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icrostructural design has been

exploited for some time to en-

hance the strength of crystalline
materials, mostly through work-hardening
to increase the initial density of disloca-
tions,' or grain size refinement in the micro-
crystalline and nanocrystalline regimes fol-
lowing the classical Hall—Petch relation.??
More recently, it was also observed that
bulk specimens of ultrafine-grained and
nanocrystalline Cu possess much higher
yield strength when coherent twin bound-
aries (CTBs) are introduced during electro-
chemical deposition.*¢ Crystalline materi-
als, however, cannot be strengthened
unlimitedly by decreasing the mean grain
size or twin size. For instance, a reverse
Hall—Petch effect, which is characterized
by a strength reduction as the grain size is
decreased below 10—20 nm, has been
found in Cu” and other face-centered cubic
(FCQ) nanocrystalline metals;® here a transi-
tion in deformation mechanism from
dislocation-mediated plasticity to grain-
boundary sliding below a critical grain size
was found responsible for this phenom-
enon. Similarly, a strongest twin size was
discovered in nanotwinned Cu, which origi-
nates from a shift in yielding mechanism
from slip transfer across twin boundaries to
easy dislocation nucleation from atomic
ledges existing in twin boundaries.’

In addition to microstructure effects,
modifications of external geometry and sur-
face structure can strongly influence
strength in crystalline samples with nano-
meter sizes. Particularly, significant sample
size dependence has been observed experi-
mentally on the strength and crystal plastic-
ity of various FCC metals such as Ni,>'® Ag,"
and Au,'? "> which has led to the conclusion
that smaller is stronger. It should be empha-
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ABSTRACT The ideal strength of crystalline solids refers to the stress at elastic instability of a hypothetical
defect-free crystal with infinite dimensions subjected to an increasing load. Experimentally observed metallic wires
of a few tens of nanometers in diameter usually yield far before the ideal strength, because different types of
surface or structural defects, such as surface inhomogeneities or grain boundaries, act to decrease the stress
required for dislocation nucleation and irreversible deformation. In this study, however, we report on atomistic
simulations of near-ideal strength in pure Au nanowires with complex faceted structures related to realistic
nanowires. The microstructure dependence of tensile strength in face-centered cubic Au nanowires with either
aylindrical or faceted surface morphologies was studied by classical molecular dynamics simulations. We
demonstrate that maximum strength and steep size effects from the twin boundary spacing are best achieved in
zigzag Au nanowires made of a parallel arrangement of coherent twin boundaries along the axis, and {111} surface
facets. Surface faceting in Au NWs gives rise to a novel yielding mechanism associated with the nucleation and
propagation of full dislocations along {001}(110) slip systems, instead of the common {111}(112) partial slip
observed in face-centered cubic metals. Furthermore, a shift from surface dislocation nucleation to homogeneous
dislocation nucleation arises as the twin boundary spacing is decreased below a critical limit in faceted nanowires.
It is thus discovered that special defects can be utilized to approach the ideal strength of gold in nanowires by
microstructural design.

KEYWORDS: gold nanowire - faceting - twin boundary - dislocation -
molecular dynamics

sized however that the internal microstruc-
ture still plays a key role in the mechanical
behavior of nanosized crystalline materials.
For example, Wu et al.'? have directly mea-
sured with atomic force microscopy-based
bending experiments that Au nanowires
(NWs) with a diameter of 40 nm could be
up to 100 times stronger than conventional
bulk Au. These authors have also found
that the yield strength of Au NWs grown
by electrodeposition technique was signifi-
cantly lowered after thermal annealing,
which indicated that certain internal de-
fects or microstructures could be respon-
sible for the observed increase in strength
with decreasing NW diameter. Maap et
al.’®" have also argued that the initial
microstructures of metal nanopillars similar
in size and shape to those tested by
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others,'®13* including grain boundaries and surface
dislocations added during microfabrication, could con-
tribute to the apparent increase in strength.

Recent advances in materials synthesis have en-
abled making FCC metal NWs with a variety of micro-
structures and surface morphologies. For example, past
transmission electron microscopy (TEM) studies have
shown the existence of bamboo-like structures in Au
and Cu NWs grown by electrodeposition.’®' Such
structures consist of a parallel arrangement of planar
defects perpendicular to the wire axis, which corre-
spond to (111) CTBs. Also, single-crystalline and nano-
crystalline microstructures in Au NWs were created by
electrodeposition using different applied overpoten-
tials.’® Furthermore, ultrathin [111] oriented Au NWs
with diameters less than 10 nm have been synthesized
by reduction of HAuCl, in oleic acid and oleylamine.2%?'
Halder and Ravishankar?? have developed a bottom-up
approach to produce ultrafine Au NWs by an oriented
attachment of Au nanoparticles. Different TEM
studies??~ 2% have shown that aligned Au nanoparticles
can fuse together at {111} facets to form faceted Au
NWs, during which twins can be easily formed in favor
of energy reduction. It is worth noting that although
most facets were found to be {111} planes in Au nano-
particles, {100} facets have also been frequently
observed.2>22% Other FCC metal NWs, such as Cu and
Ag NWs, also tend to have {111} and {100} nanoscale
facets.2*2%?7 For example, faceted twinned structures,
which usually exhibited a zigzag shape, have been ob-
served in Cu nanorods grown by magnetron sputter
deposition.?” Furthermore, {111} surface facets are of-
ten encountered in twinned semiconducting NWs
grown by the vapor—liquid—solid process?®3° and
standard commercial metal organic vapor phase epit-
axy.3' Shim et al.3? have proposed a model based on the
energy minimization of interfaces and edges near twin
boundaries to account for the {111} faceted-twinning
structure in semiconducting NWs.

Molecular dynamics (MD) simulations have been
used in the past to characterize the influence of micro-
structure on the elastic and plastic properties of nano-
sized FCC metals. Monk and Farkas>? have predicted
that dislocation-mediated plasticity decreases with de-
creasing wire diameter in nanocrystalline Ni NWs. Cao et
al.** who have simulated the tensile behavior of both
single-crystal and nanocrystalline Cu NWs, found that
the yield strength in the latter was significantly smaller
as a result of dislocation emission from grain bound-
aries instead of free surfaces. Moreover, periodically
twinned circular Au**3¢ and Cu®” NWs containing paral-
lel (111) CTBs have been studied by MD simulations,
where it was shown that the intersection of CTBs with
the free surface in NWs acts as preferential sites for the
nucleation and propagation of dislocations during plas-
tic deformation. Furthermore, it has been predicted by
atomistic simulation that external changes of surface
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morphology with different faceted structures can dra-
matically influence the yield strength of stable (110) ori-
ented Ag NWs3® and Cu NWs>® deformed in tension.

This work poses a fundamental question: can de-
fects, both internal (e.g., grain boundaries) and exter-
nal (e.g., surface facets), give rise to ideal strength in re-
alistic metal NWs through microstructural design? In
the present study, MD simulations were performed to
investigate the tensile behavior of Au NWs containing
different types of microstructure observed experimen-
tally. Here, we discover that twin defects can be utilized
to approach the ideal strength of gold in faceted NWs,
whose elastic limit is dramatically larger than that found
in single-crystalline and polycrystalline Au NWs with
perfectly circular cross-section. This theoretical study
sheds new light on the plasticity and mechanical
strength of faceted Au NWs at extremely small scale
and paves the way for designing more robust
nanostructures.

RESULTS AND DISCUSSION

Tensile Strength of Perfectly Cylindrical Au NWs. Figure 1
shows the atomic structure and tensile stress—strain
curve of cylindrical Au NWs with a circular cross-section
made of different types of microstructure. Four classes
of circular NWs are represented in this figure: polycrys-
talline Au NWs (Figure 1a), polycrystalline Au NWs with
grains containing nanoscale twins of 2 nm in size (Fig-
ure 1b), twinned Au NWs with a periodic arrangement
of parallel (111) CTBs, similar to the bamboo-like struc-
ture described above (Figure 1¢), and the same twinned
Au NWs containing also one atomic ledge per bound-
ary, as this type of defect has been observed in nano-
twinned Cu® (Figure 1d). The mean grain size of the
polycrystalline Au NWs in Figure 1a,b is 16 nm. The twin
boundary spacing (TBS) in the bamboo-like Au NWs
presented in Figure 1¢,d is 8 nm. For comparison, the
stress—strain curve for a defect-free single-crystal Au
NW is represented in this figure by a dashed line. The
sample diameter and periodic length are 20 and 32 nm,
respectively, for all NWs.

Figure 1 parts a and b show that the maximum
flow strength of nanocrystalline Au NWs under ten-
sion is significantly smaller than that in single-crystal
Au NWs with same diameter. This result is in good
agreement with previous atomistic predictions in
nanocrystalline Ni** and Cu3* NWs, where it was
shown that grain boundaries are the main sources
of dislocations during plastic deformation. In con-
trast, single-crystalline Au NWs have been found to
yield by nucleating 1/6{111}(112) partial dislocations
from the free surface,*® which requires larger stress
than the nucleation of partial dislocations from grain
boundaries.3* Also, it is worth noting that nanocrys-
talline Au NWs with grains containing nanoscale
twins (Figure 1b) exhibit higher strength than those
with no twins (Figure 1a), which confirms earlier re-
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