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Atomistic simulations of the mechanical behavior of fivefold twinned nanowires
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Atomistic simulations are used to investigate the mechanical behavior of metal nanowire with fivefold
twinned structure. The twinned nanowires were reported in recent experiments [B. Wu et al., Nano Lett. 6, 468
(2006)]. In the present paper, we find that the yield strength of the fivefold twinned Cu nanowire is 1.3 GPa
higher than that of the face-centered-cubic (fcc) (110) single crystalline Cu nanowire without fivefold twinned
structure, and the microstructure-hardened mechanism is primarily due to the twinned boundaries which act as
the barriers for the dislocation emission and propagation. However, we also find that the fivefold twinned Cu
nanowire has lower ductility than that of fcc (110) single crystalline Cu nanowire without the twinned struc-
ture, and this is mainly attributed to the scarcity and low mobility of dislocations. In addition, in our simula-
tions the effect of preexisting stacking faults and dislocations on strength of the fivefold twinned nanowires is

investigated.
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I. INTRODUCTION

Due to the unique properties in mechanical, electronic,
optical, and magnetic aspects, the nanostructure materials
have attracted a great deal of interest in the past few
decades.!”” Metal nanowires are of technological importance
because of their potential applications in miniaturizations of
the systems concerned with the electrical, optical, thermal,
and mechanical aspects. Although a variety of metal nano-
wires (such as the gold, copper, and silver nanowires) have
been synthesized, the mechanical properties of freestanding
nanostructured materials at a single-object level still need to
be investigated.

Nanostructure design and control have attracted a great
deal of attention. Wu et al.® pointed out that in nanowire
systems nanostructure design was a particularly effective
means for controlling the mechanical properties. Silver nano-
wires with a unique fivefold twinned structure were synthe-
sized and their mechanical properties were examined by
means of three-point bending test method.®® The results
showed that the unique nanostructure played a significant
role in controlling the strength and toughness of metal nano-
wires. However, the effects of the nanostructure on the me-
chanical properties are not well understood only from the
previous experiments, and the effective atomic-level mecha-
nisms still need to be explored.

In the present research, mechanical behavior of metal
nanowires with fivefold twinned structure recently observed
in experiments will be investigated by using atomistic simu-
lations. Special attention is focused on setting up the corre-
lation between the unique nanostructure and mechanical
properties. In addition, effort is paid to explore detail
strengthening mechanisms of the nanowires at the atomic
level in order to obtain a fundamental understanding of me-
chanical behaviors for the nanostructured materials. Further-
more, the elastic, plastic, and failure behavior of the nano-
wires with the unique structure are simulated and analyzed.
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for material Cu. The EAM method is based upon the recog-
nition that cohesive energy of a metal is governed not only
by the pairwise potential of nearest-neighbor atoms, but also
by the embedding energy related to the “electron sea” in
which the atom is embedded. The cohesive energy is de-
scribed by

Utota = 2 Fi(p) + %2 D;(ri;)s (1)
i J#i
where U, is the total internal energy, F; is the embedding
energy of the ith atom, p; is the electron density at atom i,
and r;; is the distance between atom i and atom j. P;; is the
pairwise electrostatic interaction energy. The parameters in
the EAM potential are fit to the equilibrium lattice constant,
elastic constants, cohesive energy, surface energy, stacking
fault energy, sublimation energy, as well as vacancy forma-
tion energy.!! Table I shows the parameter values for mate-
rial Cu adopted in the present work.
The Virial stress for the atom system is defined!>!3 as
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where () is the volume of the system, m; and v; are the mass
and velocity of atom i, and the indices « and S denote the
Cartesian components. rf; is the projection of the interatomic
distance vector ry=r;—r; along coordinate «, and rij=|rij|.

TABLE 1. Material properties associated with the EAM poten-
tial for Cu tabulated by Foiles er al. (Ref. 11).

Lattice

constant CI1  CI2 C44  Esuimaion E.

vacancy

(A) (GPa) (GPa) (GPa) (ev) (ev)
II. SIMULATION METHODS
EAM
In this work, the purely semiempirical potential named  pgrenga; <012 167 12476 3.54 1.28
embedded-atom method (EAM) (Refs. 10 and 11) is adopted
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The mean stress of the whole system (Virial stress, [1%7)
described by Eq. (2) is same as the Cauchy stress. We also
adopt the atomic level stress associated with atom i which is
obtained by decomposing the Virial stress onto every atom,

1
¢ = _E wiﬁfxﬁ (3)
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with
1 1 1 90U,
T RIS ) ) Pl S
w; 219&1 rij 07r,-j Sy

and Zw;=(). Obviously, Eq. (4) can be taken as the definition
of an atomic level stress associated with atom 7, where w; is
the effective volume of the atom i.'* Strain is defined as &
=(I-1y)/1y, where [ is the current wire length and [, is the
initial length.

In order to discern defects in the nanowires, colors are
assigned to the atoms according to a local crystallinity clas-
sification visualized by common neighbor analysis (CNA),"
which permits the distinction between atoms in a local
hexagonal-close-packed (hcp) environment and those in a
face-centered-cubic (fcc) environment. Grey (gray) stands
for fce atoms, red (dark) for hep atoms, green (dark gray) for
the other twelve coordinated atoms and blue for the non-
twelve coordinated atoms. A single line of hcp atoms repre-
sents a twin boundary, two adjacent hcp lines stand for an
intrinsic stacking fault, and two hcp lines with a fcc line
stand for an extrinsic stacking fault between them. The other
twelve coordinated atoms and non-twelve coordinated atoms
appear in the free surface region and in the core of disloca-
tions.

Here a Cu nanowire with novel uniform fivefold twinned
structure along the entire wire length (hereafter denoted as
the fivefold twinned wire) with square cross section is con-
sidered. First, the initial state is constructed by rotating 3
coherent twins about (110) axis according to coincidence site
lattice.'® Second, a cut is made to form a nearly square cross
section with 8 nm X 8 nm, and the cut side surfaces of the
wire consist of the planes {111}, {112}, {001}, and also {551}.
Third, the conjugate gradient method is used to minimize the
whole wire energy to obtain a more stable configuration, and
a thermal equilibrium processing to 300 K for 20 ps is per-
formed by using a Nosé-Hoover thermostat'”!8 while keep-
ing the length of the wires constant. The equilibrated con-
figuration is shown in Fig. 1.

For comparison, another case of simulation on fcc single
crystalline (110) Cu nanowire which has the same wire
length direction as the fivefold twinned nanowire is per-
formed. To be possibly close to the side surface of the five-
fold twinned nanowire, the (110) single crystalline Cu nano-
wire is chosen to have (110) longitudinal orientation with
two {112} side surfaces, and with two {111} side surfaces
which are created with initial atomic positions corresponding
to those of the bulk fcc Cu lattice. (Hereafter denoted as
(110) single crystalline wire or configuration). Both nano-
wires have the same axial length (30 nm) and lateral side
length (8 nm). It is worth emphasizing again that the key
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FIG. 1. (Color online) Equilibrated fivefold twinned Cu nano-
wire. (a) Cross-sectional view; (b) side view with axis orientation of
(110). Atoms are colored according to CNA.
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difference between two nanowires considered here is that the
first wire contains the novel twin structures and the second
one does not. Free boundary conditions are used in all three
dimensions.

To explore the mechanical behavior of metal nanowires,
uniaxial tensile loading is exerted under quasistatic
conditions.!*2® To accelerate simulation efficiency, in the
first eight loading steps, all the atoms are first displaced in a
prescribed uniform strain increment of 0.5% in the length
direction, and then in the remaining steps, 0.2% strain incre-
ment is applied for each step. The wires are then relaxed
under keeping the constant temperature 300 K for 25 ps at
their terminals to obtain a macroscopic equilibrium configu-
ration. The equilibrated process usually takes less than 15 ps,
and the mean stress over the last 5 ps of the relaxation period
is taken as the stress of the nanowire. The stresses are calcu-
lated using the Virial theorem, which is equivalent to the
Cauchy stress in the mean sense.!?

III. RESULTS AND DISCUSSION

Figure 2 shows the tensile stress strain curves for the two
kinds of nanowires. Clearly, the curves for two nanowires
essentially coincide with each other during the elastic defor-
mation. The Young’s modulus calculated from the stress
strain curve is about 130 GPa for the (110) type crystalline
directions. After the elastic deformation, the stress strain
curves display precipitous drops, which implies that the plas-
tic yielding takes place in the nanowires. The yielding stress
of the fivefold twinned Cu nanowire is 4.8 GPa, while the
yielding stress of (110) Cu wire is 3.5 GPa. There is an
obvious strength increase, 1.3 GPa, a 30% increase of the
strength, which is a considerably high strength increase in
the nanowire systems. However, the ductility of the nanowire
with the fivefold twinned structure is much lower than that of
the (110) Cu nanowire. This feature will be discussed later.

Usually, atomistic simulation results critically depend on
the adopted potential. For investigating the result difference
due to different potential used, here we also perform the
atomistic simulations on the above two wires by adopting a
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FIG. 2. Tensile stress-strain curves for the fivefold twinned Cu
nanowire and for the (110) single crystalline Cu nanowire.

version of the EAM potential developed by Mishin et al.?’
The initial yielding stress-strain responses based on both
Mishin EAM potential and Foiles potential are plotted in Fig.
3. The strength difference between fivefold twinned Cu
nanowire and (110) Cu nanowire simulated by using two
potentials is not big. Essentially the deformation mechanisms
of the nanowires are the same for using the above two po-
tentials. In the following section, we shall concentrate our
attention on the resulting discussions for using the Foiles
potential case.

Due to the surface stress,'°?! the initial free-standing
nanowire is not in equilibrium and it will undergo contrac-
tion in the length direction. The surface stress (tensile stress)
induces an “intrinsic” compressive stress in the core part of
the nanowire. To evaluate the surface stress contribution to
the yielding strength, we calculate the distribution of atomic
level stress on the cross section of the two nanowires. Be-
cause uniaxial loading is applied to the nanowires, only IT°3
is nonzero and is equal to the external force divided by the
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FIG. 3. (Color online) Tensile stress-strain curves for the five-
fold twinned Cu nanowire and the (110) single crystalline Cu nano-
wire using both Foiles EAM potential (Ref. 11) and Mishin EAM
potential (Ref. 27).

cross-sectional area. The atomic level stress (normal stress
component, 7°%) for the fivefold twinned Cu nanowires is
shown in Fig. 4(a). The stress becomes heterogeneous in the
interior after relaxation for the preexisting twin structure.
Near and far away twin boundaries the stress distributions
are in quite a different way. Especially, the stress on the
center of the wire is in the largest compressive state and it
changes with a gradient to the tensile stress state (at the
surface). This indicates that the internal twin structures cause
the change of the internal stress distribution. Magnitude of
surface tensile stress depends on the surface orientation.
From Fig. 4, on {111} planes there is larger surface stress
than on {112} planes. However, for the (110) Cu nanowire
without twinned structures, the stress is quite uniform in the
interior cross section and it has a mean value, —0.6 GPa, and
the magnitude of stress is lower in the (110) Cu nanowire
than that in the fivefold twinned Cu wire.

0.0

-2.0

FIG. 4. (Color online) Distribution of atomic level stress, 7, on the cross section of the (a) relaxed fivefold twinned Cu nanowire and
(b) relaxed (110) single crystalline Cu nanowire with two {112} and two {111} side surfaces.
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FIG. 5. (Color online) Tensile yielding of fivefold twinned Cu
nanowires with {111} (112) dislocations pile-up at twin boundaries.
(a) Initial configuration of wire with fivefold twin structure, (b)
initial yield occurring by dislocation nucleation and intersection
with twin boundaries, (c) partial dislocations and stacking faults left
in the wire interior along the wire axis, (d) necking set in at strain
0.12. Atoms are colored according to CNA. For clarity perfect fcc
atoms and surface atoms are removed to visualize interior defects.

Figure 5 shows the detail of yielding deformation of five-
fold twinned Cu wire. As can be seen, first yielding occurs
via é(l 12) partial dislocation nucleation at surface edge, and
then the dislocations glide to the center of the wire in the
{111} slip planes while further movement is restricted by the
fivefold twin boundaries. The twin boundaries take the action
as a barrier for dislocation gliding in the slip planes, and then
serials of stacking faults and dislocations are left along the
wire length.

Although one-dimensional structure of the nanowires is
considered, the stress state in the wires is essentially a three-
dimensional stress state due to the interior microstructure.
The {111} twin boundaries divide the nanowires into five
nanograins (see Fig. 6). In this perspective, the grain size is
refined and the much higher shear stress is needed to nucle-
ate a dislocation than that in single-crystalline nanowire.

However, like nanocrystalline materials, these novel
twinned nanowires sacrifice the elongation ductility. This is
consistent with experimental observation.® Figure 7 displays

000000000
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FIG. 7. (Color online) Brittle tensile failure of fivefold twinned
Cu nanowire. (a) Initial equilibrated configuration, (b) strain at
0.17, (c) ultimate fracture strain at 0.29.

the failure snapshots of fivefold twinned wire. The twin
boundaries restrict dislocation motion, and plastic deforma-
tion is limited since stress concentration cannot be released
in the wire. These factors cause necking instability and fail-
ure. As deformation increases, necking sets in and leads to
failure. The ultimate fracture strain is approximately 0.29,
which is significantly lower than that of wire without the
twinned nanostructure, 0.86. (See Fig. 2.)

In contrast, the major tensile deformation mechanism of
(110) Cu wire is via partial dislocation slip in {111} planes
and twin boundary propagation along the wire axis. Recently,
molecular dynamics (MD) simulations have shown that both
shape memory and pseudoelasticity are observed in a class of
fcc nanowires with lateral sizes about 5 nm or smaller when

FIG. 6. (Color online) Snap-
shot of Shockley partial disloca-
tions and stacking faults inter-
cepted with twin boundaries. (a)
View of stacking fault intercepted
by view plane with pentagonal ge-
ometry, (b) view along wire length
with only eight (110) plane atoms.
Atoms are colored according to
CNA. To facilitate visualizing de-
fects, fcc atoms are not shown in
the wire.
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FIG. 8. (Color online) First stage of lattice orientation of the (110) single-crystalline Cu nanowire at a strain of 0.2. (a) Sectional view

along the wire axis and [112] of the cross section, the different lattice orientation is separated by twin boundaries and the wire axis direction
is also shown. (b) Cross-section 1-1 shows the transition region containing both (100) and (110) lattice configuration. (c) Cross-section 2-2
shows the initial (110) lattice configuration. Atoms are colored according to CNA.

loading is exerted along the (110) with {111} side surface
configuration.?>?*26 In fact, under the uniaxial tensile load-
ing at room temperature, the (110) wire with {111} and {112}
side surfaces also displays the lattice reorientation within the
fce crystalline structure. The deformation process consists of
two major steps: (1) (110) wires reorient to (100) wires with
{100} and {112} side surfaces; (2) the newly formed (100)
wires further reorient to (112)wires with {111} side surfaces.
The first lattice reorientation is based on the mechanical
twinning of fcc lattice, which is the result of consecutive
nucleation, gliding, and annihilation of é(l 12) Shockley par-
tial dislocations, essentially the same as the tension of
(110)/{111} wire to (100)/{100} configuration. The twin
boundaries nucleate from both terminals of the wires and
propagate toward each other, which leads to the reorientation
to the (001) wire with {100} and {112} side surfaces, as il-
lustrated in Fig. 8. The full reorientation is completed at
strain 0.47. The initial square cross section is transformed
into thombic cross section with both {100} and {112} side
surfaces. This is the first stage of the transform process,
which was also found in recent work.?>>*26 In the second
stage, twin boundaries nucleate and propagate, which leads
to the lattice reorientation from (100) wire to {(112) wire. The
transformed wire configuration is shown in Fig.9. The initial
twin boundaries are formed in the upper wire and propagate
consecutively downward by an interplanar distance between
two neighboring {111} planes. The twin boundary propaga-
tion is stopped by the necking and failure of the wire at 0.87
of the strain value, so the lattice reorientation is not com-
pleted in the whole wires. The failed wire has both (100) and
(112) axis directions, which is separated by twin boundaries.
From the above observation and analyses, we think that the
surface stresses play an important role in size-limiting the
reorientation from (110) wire via (100) wire to (112) wire.
It is worth noting that the tensile ductility of the (110)
wire is much higher than that simulated by Liang et al.;>* this

is because the different lattice reorientation stage is involved.
There are different side surfaces in the present simulation
(two {112} side surfaces and two {110} side surfaces) from
that in the work of Liang et al. (four {111} side surfaces).
The structures of fully reconstructed nanowire here are simi-
lar to those of experimental observations, in which an ini-
tially rod-shaped gold nanowire [110] was stretched and the
apex tip with a [111] axis close to the stretching direction
was observed.”8

Both dislocation slip and twin boundary propagation to-
gether cause the wire necking and final failure. The ultimate
fracture strain can reach about 0.86, which is significantly
higher than that for bulk counterparts. The snapshot of the
failure is shown in Fig. 10.

Furthermore, we also made a comparison between the
perfect fivefold twinned Cu wires and the same wire with a
stacking fault (SF) within it (Fig. 11). Figure 12 shows the
tensile stress strain curves of the two wires. The wire with a
SF shows a decrease in strength after peak stress occurs. But
the SF has a little influence on the yielding strength. In con-
trast, the yielding stress was considerably affected by the
preexisting defects in the (110) nanowires.?’

The hardened mechanism in metal nanowires is different
from that in bulk coarse-grain materials. Conventional hard-
ening mechanisms, such as cold-work hardening and precipi-
tation hardening, would not take effect in describing the
nanostructures. Nanostructure-controlling mechanisms are
widely believed to play a significant role in tailoring me-
chanical properties, such as the nanowires in the present re-
search.

Recently nanoscale growth twins were introduced into ul-
trafine grain coppers, and strengthen behavior was observed
very obviously in experiments.?’ Fivefold deformation twins
in nanocrystalline copper were observed in both experiment
and MD simulations.>*3! This type of nanostructure, which
is ubiquitous in the nanoscale materials, has been attractive
in controlling the mechanical properties of nanomaterials.
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FIG. 9. (Color online) Second stage of lattice reorientation of the (110) single-crystalline Cu nanowire at a strain of 0.62. (a) Sectional

view along the wire axis and initial [112] of the cross section as Fig. 8(a),

different wire axis direction is also shown. (b) Cross-section 1-1

2 shows the transition region containing

shows the first reoriented (100) lattice configuration with rhombic cross section. (c) Cross-section 2

both (100) and (112) lattice configurations. Atoms are colored according to CNA.

we have also performed simulations on the (110) single-

IV. SUMMARY

crystalline Cu wire with two {111} side surfaces and two

In summary, we have performed atomistic simulations to
investigate elastic, inelastic, and failure properties of Cu

nanowires with a fivefold twinned structure. In comparison,

{112} surfaces. The yield mechanism for the fivefold twinned

Cu nanowire is via nucleation of {111}112) partial disloca-

tions from surface edge. The simulated results have shown

that this twinned nanowire displays higher strength than that

() g

(Color online) Tensile failure of (110) single-

crystalline Cu nanowire. (a) Initial equilibrated configuration. (b)
Strain at 0.52. (c) Strain just prior to failure. (d) Ultimated fracture

10.
strain at 0.86.

FIG.

-sectional view of equilibrated

(Color online) Cross
configuration of fivefold twinned Cu nanowire with a stacking fault

in it. Atoms are colored according to CNA.

FIG. 11.
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FIG. 12. Tensile stress-strain curves of a perfect fivefold
twinned Cu nanowire and the same nanowire with a preexisting
stacking fault in it.

of the single-crystalline fcc (110) Cu nanowire. The primary
reason is that the twin boundaries block dislocation emission
and movements and, as a consequence, make wires
strengthen, which is in agreement with experimental mea-

PHYSICAL REVIEW B 74, 214108 (2006)

surements. However, as dislocation movement is limited in
the nanowires, brittle failure and low elongation ductility
have occurred. In contrast, under the uniaxial tensile loading
at room temperature, the (110) wire with {111} and {112}
side surfaces also shows lattice reorientation within the fcc
crystalline structure. The deformation stage includes two ma-
jor steps: (1) (110) wires reorient to (100) wires with {100}
and {112}side surfaces; (2) the newly formed (100) wires
reorient to {(112) wires with {111} side surfaces. Both lattice
reorientations occur via the mechanical twinning of fcc struc-
ture. In addition, we have investigated the influence of the
preexisting defects, such as stacking faults and dislocations
on the strength of the novel nanowires.
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