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ABSTRACT We show that the plastic deformation of nanowires under torsion can be either homogeneous or heterogeneous, regardless
of size, depending on the wire orientation. Homogeneous deformation occurs when 〈110〉-oriented face-centered-cubic metal wires
are twisted, leading to the nucleation of coaxial dislocations, analogous to the Eshelby twist mechanism. Heterogeneous deformation
is predicted for 〈111〉 and 〈100〉 wires under torsion, localized at the twist boundaries. These simulations also reveal the detailed
mechanisms of twist boundary formation from dislocation reactions.
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The strength and plasticity of metals at the micrometer
scale and below have been of great interest as they
relate to the reliability and manufacturability of small-

scale devices. Strength has been shown to dramatically
increase as the diameters of metallic micropillars drop below
10 µm.1 Plasticity at smaller length scales also appears to
be more heterogeneous, characterized by localized strain
bursts in the sample.2,3 As a result, difficulties are expected
in metal forming at the micrometer scale,3 such as bending
or twisting of metallic microwires. Twisting experiments of
polycrystalline metal wires have also shown a dramatic
increase of strength with decreasing diameter, in agreement
with strain gradient plasticity theory.4 However, many of the
materials are single crystals at these scales. Given the
tremendous interest in the compressive and tensile tests on
single crystal micropillars, surprisingly little is known about
the plastic response of single crystal microwires in torsion.

In wires under torsion, it is natural to expect heteroge-
neous plastic deformation by the formation of twist bound-
aries, which are planar networks of screw dislocations
perpendicular to the applied torque.5,6 The other possible
dislocation mechanism that can relieve torque is a screw
dislocation parallel to the applied torque.7 Eshelby8 originally
considered these types of dislocations as grown-in defects
in whiskers, and this has recently been observed in the
formation of chirally branched nanowires.9,10 However, the
conditions under which coaxial dislocations form as a
deformation mechanism largely remain unknown. The con-
sequence of this mechanism on the mechanical behavior of

wires under torsion has not received much attention, since
the formation of twist boundaries generally requires less
energy.

In this work, we investigate the plastic response of
pristine single crystal nanowires in torsion using molecular
dynamics (MD) simulations. We find that the wire orienta-
tion determines whether twist boundaries form as disloca-
tion networks or coaxial dislocations nucleate. This is in
contrast to uniaxial loading, in which dislocations gliding
across slip planes inclined to the wire axis are always the
deformation mechanism regardless of wire orientation.
Furthermore, when coaxial dislocations nucleate, the plastic
deformation is remarkably homogeneous, both along the
wire and in its cross section. This means plasticity at the
submicrometer scale is not necessarily heterogeneous and
the aforementioned difficulty in metal forming at this scale
may be avoided for certain deformation modes.

Nanowires with three orientations, 〈110〉, 〈111〉, and
〈100〉, are considered. Torsion periodic boundary condi-
tions11 are used in molecular dynamics (MD) simulations to
eliminate end effects that occur when artificial grips are
used. This boundary condition is similar to a standard
periodic boundary condition along the length of the wire
except that the periodic images are rotated relative to each
other. Two face-centered-cubic (fcc) metals, gold and alu-
minum, are studied to ensure generality of the results and
to determine the effects of the stacking fault energy. We
twist three different diameters for both materials: 5, 7.5, and
10 nm. Since the interatomic potential for Au12 has a
stacking fault energy of 31 mJ/m2, which is about 5 times
less than the Al potential13 of 146 mJ/m2, we also look at 15
and 20 nm diameter Au nanowires. The wires are twisted
in each simulation at a constant rate resulting in a nominal
engineering surface strain rate of 4 × 108 s-1. This is done
by applying an incremental twist per unit length every 5000
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time steps with a time step of 1 fs. For convenience, we
define an engineering shear strain rate as γ̇ ) �̇r, where �̇
is the twist rate per unit length and r is the radius where the
strain is evaluated. For better comparison between simula-
tions with different diameters, the twist rate per unit length
�̇ was adjusted so that the surface strain rate is a constant.
During the torsion simulations, the box length along the wire
axis is allowed to adjust its length in response to the
instantaneous virial stress to remove the axial stress.14

Each simulation starts with a pristine, defect-free nano-
wire. The applied twist provides the sole driving force for
defect nucleation, which occurs naturally through the indi-
vidual interactions of the atoms. Dislocation nucleation
initiates yield in each wire, which is observed in Figure 1.
The plasticity in these simulations is dominated by disloca-
tion nucleation; however dislocation patterning still occurs
by the organization of the dislocations after nucleation.

Figure 1 plots representative torque-twist curves for 5
nm diameter gold nanowires, one for each orientation.
〈110〉-oriented wires yield by the nucleation of coaxial
dislocations as shown in Figure 2. In fcc metals, we expect
dislocations to nucleate on {111} planes with maximum
resolved shear stress. According to linear elasticity, the
planes of maximum shear stress for circular sections in
torsion are planes perpendicular to the wire axis and planes
containing the wire axis, as indicated in Figure 2a. For 〈110〉-
oriented wires, there are two {111} planes that intersect the
wire axis, making an angle of 71° to each other. These are
indeed the planes on which dislocations are first nucleated,
as easily seen in Figure 2b. The dislocations that nucleate
are either perfect screw dislocations or the leading partial
of a perfect screw dislocation since the screw components
directly relieve the applied torque.

The deformation mechanism for 〈110〉 wires is essentially
the Eshelby twist mechanism8 in reverse. While Eshelby
predicted that grown-in coaxial screw dislocations causes the
wire to twist on its own, our results show that coaxial

dislocations can also nucleate when a defect-free wire is
twisted by an external load. The screw dislocations extend
through the entire length of the wire and are distributed quite
uniformly in the wire cross section, making the deformation
surprisingly homogeneous even at such a small scale.

For 10 nm diameter wires, we observe partial dislocation
nucleation in Au (Figure 2b) and both perfect and partial
dislocation nucleation in Al (parts c and d in Figure 2).
However, both perfect and partial dislocations are observed
in 20 nm diameter Au wires, suggesting that this is a size
effect instead of a fundamental difference between the two
metals. We expect the fraction of perfect dislocations in a
Au wire to increase as the wire radius further increases.

The difference between partial and perfect dislocations
has an important consequence for the stability of the

FIGURE 1. Torque twist curves for the 5 nm diameter Au nanowires
with three different orientations.

FIGURE 2. Plasticity as observed in 〈110〉-oriented 10 nm diameter
nanowires. (a) Schematics showing stacking fault area bounded by
a partial dislocation. The straight arrow indicates the Burgers vector.
The curved arrows indicate the direction of twist. A stress cube is
drawn to indicate the planes of maximum shear stress. (b) End view
of the Au nanowire. Only atoms with a centrosymmetry parameter15

significantly different from zero are plotted, showing the partial
dislocations and the stacking fault area. (c) 3D view of perfect
dislocations nucleated in Al nanowire. (d) End view of Al nanowire
containing six perfect dislocations along its axis. (e) Equilibrium
distribution of eight screw dislocations in an elastic cylinder pre-
dicted by a two-dimensional dislocation dynamics model. (f) Equi-
librium distribution of 20 screw dislocations in the cylinder.
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dislocations inside the wire and affects the reversibility of
the deformation. When a moderately twisted 〈110〉 5 nm
diameter gold nanowire is unloaded to zero torque (not shown
here), the partial dislocations that have nucleated escape to the
surface, reversing a large fraction of the inelastic deformation.
The stacking fault connecting the partial dislocations and the
wire surface helps pull the dislocations out. For a sufficiently
thin wire subjected to moderate twist, all dislocations escape
upon unloading, making the deformation completely revers-
ible. The complete reversibility of torsional deformation of
〈110〉 wires may find applications in some nanoelectrical
mechanical system (NEMS) devices.

However, if perfect dislocations were nucleated, these
dislocations stay inside the wire even when the applied
torque is zero. This confirms that multiple screw dislocations
can be stable in a torque-free wire.10 To test whether a large
number of perfect screw dislocations can be metastable
within the wire, we performed two-dimensional dislocation
dynamics (DD) simulations in an elastic cylinder subjected
to zero torque. A two-dimensional dislocation dynamics (DD)
code is developed to simulate the behavior of screw disloca-
tions in 〈110〉 oriented wires. The wire is modeled as an
elastically isotropic cylindrical rod. The forces on the disloca-
tions are computed by superimposing the fields of infinitely
long screw dislocations in cylinders derived by Eshelby.8,16

The total force on a dislocation is the sum of several
contributions, including the Peach-Koehler force from other
dislocations in an infinite medium, image force required to
make the cylindrical surface traction free, and image torque
forces required to make the rod torque free. The initial
positions of the dislocation are randomly chosen within the
cylinder. The dislocations are allowed to relax in the direc-
tion of the total Peach-Koehler forces, until the forces on
all dislocations are zero.

We find that in general the dislocations reach an equilib-
rium configuration easily without escaping the cylinder.
Furthermore, their equilibrium distribution is remarkably
uniform, as shown in parts e and f of Figure 2, consistent
with the MD predictions. Given the size effect on the prefer-
ence of partial or perfect dislocations, we expect reversibility
of torsional deformation only in wires of sufficiently small
diameter.

Contrary to 〈110〉 wires, 〈111〉 wires deform heteroge-
neously through the formation of twist boundaries. All
dislocations nucleate on a few {111} atomic planes that are
adjacent to each other, which are also the planes of maxi-
mum shear stress. For the first time, our simulations reveal
the full mechanistic detail of the {111} twist boundary
formation from dislocation reactions, which is shown in
Figure 3.

Initially, two partial dislocations nucleate on the {111}
plane as shown in Figure 3a. In Figure 3b, the trailing partials
have nucleated and the resulting two perfect dislocations
have formed a junction of a “Y” shape. This is a junction of
three screw dislocations, each having one of the three

perfect Burgers vectors available on the {111} plane. This
junction is stable under the applied torque and is the embryo
of the twist boundary. It is the smallest dislocation network
with only one internal node. When another perfect disloca-
tion is nucleated from the surface, one of the three arms
readily reacts with it to form another junction and the
number of internal nodes of the dislocation network grows
by one. The process of dislocation nucleation and junction
formation repeats itself, leading to the formation of a
hexagonal dislocation network shown in Figure 3c.

As the twisting continues, traces of individual dislocations
are eventually lost in the (high-angle) twist boundary. But
the same hexagonal network becomes visible again when
the wire is untwisted, Figure 3d. The dislocation network is
gradually dismantled when the wire is twisted in the op-
posite direction. The final structure before complete destruc-
tion of the network is again a “Y” junction, just like that
shown in Figure 3b. Our results show that the {111} twist
boundary evolves easily from the embryonic structure (with-
out dislocation pile-up). This is different from the pathway
hypothesized earlier,6 which required continued dislocation
nucleation between piled-up dislocations to maintain the
growth of the twist-boundary.

Twisting a 〈100〉 wire also leads to the formation of a twist
boundary perpendicular to the wire axis. The resulting
dislocation network is compact along the wire, and the
deformation is very heterogeneous. However, the formation
mechanism of the 〈100〉 twist boundary is different from that
of 〈111〉. This is because several {111} slip planes experi-

FIGURE 3. Plasticity as observed in 〈111〉 oriented 5 nm diameter
Au nanowires. (a) Two partial dislocation nucleate. The arrows
indicate their Burgers vector. The triangle marks the three perfect
Burgers vectors on this plane. The lines inside the triangle mark the
three partial Burgers vectors on this plane. (b) Two perfect disloca-
tions react to form a screw “Y” junction. (c) The evolution to a
hexagonal array. (d) A similar hexagonal array during untwisting.
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ence the same magnitude of shear stress and they are all at
an angle to the twist boundary that forms. Because disloca-
tions from several slip systems are equally likely to nucleate,
this formation process is expected to be representative of
what might happen when a wire with a pre-existing disloca-
tion network is twisted.

Figure 4 shows the nucleation of dislocations in a 20 nm
diameter Au nanowire and arrangement into a {100} twist
boundary. Wide stacking fault areas are observed when the
leading partials alone are nucleated. After the trailing partials
nucleate, the perfect dislocations reorient themselves to be
screw dislocations perpendicular to the wire axis. Once the
first two perpendicular dislocations meet at a plane, the rest
of the dislocations also aggregate on the same plane. The
result is a rectangular network of screw dislocations forming
a {100} low angle twist boundary.

While it may be challenging to test the homogeneity of
plastic deformation of 〈110〉 wires directly by electron
microscopy, it will be useful to perform experiments to test
the other predictions of the MD simulations. First, when the
deformation is homogeneous (for 〈110〉 wires) the load drop
upon yield is much smaller than that when the deformation
is heterogeneous (for 〈111〉 and 〈100〉 wires). The simulations
also predict that the torsional strength of the 〈100〉 twist
boundary is much higher than that of the 〈111〉 twist
boundary, which can be tested experimentally. These pre-
dictions are not limited to nanowires as they are not size

dependent and should hold for dislocation free whiskers or
microwires.

In summary, we have presented the orientation-depend-
ent plasticity and yield in single crystal metallic nanowires
in torsion. Plasticity occurs by nucleation of dislocations
from the surfaces which organize under the influence of the
strain gradient. Wires oriented along 〈110〉 yield through the
nucleation of coaxial dislocations which causes the plasticity
to be homogeneous. The wires also retain a significant
fraction of their strength after yield. In the 〈111〉 and 〈100〉
orientations the wires yield through the formation of twist
boundaries perpendicular to the wire axis and the resulting
plastic deformation is heterogeneous. This orientation de-
pendence is controlled by the availability of slip planes on
which dislocations can easily nucleate. This effect is found
to be robust, even though the detailed dislocation structure
formed in each simulation is not unique, given the random
nature of nucleation. In addition, since plasticity is not
necessarily heterogeneous but depends on wire orientation,
this suggests that fabrication of nanoscale metallic compo-
nents may not be as difficult as previously thought. We also
expect that testing these predictions by twisting pristine
metal nanowires or whiskers will provide new insight on the
fundamental deformation mechanisms of materials.
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FIGURE 4. Plasticity as observed in 〈100〉 oriented 20 nm diameter
Au nanowires. Dislocations nucleate from the surface and organize
into a rectangular array of screw dislocations.
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