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Molecular dynamics simulations are used to investigate the influences of pre-existing microstructural
defects on the strength and deformation mechanisms in Ag nanowires under both uniaxial deformation
and nanoindentation. In particular, the synergistic effects from both internal and external structural
defects, including twin boundaries, surface facets, and a special surface groove, are studied. It is found
that the yielding modes vary among Ag nanowires when different microstructures are present. Further-
more, while fivefold twin boundaries are found to cause significant strain hardening under nanoindenta-
tion, they can either decrease or increase the initial yield stress of Ag nanowires under uniaxial
deformation. The surface groove, in addition, will result in damping behavior of the Ag nanowire that
leads to peculiar oscillating load–displacement responses under nanoindentation.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metal nanowires (NWs) have been extensively studied in recent
years because of their potential applications as building blocks in
micro-electro-mechanical systems [1,2] and optoelectronics [3,4].
Due to their limited size and high surface-to-volume ratio, it has
been widely observed from both in situ nanomechanical tests
[5,6] and atomistic simulations [7–10] that the yielding and plas-
ticity in metal NWs were dominated by free surfaces and possible
internal structural defects, e.g., grain boundaries. This is in sharp
contrast to conventional bulk materials in which the mechanical
deformation is mainly controlled by dislocation activities within
individual grains. Therefore, it is important to obtain a deep under-
standing of the influences of both internal and external microstruc-
tural defects on the mechanical properties of metal NWs under
various loading environments so that their reliability can be
assessed.

Various surface features and internal microstructures can form
during the synthesis of metal NWs. For instance, Ag NWs could be
either cylindrical [11] or pentagonal with flat surface facets [5,12]
depending on the synthesis conditions. In addition, internal struc-
tural defects such as coherent twin boundaries (CTBs) with fivefold
symmetry (known as fivefold twinning) were frequently observed
in both cylindrical [11] and pentagonal [12,13] Ag NWs. Fivefold
twinned (FT) crystal structures are common defects found in

face-centered cubic (FCC) metals [12–15]. However, it is known
that the five subunits of theoretical angle in FT structure cannot
form a closed space-filling wire, resulting in substantial internal
strain [12–14]. Based on lattice crystallography, the theoretical an-
gle between adjacent {111} twin boundaries in FT NWs is 70.53�,
which generates a 7.53� angular deficiency [12,13]. While such
angular deficiency suggests that most FT NWs synthesized from
experiments were inherently strained, it also implies that a surface
groove may form in FT NWs in order to reconcile the strain. This
speculation was recently confirmed in experiments by Zhang
et al. [13], who successfully synthesized pentagonal FT Ag NWs
with re-entrant grooves on the surface. They found that the
grooves were closely related to the relaxation of the inherent
strain, which was believed to be the restriction of the lateral
growth in these NWs [13]. Similar surface groove was also ob-
served in FT boron carbide NWs [16]. Since the mechanical proper-
ties of metallic NWs largely depend on the free surfaces, strain
relaxation caused by the formation of a surface groove in FT Ag
NWs may significantly impact their mechanical properties.

Furthermore, CTBs are special interfaces of low energy that can
serve as strong barriers to defects which have been confirmed by
both experiments [17,18] and atomistic simulations [7,8,19]. For
example, Au NW with a high density of parallel nanoscale CTBs
has been found from molecular dynamics (MD) [7,8] to exhibit
higher tensile strength than single crystalline Au NWs of similar
sizes. What is more, twinned Au NWs with special zigzag surface
facets have been predicted by MD to approach the ideal strength
in Au [8]. Nevertheless, only limited experimental studies and
atomistic simulations have been performed in the past regarding
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fivefold CTBs in metal NWs. Wu et al. [11] have found from bend-
ing experiments that FT Ag NWs were stronger but more brittle
than twin-free Ag NWs. Similar results have been obtained from
MD by studying the tensile [20–23] and torsional [21] deforma-
tions of FT Ag NWs. However, the synergy between surface features
and internal CTBs on the yielding of FT Ag NWs has not been fully
explored. In particular, the mechanical properties of metal NWs
with the recently observed surface groove [13] have not been
investigated from either experiments or atomistic simulations. In
addition, the deformation of FT Ag NWs under other loading condi-
tions, e.g., uniaxial compression and nanoindentation [24,25],
which is a direct mechanical characterization of the FT NW surface,
needs to be studied so that the fundamental mechanisms of defor-
mation and plasticity in FT NWs can be justified.

The aim of this work is to elucidate the deformation process of
FT Ag NWs with re-entrant surface groove subjected to uniaxial
deformation and nanoindentation by MD simulations. A compara-
tive study of the atomistic insight into the plasticity of twin-free
single-crystalline (SC) Ag NW, FT Ag NW and FT Ag NW with sur-
face groove is presented. The role of surfaces facets, fivefold twin
boundaries, and surface groove on the yielding and plasticity of
Ag NWs is discussed respectively.

2. Simulation methodology

The simulations were performed using LAMMPS [26] with a
time step of 5 fs. The interatomic interactions were characterized
by an embedded atom method potential developed for Ag [27].
The axis of all Ag NWs was oriented along h110i direction
(Fig. 1). Periodic boundary conditions were applied along the NW
axis while other directions were kept free. According to Zhang
et al. [13], a gap (surface groove formed during crystal growth)
was constructed with the two wedge surfaces parallel to the twin
boundaries. The groove size G was defined as in Fig. 1b and Ag NWs
with two different groove sizes, G = 5 nm and G = 7.5 nm, were
investigated. The diameter was 20 nm and the length was 50 nm
for all Ag NWs. Pentagonal FT Ag NW with or without surface
groove was constructed by cutting the respective cylindrical NW
with flat facets (Fig. 1b). The NW visualization was done by Atom-
Eye [28]. The system temperature was kept at 10 K during all sim-
ulations by using NVT (constant temperature, constant volume)
integration scheme with Nose–Hoover thermostat. All NWs were
relaxed at 10 K for 500 ps before indentation or uniaxial deforma-
tion was performed. After relaxation, uniaxial tension or compres-
sion was performed by uniformly deforming the NWs at a constant
strain rate of 108 s�1 under NVT.

Nanoindentation was simulated by moving a spherical virtual
indenter at a constant velocity of 1 m/s towards the sample surface
(Fig. 1a). In SC Ag NW, the indentation was performed along the
h001i crystallographic direction (Fig. 1b). In FT Ag NWs, two
indentation directions were used: one was towards the free surface
along the h001i direction as similar to that in SC Ag NW, and the
other was towards the twin boundary. The indentation directions
were indicated by black arrows in Fig. 1b.

A repulsive force f(r) was exerted by the indenter according to
the following equation:

f ðrÞ ¼ Kðr � RÞ2; ð1Þ

where f(r) is the repulsive force, R is the radius of the indenter
(R = 10 nm), r is the distance from the atom to the center axis of
the indenter, and K is the specified force constant (K = 100 eV nm�1).
Several atomic layers of each NW were fixed on the surface opposite
to the indentation direction. For each Ag NW, the indentation
stopped when the depth (h) reached 4.5 nm.

3. Results

3.1. Initial stress distribution

After the initial relaxation, the atomic level axial stress (rzz) and
von Mises stress (rVM) in cylindrical Ag NWs prior to any deforma-
tion were analyzed and shown in Fig. 1c and d, respectively. For
simplicity, the result for FT Ag NW of groove size G = 5 nm was
not shown which was similar to that of groove size G = 7.5 nm.
The analysis of axial stress (rzz) has been widely used in the past
to investigate the yielding of metal NWs under uniaxial deforma-
tion and a strong correlation has been found between the initial
distribution of axial stress rzz and the yielding behavior of metal
NWs [9,29–31], e.g., the dislocation nucleation site [31] and the
asymmetric yield strength in metal NWs under uniaxial tension
and compression [29].

It was found from Fig. 1c that the distribution of axial stress rzz

differed markedly among the three types of Ag NWs. While the
interior of all NWs showed compressive stress (as indicated by
blue atoms in Fig. 1c), the stress level was the highest in the
groove-free FT Ag NW and the lowest in the SC Ag NW. These find-
ings agreed well with Wu et al. [20] that fivefold CTBs can cause

Fig. 1. (a) Schematic model of uniaxial deformation and spherical nanoindentation
of Ag NWs. (b) Atomistic configuration of the cross-section of SC Ag NW, FT Ag NW,
and FT Ag NW with surface groove of size G. The arrows indicate the contact
position and indentation direction of each Ag NW. Initial distribution of (c) axial
stress (rzz) and (d) von Mises stress (rVM) of relaxed Ag NWs prior to indentation. In
(b), the atom colors correspond to local lattice structure. In (c), the atom colors
correspond to atomic stress along the axial direction. The axis of all NWs is oriented
along [110] direction. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

290 M. Sun et al. / Computational Materials Science 79 (2013) 289–295



Author's personal copy

excessive internal compressive stress in FCC Fe NWs. With the
presence of a surface groove (Fig. 1c), it can be seen that the inter-
nal compressive stress was partially relaxed as compared to the
groove-free FT Ag NW but remained higher than that in the SC
Ag NW. On the other hand, as shown in Fig. 1d, the influences of
a surface groove on the distribution of von Mises stress (rVM) in
FT Ag NWs were subtle. It is also noted that the quinquefoliolate
flower pattern along the fivefold CTBs that has been found by
Wu et al. [20] can be barely seen in the FT Ag NWs in Fig. 1d, which
might be due to the reasons that FCC Fe NWs at 0.01 K were stud-
ied by Wu et al. [20] and Ag NWs at 10 K were studied in this
research.

3.2. Uniaxial deformation

The stress–strain response in each Ag NW under both uniaxial
tension and compression was plotted in Fig. 2a and b, respectively.
All curves showed a sharp yielding phenomenon; the stress
dropped dramatically after a critical value was reached. The yield
stress (ry) of each Ag NW which was defined as the maximum
stress on the stress–strain curve was listed in Fig. 2.

It is shown from Fig. 2a and b that fivefold twinning led to dis-
tinct effects in Ag NWs under tension and compression. During
uniaxial tension, the yielding in all FT Ag NWs occurred at rela-
tively higher stresses but significantly earlier than that in SC Ag
NW; e.g., the FT Ag NW yielded at the strain of �0.12 and the stress
of ry = 3.65 GPa while the SC Ag NW yielded at the strain of �0.18
and the stress of ry = 3.40 GPa. All things considered, fivefold twin-
ning resulted in an increased elastic modulus and decreased ductil-
ity in Ag NWs under uniaxial tension. These results were in line
with past simulations [20,21]. The influence from surface groove,
however, was somewhat moderate; only slight decrease of the
yield stress was caused by the presence of a surface groove in FT
Ag NWs regardless of the groove size.

In contrast, while the elastic modulus was more or less the
same among all Ag NWs under uniaxial compression (Fig. 2b),
the FT Ag NWs were significantly weaker than the SC Ag NW. In
particular, the compressive yield stress in the FT Ag NW (ry = 8.47 -
GPa) was more than 1 GPa lower than that in the SC Ag NW
(ry = 9.67 GPa). It is also important to note that the surface grooves

caused slight increase in the compressive yield stress in FT Ag
NWs, which is the opposite to tensile results.

The strengthening effects during tension and weakening effects
during compression caused by fivefold CTBs in Ag NWs can be well
explained by the initial stress distribution as found previously in
Fig. 1c. Specifically, the high initial compressive stress prior to
deformation in FT Ag NWs made it easier for them to yield under
compression and more difficult to yield under tension than in SC
Ag NWs. Furthermore, since the surface groove can partially relax
the initial compressive stress in FT Ag NW (Fig. 1c), the yield stress
in FT Ag NW with surface groove was found to be between that in
SC Ag NW and perfect FT Ag NW under both tension and
compression.

In order to understand how the yielding occurred, the atomistic
configurations at the yield point of each Ag NW were shown in
Fig. 2c and d for tensile and compressive deformations, respec-
tively. In these figures, the atom colors correspond to local lattice
structure and perfect FCC atoms have been removed for clarity.
For simplicity, only the results for perfect FT Ag NW and FT Ag
NW with surface groove size of G = 7.5 nm were shown. It was
found that the groove size did not affect the yielding mechanisms.

The yielding of SC FCC NWs under both uniaxial tension and
compression has been widely studied in the past [7,9,29]. In SC
FCC NWs under uniaxial tension, the yielding was initiated by
nucleation of a Shockley partial dislocation from the free surface
[29]. On the other hand, the yielding was caused by consecutive
nucleation of leading and trailing Shockley partial dislocations un-
der uniaxial compression in SC FCC NWs [29]. In FT Ag NWs,
although the yielding was also caused by nucleation of Shockley
partial dislocations from the surface (as indicated by the dashed
circles in both Fig. 2c and d), the locations of nucleation site were
found to be closely related to the internal CTBs and surface groove.
For instance, for FT Ag NWs under uniaxial tension (Fig. 2c), the
dislocation nucleation was found to start specifically from the
intersection between the CTB and free surface in spite of the pres-
ence of surface grooves. Under uniaxial compression (Fig. 2d),
however, the dislocation nucleation in FT Ag NW was no longer
from the CTB-surface interaction. Furthermore, when a surface
groove was present, the dislocation was found to nucleate specifi-
cally from the groove tip at the yield point under compression.

Fig. 2. (a) Tensile and (b) compressive stress–strain curves of various Ag NWs. Atomistic configurations of FT Ag NWs at the yield points under (c) tension and (d)
compression. The yield stress (ry) is defined as the maximum stress from the stress–strain curves. The atom colors correspond to local lattice structure and perfect FCC atoms
have been removed for clarity. The black dashed circles indicate the dislocation nucleation sites at the yield points. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3.3. Nanoindentation

The indentation force (p) vs. indentation depth (h) for each Ag
NW was plotted in Fig. 3. The indentation direction was indicated
by the arrows in the inset of each figure, e.g., towards the free sur-
face and twin boundary for Fig. 3a and b, respectively.

It is found from both Fig. 3a and b that during the early stage of
the indentation, the indentation forces were more or less the same
among all the Ag NWs regardless of the microstructures; the p–h
curves were almost on top of each other before the indentation
depth reached about h � 1 nm. As the indentation went on, the
Ag NWs started to behave differently. For indentation towards
the free surface when h > 1 nm, it is noted that the indentation
forces in the SC Ag NW became significantly lower than the FT
Ag NWs, which suggested strain hardening by CTBs in FT Ag
NWs. Furthermore, it can be seen from both Fig. 3a and b that sur-
face grooves can lower the indentation force in FT Ag NWs and the
bigger the groove size, the lower the indentation force.

In order to demonstrate the strain hardening effects induced by
fivefold CTBs, the representative atomistic configurations of Ag
NWs at an indentation depth of h � 1.7 nm (as indicated by the
vertical dashed lines) were presented in Fig. 3c and d, respectively;
the indentation direction was indicated by black arrows in these
figures. The perfect FCC atoms were removed for clarity. It is clearly
shown from Fig. 3c and d that the plasticity was confined to local
regimes outlined by CTBs in all FT Ag NWs. The dislocations were
blocked by CTBs and could not move freely or transmit to neigh-
boring subunits. This observation was consistent with past simula-
tions that CTBs can serve as strong barriers to dislocation
propagation in FCC metals and lead to strong strain hardening
[19]. In contrast, the dislocations can easily escape from the free
surface of SC Ag NWs (Fig. 3e) and cause significant softening.

Another interesting phenomenon noticed from Fig. 3 was the
unusual oscillating behavior in the p–h curve of the FT Ag NWs
with surface groove. For example, during the early stage of the
indentation (h < 1 nm), clear spikes were observed on the P–h
curves for FT Ag NW of groove size equal to 7.5 nm (FT-G7.5 nm,
Fig. 3a and b). This is dramatically different from the smooth
evolution p–h curves for Ag NWs without surface groove. Such

behaviors were in-line with the observations that during the
indentation, the surface groove can dissipate part of the applied
energy through damping, or specifically, via the ‘‘opening-and-
closing’’ of the surface groove. One movie showing the ‘‘opening-
and-closing’’ behavior during the indentation of FT-G7.5 nm Ag
NW has been included in Supplement materials.

While a sharp drop on the p–h curve during nanoindentation
test normally indicates an event of yielding or dislocation emission
in the tested material, the drop in p associated with the spikes on
Fig. 3 was not necessarily an indication of such event in FT Ag NWs
with surface groove. In order to clarify this point and demonstrate
how fivefold CTBs can result in strain hardening, we presented in
Fig. 4 a load–unload curve of FT-G7.5 nm Ag NW with indentation
towards the free surface. Here the yielding was defined as the point
at which the first dislocation was emitted. It is shown that the
yielding occurred at the second spike (h � 0.36 nm, as marked by
the vertical dashed line in Fig. 4) and no dislocation was nucleated

Fig. 3. (a) Force–displacement (p–h) responses with indentation towards the free surface of Ag NWs. (b) Force–displacement (p–h) responses with indentation towards the
CTBs of Ag NWs. Atomistic configurations of Ag NWs at the indentation depth as marked by the vertical dashed lines in (a) and (b) for indentation towards (c) free surface and
(d) twin boundaries, respectively. Atoms are colored according to their local lattice structure and perfect FCC atoms have been removed for clarity. The indentation direction
is indicated by the black arrow in each figure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Simulated loading–unloading curves of cylindrical FT Ag NW with surface
groove under nanoindentation. The insets are atomistic configurations of the NW at
different stages of unloading with atom colors corresponding to their local lattice
structure. Perfect FCC atoms and part of the NW have been removed for clarity. The
vertical dashed line indicates the initial yield point upon loading. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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at the first spike (h � 0.12 nm). What is more, a complete plastic
recovery during the unloading was observed; the loading and
unloading curves almost overlapped each other. The atomistic con-
figurations at different stages during the unloading (insets of Fig. 4)
also confirmed that partial dislocations that were nucleated after
the yield point gradually disappeared upon the unloading. The
complete plastic recovery is in good agreement with past studies
[7] on twinned Au NW under tensile deformation with subsequent
unloading; it was found that the motion of leading partial disloca-
tions would be hindered by CTBs and cause significant strain hard-
ening until the trailing dislocations catch up and form full
dislocations [7].

3.4. Influences of surface facets

Experimentally synthesized FT Ag NWs have been found to ex-
ist in both cylindrical [11] and pentagonal [13] forms. Therefore it
is important to assess the effects of surface facets on the mechan-
ical properties of FT Ag NWs. As similar to that for cylindrical FT Ag
NWs, both uniaxial deformation and nanoindentation were simu-
lated in pentagonal FT Ag NWs. As shown in Fig. 5, pentagonal FT
Ag NWs with a surface groove (groove size G = 7.5 nm as defined
in Fig. 1b) was also constructed and tested.

The distribution of initial axial stress (rzz) in both types of pen-
tagonal FT Ag NW prior to any deformation was presented in
Fig. 5a. As similar to the cylindrical FT Ag NW, the interior of per-
fect pentagonal FT Ag NW was also shown to be highly compres-
sive, which can be partially relaxed by the presence of a surface
groove. Furthermore, qualitative estimation based on comparison
between Figs. 1c and 5a implies that the surface facets can cause
additional compressive stress to the interior of the pentagonal FT
Ag NWs.

Under uniaxial deformation, both types of pentagonal FT Ag
NWs showed sharp yielding phenomenon as similar to that in
cylindrical FT Ag NWs. The atomistic configurations at the yield
point of each NW along with the yield stress (ry) were presented
in Fig. 5b and c for uniaxial tension and compression, respectively.
It is found that the yielding in all pentagonal FT Ag NWs was
caused by the nucleation of Shockley partial dislocation from the
intersection between CTB and the free surface regardless of the
loading mode and surface feature. However, it needs to be

mentioned that in pentagonal FT Ag NW with surface groove, a
Shockley partial dislocation was emitted at the groove tip
(Fig. 5c) without causing significant drop of the stress well before
the yield point was reached under compression. Such yielding
mechanism differs from that observed in cylindrical FT Ag NW
with surface groove, in which the yielding was caused by nucle-
ation of Shockley partial dislocation from the tip of the surface
groove.

Besides, by comparing the yield stresses listed in Fig. 5b and c
and those in Fig. 2a and b, it is found that the surface facets led
to moderate strengthening under tensile deformation (e.g.,
ry = 3.8 GPa and ry = 3.65 GPa in pentagonal and cylindrical FT
Ag NWs, respectively) but severe weakening under compressive
deformation (e.g., ry = 7.33 GPa and ry = 8.47 GPa in pentagonal
and cylindrical FT Ag NWs, respectively) in Ag NWs. This is consis-
tent with the increased initial compressive stress induced by
surface facets in pentagonal FT Ag NWs as shown in Fig. 5a. Due
to the partial relaxation of initial compressive stress with the pres-
ence of a surface groove, the yield stresses were lower in tension
but higher in compression as compared to closed pentagonal FT
Ag NW. Such observations were similar to those in Fig. 2a and b
regarding cylindrical FT Ag NWs.

The indentation results (p–h curves) in both types of pentagonal
FT Ag NWs were presented in Fig. 6a and b for indentation towards
the free surface and twin boundary, respectively; the indentation
position was indicated by the black arrow in the insets. Overall
the indentation results were similar to those observed in cylindri-
cal FT Ag NWs. For example, strong strain hardening effects were
observed in all pentagonal FT Ag NWs; representative atomistic
configurations at h = 1.7 nm (marked by the vertical dashed lines)
showing confined dislocation activities by CTBs were included (in-
sets of Fig. 6). Furthermore, the p–h curves for pentagonal FT Ag
NW with surface groove showed a similar oscillating behavior to
that observed in cylindrical Ag NWs.

Fig. 5. (a) Initial stress distribution (rzz) of relaxed pentagonal FT Ag NWs prior to
deformation. Atoms are colored according to atomistic stresses along the axial
direction. Atomistic configurations of pentagonal FT Ag NWs at the yield points
under uniaxial (b) tension and (c) compression. Atom colors correspond to local
lattice crystal structure and perfect FCC atoms have been removed for clarity. The
yield stress (ry) is defined as the maximum stress during the uniaxial deformation
in each FT Ag NW. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 6. Simulated force–displacement (p–h) curves in pentagonal FT Ag NWs with
indentation towards (a) the free surface and (b) the twin boundaries. The inset
shows the atomistic configuration of each Ag NW at the indentation depth marked
by the vertical dashed line. The indentation position is indicated by the black arrow
for each Ag NW.
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4. Discussion

4.1. Yielding under uniaxial deformation vs. under nanoindentation

It is shown in Fig. 2 that Ag NWs regardless of the internal and
external microstructures exhibited a sharp yielding phenomenon
with no strain hardening under both uniaxial tension and com-
pression. In contrast, strong strain hardening has been found in
FT Ag NWs under nanoindentation, although the yielding in all
types of NWs occurred via the same mechanism under both uniax-
ial deformation and nanoindentation, e.g., nucleation of Shockley
partial dislocation from the NW surface.

It has been found from past MD simulations [19] that whether
or not strain hardening can be caused in twinned FCC metal NWs
under uniaxial deformation depends on two stresses: the stress re-
quired for dislocation nucleation (or, ry) and that for dislocation
transmission across the CTBs (or, rT). If ry is greater than rT, the
nucleated partial dislocation upon yielding would transmit directly
across CTBs and result in sharp yielding (no strain hardening). On
the other hand, if ry is lower than rT, the propagation of nucleated
partial dislocations at the yield point will be blocked at CTBs, thus
causing significant strain hardening. It was further confirmed that
the relative magnitude of ry and rT depends on the loading rate,
temperature, and the stacking fault energy of the metal NWs [19].

For FT Ag NWs shown in Fig. 2, the stress to nucleate Shockley
partial dislocation from the intersection between CTB and free sur-
face was so high that it exceeded the resistance of CTBs towards
dislocation transmission. As a result, the partial dislocations nucle-
ated at the yield point would instantly cross the CTBs which led to
strain softening. In FT Ag NWs under nanoindentation, however,
the yielding occurred at a relatively early stage as shown in
Fig. 4 and the stress was not high enough to make the dislocations
transmit the CTBs. Therefore, a high density of dislocations can be
accumulated in regions confined by the CTBs which led to strong
strain hardening.

4.2. Influences of surface groove on dislocation nucleation site under
uniaxial deformation

It was shown in both Figs. 2 and 5 that the surface groove has
little effect on the dislocation nucleation site at the yielding of FT
Ag NWs under uniaxial deformation. For example, Figs. 2c and 5b
and c showed that in spite of the presence of surface groove the
yielding in these NWs occurred via the nucleation of partial dislo-
cations from the intersection between CTBs and NW surface. Such
site-specific dislocation nucleation phenomenon has been found
previously in periodically twinned metal NWs under uniaxial ten-
sion and it was found that those dislocation sites were locations of
the highest stress (rzz) gradient [31]. The initial axial stress distri-
bution among different NWs in Fig. 1c showed that although the
presence of a surface groove would relax the internal compressive
stress of FT Ag NW, the overall stress distribution pattern remained
relatively unchanged. Therefore, the preference of dislocation
nucleation sites was not considerably influenced. Nevertheless, it
is important to mention that the dislocation nucleation sites can
be changed in FT Ag NWs by varying the NW diameter and temper-
ature under both uniaxial tension and compression [32].

5. Conclusions

In summary, MD simulations of uniaxial deformation and nan-
oindentation were performed to systematically investigate the
synergistic effects from both internal and external structural de-
fects on the yielding and plasticity of Ag NWs. It was found that
the structural defects, including fivefold CTBs, surface facets, and

surface groove can dramatically alter the initial stress state in Ag
NWs prior to mechanical deformation. As a result, the internal five-
fold CTBs and external surface facets can dramatically influence the
yielding of Ag NWs under uniaxial deformation, which can change
not only the preferred dislocation nucleation site but also the
stress level at which the Ag NWs yielded. It was found that both
the fivefold CTBs and surface facets led to strengthening under
tension but weakening under compression in Ag NWs. With the
presence of a surface groove, however, such strengthening or
weakening effects were mitigated by partially relaxing the initial
compressive stress in FT Ag NWs. On the other hand, fivefold CTBs
can serve as strong barriers to dislocation motion in FT Ag NWs un-
der nanoindentation, thus resulting in significant strain hardening.
Moreover, an unusual oscillation behavior was observed in FT Ag
NWs with surface groove which was associated with the ‘‘open-
ing-and-closing’’ of the surface groove during nanoindentation.
Our study provides the in-depth understanding of the
microstructure–property relationship in metal NWs and should
shed light in the design of novel one-dimensional nanostructures.
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