2

Strain

S
ig

m
a zz

 (
G

P
a)

Adiabatically Loaded Silver Shape Memory Nanowires at 400K

 

 

Strain Rate = 108

Strain Rate = 109

Strain Rate = 1010

a

b

Fig. 11. Uniaxial stress–strain response for silver SMNWs at 400 K over
three decades of applied strain rates: (a) isothermal; (b) adiabatic.
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Fig. 12. Evolution of temperature for three decades of applied strain rates
in silver SMNWs: (a) initially 200 K nanowire; (b) initially 400 K
nanowire.

2652 H.S. Park, C. Ji / Acta Materialia 54 (2006) 2645–2654
reoriented Æ10 0æ orientation also drops, from about 3
GPa at 10 K to about 2.5 GPa at 200 K down to about
2 GPa at 400 K. In comparison, NiTi at 283 K as
reported by Shaw and Kyriakides [29] had a transforma-
tion stress of about 0.2 GPa, with a maximum tensile
stress of about 1.2 GPa.

The fact that the transformation stress decreases in
SMNWs with increasing temperature contrasts with the
behavior typically seen in bulk polycrystalline SMAs [29],
where the transformation stress generally increases with
increasing temperature. The reason for the stress decrease
with increasing temperature in SMNWs is the same as
the reason why the Æ100æ reorientation stress decreases
with increasing temperature. That is, in the dynamic, finite
temperature loading utilized in this work, while the lattice
remains crystalline, relaxation back to idealized energy
minimizing positions cannot occur due to inertia and the
high loading rates, and thus thermal softening is observed
in the stress–strain response.
In comparing the temperature profiles for the adiabati-
cally loaded SMNWs at 200 and 400 K in Fig. 12 with
that at 10 K in Fig. 7, we note that the amount of temper-
ature increase during uniaxial loading decreases with
increasing deformation temperature. The smaller tempera-
ture increase at higher temperatures implies that the veloc-
ities of the propagating twins are lower at the elevated
temperatures; we again mention the effects of viscous drag
as being relevant for the present situation [53–55]. In the
present case, additional complications in the form of sur-
face stresses due to the small sizes of the wires may also
be critical, so the effect of phonon drag within confined
geometries should be investigated further.

The reductions in temperature increase during deforma-
tion at higher temperatures also leads to greater similarity
in the mechanical response between isothermal and adia-
batic loading conditions. For example, at 10 K, the differ-
ence in stress when the Æ100æ orientation is reached is
about 15% between isothermal and adiabatic loading at a
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strain rate of 108. In contrast, at 400 K, the difference is
reduced to about 6% due to the smaller temperature
increase. Also worth noting is the fact that the deformation
stabilization seen at lower temperatures at the strain rate of
_e � 1010 is not seen at elevated temperatures; at elevated
temperatures at these strain rates, premature yielding is
observed before the Æ10 0æ orientation is reached, produc-
ing reduced strength as compared to the lower loading
rates.

A key difference between the behavior of single-crystal
SMNWs and polycrystalline SMAs is in the thermal signa-
ture that occurs during forward and reverse reorientation.
As was illustrated earlier in this section, in the absence of
thermostatting to mimic an isothermal deformation, the
temperature in the nanowires increases substantially during
the stress-induced reorientation from Æ110æ/{11 1} to the
initial Æ100æ orientation. Similarly, during the pseudoelas-
tic recovery of inelastic strain once the Æ100æ orientation
is reached, the pseudoelastic process is again exothermal,
as shown in Fig. 13.

In polycrystalline SMAs, the stress-induced phase trans-
formation going from austenite to martensite is typically
exothermic, while the unloading from martensite to austen-
ite is generally endothermic. In particular, in polycrystal-
line SMAs, it is possible to cycle between the austenite
and martensite phases simply by sufficiently cooling or
heating the SMA. However, SMNWs are fundamentally
different in that reorientation occurs between the higher
energy Æ100æ and lower energy Æ110æ/{1 11} orientations;
no phase transformation occurs between the two configura-
tions, which are simply different fcc crystallographic orien-
tations. Thus, while heating a Æ100æ nanowire above a
critical temperature Tc will cause reorientation to Æ110æ/
{11 1}, cooling the subsequent Æ110æ/{1 11} oriented wire
will not cause reorientation back to the initial Æ100æ orien-
tation; this is only possible by the application of stress to
the Æ110æ/{1 11} nanowire.
5. Conclusions

We have utilized MD simulations to show that silver
nanowires can show shape memory and pseudoelastic
behavior through the reversibility of twin boundaries
between high-energy Æ100æ and low-energy Æ110æ/{11 1}
orientations. The simulations were further utilized to deter-
mine the effects of loading rate, temperature and heat
transfer state (isothermal and adiabatic) on the thermome-
chanical behavior of uniaxially loaded single-crystal silver
SMNWs. The SMNWs show superior mechanical proper-
ties as compared to polycrystalline SMAs, including ele-
vated transformation stresses, higher tensile stresses and
larger reversible strains. It was demonstrated that the qual-
ity of heat transfer with the ambient environment will be
critical for the practical usage of SMNWs, due to the large
temperature increases during uniaxial loading as compared
to polycrystalline SMAs.

The simulations also revealed that the SMNW thermo-
mechanical properties are fundamentally different in cer-
tain key respects from those observed previously in bulk
polycrystalline SMAs. For example, the transformation
stress in the SMNWs decreases with increasing tempera-
ture, while the opposite effect is seen in SMAs. In addition,
both the loading and unloading processes in the SMNWs
were observed to be exothermic, again in contrast with
SMAs. However, stabilization of the deformation in
SMNWs by initiation and propagation of multiple twins
was observed at high strain rates; similar effects have been
seen in NiTi [29].

Due to the novelty of the shape memory phenomenon in
metal nanowires, much work remains to be done to fully
understand their unique mechanical properties. For exam-
ple, the unloading behavior of the SMNWs, which was
not considered here, needs to be analyzed within the context
of cyclic deformation. In addition, the relevant reorienta-
tion temperatures between the higher energy Æ100æ and
lower energy Æ110æ/{11 1} orientations similar to the mar-
tensitic and austenitic start and finish temperatures in bulk
SMAs should be quantified. Finally, the uniaxial deforma-
tion in this work was performed on ideal nanowires.
Because individual defects at the nanoscale will have large
effects on the resulting mechanical properties, this should
also be investigated with respect to shape memory proper-
ties and behavior, and will be the focus of future work [48].
Acknowledgement

H.S.P. gratefully acknowledges startup funding from
Vanderbilt University in support of this research.
References

[1] Canham LT. Appl Phys Lett 1990;57:1046–8.
[2] Landman U, Luedtke WD, Burnham NA, Colton RJ. Science

1990;248:454–61.
[3] Lieber CM. MRS Bull 2003;28:486–91.



2654 H.S. Park, C. Ji / Acta Materialia 54 (2006) 2645–2654
[4] Yang P. MRS Bull 2005;30:85–91.
[5] Mehrez H, Ciraci S. Phys Rev B 1997;56:12632–42.
[6] Rodrigues V, Fuhrer T, Ugarte D. Phys Rev Lett 2000;85:4124–7.
[7] Sanchez-Portal D, Artacho E, Junquera J, Ordejon P, Garcia A, Soler

JM. Phys Rev Lett 1999;83:3884–7.
[8] Torres JA, Tosatti E, Corso AD, Ercolessi F, Kohanoff JJ, Tolla

FDD, et al. Surf Sci Lett 1999;426:L441–6.
[9] Jagla EA, Tosatti E. Phys Rev B 2001;64:205412.

[10] da Silva EZ, da Silva AJR, Fazzio A. Phys Rev Lett 2001;87:256102.
[11] Park HS, Zimmerman JA. Phys Rev B 2005;72:054106.
[12] Ohnishi H, Kondo Y, Takayanagi K. Nature 1998;395:780–3.
[13] Brandbyge M, Schiotz J, Sorensen MR, Stoltze P, Jacobsen KW,

Norskov JK, et al. Phys Rev B 1995;52:8499–514.
[14] Ikeda H, Qi Y, Cagin T, Samwer K, Johnson WL, Goddard III WA.

Phys Rev Lett 1999;82:2900–3.
[15] Kondo Y, Takayanagi K. Phys Rev Lett 1997;79:3455–8.
[16] Park HS, Zimmerman JA. Scripta Mater 2006;54:1127–32.
[17] Diao J, Gall K, Dunn ML. Nano Lett 2004;4:1863–7.
[18] Cammarata RC. Prog Surf Sci 1994;46:1–38.
[19] Haiss W. Rep Prog Phys 2001;64:591–648.
[20] Kondo Y, Ru Q, Takayanagi K. Phys Rev Lett 1999;82:751–4.
[21] Hasmy A, Medina E. Phys Rev Lett 2002;88:096103.
[22] Diao J, Gall K, Dunn ML. Nature Mater 2003;2:656–60.
[23] Diao J, Gall K, Dunn ML. Phys Rev B 2004;70:075413.
[24] Park HS, Gall K, Zimmerman JA. Phys Rev Lett 2005;95:255504.
[25] Liang W, Zhou M. J Eng Mater Technol 2005;127:423–33.
[26] Gall K, Diao J, Dunn ML, Haftel M, Bernstein N, Mehl MJ. J Eng

Mater Technol 2005;127:417–22.
[27] Liang W, Zhou M, Ke F. Nano Letters 2005;5:2039–43.
[28] Park HS, Gall K, Zimmerman JA. J Mech Phys Solids [submitted].
[29] Shaw JA, Kyriakides S. J Mech Phys Solids 1995;43:1243–81.
[30] Hebda DA, White SR. Smart Mater Struct 1995;4:298–304.
[31] Shaw JA, Kyriakides S. Acta Mater 1997;45:683–700.
[32] Tobushi H, Shimeno Y, Hachisuka T, Tanaka K. Mech Mater

1998;30:141–50.
[33] Liu Y, Li Y, Ramesh KT, Humbeeck JV. Scripta Mater 1999;41:
89–95.

[34] Miller DA, Lagoudas DC. Smart Mater Struct 2000;9:640–52.
[35] Brinson LC, Schmidt I, Lammering R. J Intell Mater Syst Struct

2002;13:761–72.
[36] Brinson LC, Schmidt I, Lammering R. J Mech Phys Solids

2004;52:1549–71.
[37] Otsuka K, Ren X. Prog Mater Sci 2005;50:511–678.
[38] Leo PH, Shield TW, Bruno OP. Acta Metall Mater 1993;41:

2477–2485.
[39] Daw MS, Baskes MI. Phys Rev B 1984;29:6443–53.
[40] Daw MS, Foiles SM, Baskes MI. Mater Sci Rep 1993;9:251–310.
[41] Voter AF, Chen SP. Mater Res Soc Symp Proc 1987;82:175–80.
[42] Voter AF. Los Alamos unclassified technical report LA-UR 93-

3901.
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