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Large-scale molecular dynamics simulations were performed to demonstrate the synergistic effects
of twin boundaries and free surfaces on dislocation emission in gold nanowires under tensile
loading. It is revealed that the addition of nanoscale twins to crystalline nanowires can act to either
increase or decrease their resistance to slip in tension, depending on both sample diameter and
number of twins per unit length. Site-specific surface dislocation emission and image forces due
to twin boundaries are used to explain the size-dependence of yield stress in twinned gold
nanowires. © 2009 American Institute of Physics. �DOI: 10.1063/1.3222936�

Twinning plays a ubiquitous role in the synthesis of thin
films and nanowires �NWs� and their mechanical properties.1

Coherent twin boundaries �CTBs� on �111� atomic planes
have been observed in various metallic nanomaterials such
as nanocrystalline stainless-steel and Cu films,2–4 and single-
crystal NWs in Au, Ag, and Cu.5–8

Recent fundamental progress has been made to compre-
hend the complex interactions between slip and pre-existing
twin boundaries in bulk metallic crystals under external
loading.9–13 Furthermore, it has been found that the neces-
sary stress for dislocation nucleation is critical to determine
whether CTBs strengthen NWs via dislocation-twin
interactions.14 However, a predictive understanding of twin
boundary effects on the onset of plastic yielding in low-
dimensional metals remains elusive, primarily because past
molecular dynamics �MD� simulations have predicted differ-
ent trends in terms of microstructure dependence on yield
stress in twinned NWs. More specifically, Hyde et al.15 have
calculated that the stress required to nucleate new disloca-
tions under tension in Au NWs with diameters ranging from
5–17.5 nm was 18%–22% less by introducing one CTB, in
comparison to that of a perfect single-crystal NW with cor-
responding diameter. On the contrary, MD simulations on
5-nm-square NWs in Cu16 and 12-nm-diameter circular pil-
lars in Au1,17 have shown evidence that the addition of nano-
scale twins could act to increase the stress for dislocation
nucleation as the twin density increases �or, inversely, the
spacing between twin planes decreases�. In the latter study,
however, it was also found that CTBs played no role on
mechanical properties when the twin boundary spacing
�TBS� was larger than or equal to the pillar diameter.

The aim of this letter is to resolve the apparent discrep-
ancy by investigating the synergistic effects of twin density,
sample diameter, and free surface on the plasticity of nano-
twinned gold. To this regard, we present a large series of MD
simulations revealing that the process of surface-mediated
dislocation nucleation is site-specific in twinned gold under
tensile loading. We show that, in the absence of free surfaces
�i.e., using three-dimensional periodic boundaries�, there is
no dependence of yield stress on the TBS in simulated bulk
gold with perfect �111� CTBs, while twin-size effects be-

come much stronger in twinned Au NWs with decreasing
diameter.

MD simulations were performed with an embedded-
atom-method potential for gold developed by Grochola
et al.18 to determine the tensile yield stress of circular NWs
with parallel �111� CTBs as shown in Fig. 1�a�. NWs of
diameter D, which was varied from 4.1 to 24.6 nm, were
modeled by imposing periodic boundary conditions along the
�111� wire axis, while all other directions were kept free. We
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FIG. 1. �Color online� Crystal slip under tension mediated by site-specific
surface dislocation nucleation in perfectly circular �111�-oriented Au nano-
wires containing a periodic arrangement of �111� CTBs. �a� Atomistic struc-
ture of a twinned Au nanowire. The nanowire front is cut to show the
interior structure. �b� Emission of the very first partial dislocation along a

�111̄� glide plane where a CTB intersects the free surface in a nanowire
deformed at 300 K. �c� Close-up view on the dislocation nucleation site.
Atoms are colored according to the crystal structure. Local distributions of
�d� tensile stresses on the twin boundary plane and �e� tensile stresses on the
wire surface of a twinned Au nanowire deformed at 1 K �z= �111��. Arrows
and dashed circles in �d� and �e�, respectively, mark the position of disloca-
tion nucleation sites present on the free surface.
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constructed NWs with an initial periodic length equal to 33.6
nm. The simulations were performed at 300 and 1 K by
following the same procedure as in Ref. 19 at a constant
tensile strain rate of 2.7�107 s−1. The analysis of Ackland
and Jones20 was used to obtain snapshots of the crystal struc-
ture during deformation. Stress calculations were conducted
according to the Virial theorem.21

A key result found in our MD simulations on NWs is
that the dislocation nucleation process is surface-mediated
and site-specific. By way of illustration, we show in Fig. 1�b�
the snapshot of a twinned NW after its elastic limit has
been reached at 300 K. In this figure, elastic limit and
plastic yielding in the NW take place via the emission of

�111̄� �112� partial dislocations emanating from the free sur-
face, which is consistent with the mechanisms observed ex-
perimentally by electron microscopy in nanotwinned Cu.22 A
close-up view of the nucleation site in Fig. 1�c� shows that

this dislocation precisely propagates on the �111̄� glide plane
where a CTB intersects the free surface.

The local analysis of atomic stresses at 1 K, a few steps
before yielding, is presented in Figs. 1�d� and 1�e� for com-
parison. Figure 1�d� shows that the dislocation nucleation
sites in each CTB plane are localized in three zones corre-

sponding to the intersection of the CTB with three �112̄�
planes on the wire surface. Snapshots of deformation several
steps later confirmed that the yielding of this NW at 1 K is
associated with the emission of three partial dislocations si-
multaneously from these sites �not shown�. It is important to
note however that at 300 K, not all partial dislocations from
these sites were nucleated at the same time. Figure 1�e� re-
veals that each nucleation site exhibits relatively higher ten-
sile stresses on the wire surface than that of most surface
atoms. Furthermore, a top view of the twin plane in Fig. 1�d�
indicates that the tensile stress near each nucleation site be-
comes significantly smaller than the rest inside the wire over
a distance equal to two atom layers. Therefore, this observa-
tion points to a possible yield criterion in twinned Au NWs
as follows. The dislocation nucleation proceeds from sites of
stress concentration on the free surface where the highest
stress gradient is achieved, which is consistent with the gen-
eral criterion for dislocation nucleation in nanoscale crystal-
line volumes proposed earlier by Miller and Acharya.23 We
also noticed that the stress level is higher at 1 K than at 300
K in the same Au NW at yield point, which is due to the lack
of thermal activation at 1 K.

Another essential result is that without free surfaces,
nanoscale twins alone are found to have no intrinsic influ-
ence on the yielding behavior of gold. For example, Fig. 2
represents the evolution of the critical resolved shear stress
�CRSS� as a function of number of twins per unit length,
1/TBS, in a bulk material simulated by MD using a cubic
model with periodic boundaries applied along all spatial
axes �see inset in Fig. 2�. The CRSS calculations were ob-
tained by deforming the simulation box at constant strain rate
�5�107 s−1� along the �111� axis with zero pressure exerted
on the lateral directions using NPT integration, N is the num-
ber of atoms, P is the pressure, and T is the temperature, and
assuming a Schmid factor of 0.314, which corresponds to the

propagation of partial dislocations in the �111̄��112� slip sys-
tem. This figure reveals that the bulk behavior is not affected
by the TBS, which stems from the fact that the dislocation

nucleation process is homogeneous, as opposed to surface-
mediated, in this case. Furthermore, the CRSS for both
twinned and twin-free single-crystal models are almost iden-
tical �	1.72 GPa�, which is in good agreement with past
atomistic predictions24 of ideal yield strength for the shearing
of two Au �111� planes in �112� directions �1.78 GPa�.

In contrast, the MD results presented in Fig. 3 show
clear evidence that strong size effects in terms of both TBS
and sample diameter exist in twinned Au NWs. First, the
curves show a linear dependence of the CRSS for dislocation
nucleation as a function of 1/TBS. Second, as shown in the
inset of Fig. 3, the slope of this scaling behavior increases

FIG. 2. �Color online� Change in the CRSS for dislocation nucleation as a
function of the number of twin boundaries per unit length, 1/TBS, in simu-
lated �111�-oriented bulk gold under tension. The horizontal dashed line
represents the CRSS value obtained in a twin-free sample of same size and
geometry.

FIG. 3. �Color online� Change in the CRSS for dislocation nucleation as a
function of the number of twin boundaries per unit length, 1/TBS, in simu-
lated gold nanowires with diameters equal to 8.2 and 24.6 nm at 300 K. A
mechanical transition from twin-induced weakening to strengthening re-
gimes is indicated by a vertical arrow. The inset shows the change in the
slope � of the fitted line as a function of nanowire diameter D varying from
4.1 to 24.6 nm.

091914-2 C. Deng and F. Sansoz Appl. Phys. Lett. 95, 091914 �2009�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



with decreasing NW diameter D. As a result of the twin-size
dependency, the yielding behavior of twinned Au NWs can
be divided into weakening and strengthening regimes with
respect to the CRSS obtained in twin-free NWs deformed
under the same condition. NWs with low number of twins
�or large TBS� yield at smaller stress than that predicted in
twin-free samples of same geometry and size, and at larger
stress when the number of twins per unit length exceeds a
critical limit. For example, Fig. 3 shows that the transition
from weakening to strengthening regimes occurs when TBS
is equal to 2.78 and 2.02 nm in twinned Au NWs with diam-
eters of 8.2 and 24.6 nm, respectively.

We also found that dislocation emission in twinned Au
NWs with a nonuniform distribution of CTBs �not shown
here� always occurs on the CTB associated with the largest
TBS. For example, when D=8.2 nm, the yield stress for a
NW containing nine CTBs with TBS=2.8 nm and only one
CTB with TBS=8.4 nm is 3.12 GPa, which is very close to
that of a periodically twinned NW with TBS=8.4 nm �3.08
GPa�, while that of a periodically twinned NW with TBS
=2.8 nm is equal to 3.53 GPa. This result enables us to
conclude that the dislocation nucleation process is directly
correlated with the largest distance between two twin bound-
aries, rather than the twin density.

The above results can be interpreted using the two-phase
model of Chen et al.10 who have calculated the image shear
stress �CTB exerted by a �111� CTB on the glide of a full
dislocation in twinned systems with free boundaries. They
predicted that the dislocation-CTB interaction force is repul-
sive at large distances �i.e., �3b with b the magnitude of the
Burgers vector�, due to the elasticity mismatch between par-
ent and twin grains in terms of shear modulus across the
CTB, such that

�CTB =
��b

4�x
, �1�

where x is the distance between the dislocation and the CTB,
� is a dimensionless measure of the intrinsic strength of the
CTB, and � is the shear modulus along the slip system. A
caveat however is that the theory of Chen et al.10 is based on
the interaction of CTBs with pure screw dislocations of infi-
nite length, as opposed to curved dislocation lines such as
those observed here when partial dislocations are emitted
from the surface of circular Au NWs. We thus propose to
scale Eq. �1� with a factor f�D� in order to account for the
curvature of these dislocations, which is also a function of
the NW diameter D.25 Assuming here that x represents the
distance between a dislocation nucleation site at the intersec-
tion of a CTB with the free surface and the closest CTB, we
have x=TBS /sin � with � the angle between the glide plane
and the CTB. The CRSS obtained in twinned Au NWs can
therefore be written as

CRSS = �0 + �CTB = �0 +
��b sin �

4�TBS
f�D� , �2�

where �0 is the CRSS in twinned Au NWs with TBS near
infinity, which is lower than that in twin-free single-crystal
Au NWs.15 The atomistic results presented in Fig. 3 for two

diameters give credence to the linear dependence between
CRSS and 1/TBS, and the transition from weakening to
strengthening regime with decreasing TBS as obtained in Eq.
�2�. The inset of Fig. 3, which shows the increase in slope for
the CRSS-1/TBS relationship with decreasing diameter, also
supports the evolution of f�D�. Determining a closed form
for f�D� is beyond the scope of this paper.

In summary, MD simulations of tension of twinned Au
NWs with circular cross-section have revealed that the in-
cipient plasticity mechanisms proceed via the nucleation and
emission of partial dislocations from specific sites where

CTBs intersect �112̄� planes on the free surface. Prior to
dislocation emission, these sites possess significantly higher
stress gradients than the rest of the specimen. The simula-
tions support the idea that the addition of CTBs to crystalline
NWs could cause strengthening effects, weakening effects,
and no effects, as a function of both twin spacing and sample
diameter. Such a model can be used to reconcile the conflict-
ing observations made in the past on the twin-dependency of
yield stress in twinned NWs.
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