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Abstract— Metal nanowires are widely known for being
strong but brittle due to the lack of plasticity and strain
hardening in them. Here we report a new category of metal
nanowires with hollow interior, metal nanotubes, to exhibit a
combination of ultrahigh strength and extraordinary plastic
flow during uniaxial tensile deformation through atomistic
simulations. It is revealed that the metal nanotubes can
maintain a ultrahigh plastic flow stress of more than 2 GPa up
to ~ 60% tensile strain while the corresponding solid
nanowires normally experience sharp yielding at less than 5%
tensile strain at which the stress drops immediately to less than
1 GPa. Meanwhile, it is found that the yield strength and
ductility in metal nanotubes can be up to ~ 40% and ~72%
higher than the corresponding solid nanowires respectively by
tuning the wall thickness.

Keywords: atomistic simulatoins; nanowire; nanotube;
plasticity.

l. INTRODUCTION

Metal nanowires (NWs) have been widely observed to
exhibit superior properties over their bulk counterparts mainly
due to the high surface-to-volume ratio, especially the excellent
mechanical properties including ultrahigh strength and large
elastic limit[1-15]. On the other hand, carbon nanotubes
(CNTSs) have been long believed to be the strongest and stiffest
materials yet discovered in terms of tensile strength and elastic
modulus[16,17]. Stimulated by the extraordinary properties of
both metal NWs and CNTs, metal nanotubes (NTs) have
attracted growing interest in recent years. Approaches based on
templating and electrodeposition[18-21]have been developed
to grow large scale NTs in various metals, e.g., Au[22-25],
Ag[26-29], Cu[30], etc. Depending on the synthesis method,
both single crystalline [18,24,29,31,32] and polycrystalline
[18,22] metal NTs have been produced with the outer diameter
varying from less than 1 nm[27] to more than 100 nm[18] and
wall thickness varying from a few atom layers[25,27] to tens of
nanometers[18,24].

Nevertheless, despite the vast effort from both experiments
and atomistic simulations that has been devoted to the research
on metal NWs and CNTs, to date, only a few investigations via
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molecular dynamics (MD) have been performed on the
mechanical characterization of metal NTs. Zheng et al. [33]
have shown that in metal NTs while the outer surface was in
tension as similar to that in metal NWs, either tension or
compression could be achieved at the inner surface depending
on the wall thickness. It is thus expected that the free surfaces
may play a more complicated role in determining the
mechanical properties of metal NTs than NWs. Ji and Park[34]
have investigated the elasticity of squared Cu NTs oriented
along [1 0 0] and [1 1 O] under tensile deformation by MD.
They found that the yield strength, yield strain, and Young’s
modulus of Cu NTs all strongly depended on the NT
orientation, the total surface area, and the amount of bulk
materials that have been removed as compared to a solid NW.
However, the atomistic details of the yielding process were not
described and it is not clear how the metal NTs would deform
when the wall thickness was reduced to a few atom
layers[25,27]; the metal NTs may lose the crystallinity under
such  circumstances as found from  experimental
observations[25,27] and first principle computations[28].
Furthermore, it has been widely reported from both
experiments and MD simulations that metal NWSs lacked the
ability to maintain plastic flow and experienced sharp yielding
under uniaxial loading[1-3,7,11,35], which poses great
challenge to the potential application of metal NWs as building
blocks in future nanotechnology. To the best of our knowledge,
no investigations have been done to characterize the plasticity
of metal NTs.

In this study, MD simulations were performed to
systematically investigate the plasticity of [1 1 0]-oriented
single crystalline Au and Ag NTs under tensile deformation
and compared with the corresponding Au and Ag NWs.

Il.  METHODS

MD simulations were performed using LAMMPS[36] to
systematically investigate the elasticity and plasticity of single
crystalline Au and Ag NTs with various diameters and wall
thicknesses under tensile deformation. The interatomic forces
were characterized by embedded-atom-method potentials for
Au[37] and Ag[38] respectively. Cylindrical NTs oriented
along [1 1 0] direction were created with fixed length of 50 nm.
As shown in Figure 1, the radius of outer surface, radius of
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Figure 1. Side and top view of the atomistic configurations of relaxed
Au NTs oriented along [1 1 0] direction with outer radius R = 10 nm and
wall thickness d =5 nm, 2 nm, and 0.5 nm. The dashed circles highlight
the dislocations and stacking faults formed during the relaxation. The atom
colors correspond to the local lattice orientation.

inner surface, and the wall thickness of a NT were defined as
R, r, and d, respectively. A periodic boundary condition was
imposed along the NT axis (z direction), while the NT was kept
free in the other directions. The simulation timestep was 5 fs.
Tensile deformation was performed at a constant strain rate of
10° s™* along the axis using constant NV/T integration for most
of the simulations. A tensile strain rate of 10° s* was also used
to expedite the deformation process in some of the simulations
so that the fracture of NTs can be investigated. All the
simulations were performed at 300 K. The tensile stress was
calculated by adding the local Virial atomic stress[39] along
the loading direction over all atoms and dividing by the
deformed NT volume. In this study, the volume was calculated
by multiplying the atomic volume by the total number of
atoms. Since in most NTs (e.g., when d > = 1 nm) the
crystalline structure was not significantly affected, a constant
atomic volume has been assumed. AtomEye[40] was used to
visualize the atomistic configurations. It is important to note
that although both Au and Ag NTs have been simulated, only
those based on Au were presented when the results were
similar between Au and Ag NTs.

I1l.  RESULTS

A. Morphology of relaxed metal NTs

Each model was relaxed for 100 ps under zero stress prior
to any deformation. It was found that the morphologies of
metal NTs would be significantly affected by the strong surface
stress when the ratio of the wall thickness to the outer radius,
d/R, was small. Some representative atomistic configurations
were shown in Figure 1 for relaxed Au NTs with fixed outer
radius (R = 10 nm) but varying wall thickness d. It was found
that with decreasing d/R (decreasing d but constant R in Figure
1), the relaxed NT (e.g., when d = 1 nm and 2 nm) started to
form structural defects such as dislocations and stacking faults
(as highlighted by the dashed circles in Figure 1) although the
original crystal structure and axial orientations were
maintained. When d/R was further reduced, the plastic
deformation induced by the surface stress was so strong that
severe change of the surface morphology would be caused,

e.g., Au NTs with wall thickness d = 0.5 nm in Figure 1. The
wall thickness induced structural transition was similar to that
was observed in FCC thin films[41]. The change in structure
and morphology caused by the surface stress would
significantly influence the elasticity and plasticity of metal
NTs, as shown below.

B. Ultrahigh yield strength in metal NTs

Figure 2(a) showed the tensile stress-strain curves of Au NTs
of fixed outer radius R = 10 nm but varying wall thickness
from d = 0.5 nm to 2 nm. The corresponding solid NW was
also simulated for reference. Some interesting points were
recognized by analyzing the stress-strain curves of the Au
NTs.

First of all, it can be seen from Figure 2(a) that the yield stress
in Au NTs of R = 10 nm and d = 1 nm and above was
significantly higher than that in the corresponding NW. In
particular, the yield stress (o, = 3.79 GPa) in AuNT of R = 10
nm and d = 2 nm is ~ 42% higher than that in the
corresponding NW ((o, = 2.66 GPa). The second important
phenomenon noticed from Figure 2(a) was a dramatic
transition from sharp yielding (e.g., the stress dropped sharply
beyond the yield point) with high yield stress and no strain
hardening to a relatively smooth yielding with low yield stress
and pronounced strain hardening when the NT wall thickness
was reduced to 1 nm and below. Such transition was
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Figure 2. Tensile stress-strain curves in [1 1 0] Au NTs (a) of fixed
outer radius R = 10 nm and varying wall thickness d = 0.5 nm, 1 nm, and 2
nm and (b) of fixed wall thickness d = 1 nm and outer radius varying from
R =5 nm to 25 nm. The vertical dashed lines in (a) indicate the strain at
which the first dislocation nucleated in Au NT with d = 1 nm and 2 nm,
respectively. The dashed line in (b) is added as a guide to the eye to
indicate the plastic flow stress in [1 1 0] Au NW with R =15 nm.

2 Copyright © 2014 by CSME



consistent with the atomistic configurations shown in Figure 1
that when the NT wall thickness was significantly reduced the
NT would gradually lose the crystallinity. When the NT wall
thickness d was 2 nm and above, the Au NTs (including NW)
were crystalline and the yielding in them was dominated by
surface dislocation nucleation as similar to that in metal NWs
that have been reported before[42,43]. On the other hand,
when d was reduced to 1 nm and below, the NTs can no longer
be regarded as single crystalline (e.g., Figure 1 when d = 0.5
nm) where the dislocation nucleation was relatively easy and
the plasticity was dominated by interactions between
dislocations and the pre-formed structural defects during the
initial relaxation.

C. Ultrahigh plastic flow in metal NTs

Whereas the ultrahigh strength in [1 1 0] Au NTs shown in
Figure 2(a) was extraordinary, the plasticity in [1 1 0] Au NTs,
on the other hand, was stimulating based on the stress-strain
curves in Figure 2(a). For example, the plastic flow stress
beyond the yield point in Au NT withd =1 nmand R =10 nm
stayed consistently larger (> 2.0 GPa) than that in the
corresponding NW (~ 1 GPa) at least before the tensile strain
reached € = 0.25. In order to further investigate the plasticity in
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Figure 3. The atomistic configurations of [1 1 0] Au NTs with outer
radius R = 10 nm and (a) wall thickness d = 2 nm immediately before the
yield point (¢ = 0.0522), at the yield point (¢ = 0.0548), and immediately
after the yield point (¢ = 0.0572); (b) wall thickness d = 1 nm where the
first dislocation nucleated (¢= 0.0372) and during typical plastic
deformation (e = 0.0572); (c) wall thickness d = 0.5 nm during typical
plastic deformation (¢ = 0.0572). The atom colors correspond to local
lattice orientation and the perfect FCC atoms and free surface have been
removed for clarity. All atoms are kept in the left atomic configuration in
(c) to show the morphology of the free surface. Dashed circles are added in
(b) to highlight the dislocation activities.

Au NTs, Au NTs with fixed wall thickness d = 1 nm and
varying outer radius from R = 5 nm to 25 nm were simulated
and compared to a solid NW of R = 15 nm. The stress-strain
curves were plotted in Figure 2(b) which showed dramatically
improved plasticity in [1 1 0] Au NTs when the outer radius
was increased, e.g., when R = 15 nm and above. A dashed line
was added in Figure 2(b) as a guide to the eye to indicate the
plastic flow in the solid Au NW of R = 15 nm. In comparison
with the solid NW, exceptionally high flow stress (> 2GPa)
was maintained in Au NTs with R = 15 nm and above up to an
ultra large tensile strain of € = 0.6.

To find out the cause of ultrahigh plastic flow in [1 1 0] Au
NTs, the atomistic configurations during the yielding process
and plastic deformation were analyzed; representative results
based on R = 10 nm were shown in Figure 3 where the atoms at
free surfaces and perfect FCC lattice sites have been removed
for clarity. It is found in Figure 3(a) that in [1 1 0] Au NT of d
=2nm and R=10nm, a Shockley partial dislocation (highlighted
by the dashed circle) was nucleated at the strain of € = 0.0548,
which corresponded to the yield point as indicated by the
dashed arrow on the stress-strain curve in Figure 2(a).
Immediately prior to the yielding (¢ = 0.0522), no dislocations
were nucleated besides the stacking faults formed during the
relaxation process. It indicated that the pre-formed structural
defects were stable during the deformation process.
Immediately following the yield point (¢ = 0.0572), dislocation
propagation and escape from the free surfaces were found to
dominate the plasticity, which led to sharp yielding and strain
softening. In Au NT with d = 1 nm and R = 10 nm where
ultrahigh plastic flow was observed, however, no clear yield
point could be identified from the stress-strain curve (Figure
2(a)). It was found that dislocations were nucleated before
reaching the maximum stress (Figure 3(b)), e.g., at ¢ = 0.0372
as indicated by the vertical dashed arrow in Figure 2(a). The
nucleated dislocations could not move easily due to the
confinement of the limited wall thickness and the large density
of pre-existing obstacles formed during the relaxation process
(Figure 2(b) at €= 0.0572), which resulted in the strain
hardening and superplasticity found in Figure 2. As the wall
thickness was reduced to d = 0.5 nm, the dislocation activities
became undefinable as indicated by Figure 3(c), where the
plasticity was dominated by the structural defects that formed
during the relaxation process (Figure 1).

D. Ultra-large ductility in metal NTs

Inspired by the superplasticity in Au NTs, we performed
simulations at a strain rate of 109 s-1 in both Au and Ag NTs
with fixed outer radius R = 10 nm but varying wall thickness d,
so that the ultimate ductility and fracture mode could be
investigated and compared with the corresponding NWs. The
stress-strain curves were plotted in Figure 4(a) and (b),
respectively, for Au and Ag NTs. The normalized fracture
strain, eieq(ep« Was the fracture strain in the corresponding
NW), was plotted in Figure 4(c). It is interesting to note from
Figure 4 that while the fracture strain in most of the NTs was
dramatically lower than that in the corresponding NW, the
ultimate ductility in both Ag and Au NTs with d =5 nm (or d/R
= 0.5) was higher than their corresponding NWs. Specifically,
an exceptional increase of ~ 72% in ductility was observed in
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Figure 4. Tensile stress strain curves in [1 1 0] (a) Au and (b) Ag
NTs (including the corresponding NWs) with outer radius R = 10 nm
and varying wall thickness from d = 0.5 nm to 8 nm loaded at a strain
rate of 10°s™. (c) The normalized fracture strain in [1 1 0] Au and Ag
NTs. Here & represent the fracture strain of the corresponding NWs.

[110] Ag NT with d =5 nm (or d/R = 0.5) as compared to the
corresponding Ag NW. Future work will be needed to confirm
if the ratio of d/R = 0.5 is the optimum value to enable best
ductility in arbitrary metal NTs.

To find out why the ductility in metal NTs first increased
and then decreased as the NT wall thickness was reduced
(Figure 4(c)), the atomistic configurations of both Au and Ag
NTs and the corresponding NWs at the fracture point were
shown in Figure 5. For each NT (or NW), two atomistic
configurations were presented. In the right configurations the
atoms at the free surface and the perfect FCC lattice sites have
been removed to show only the structural defects. It was found
out that as the NT wall thickness changed, the fracture mode
changed accordingly and the fracture modes were not the same
between Au and Ag NTs of the same combination of R and d.
As shown in Figure 5(a), dislocations were present only at
locations close to the necking point in the solid Au NW,
suggesting that during the plastic deformation dislocations
could easily escape from the surface. In the Au NTSs, on the
contrary, residual dislocations were found to be able to stay in
the NT. Furthermore, the residual dislocation density increased
and distributed more uniformly as the wall thickness d was

decreased. As the wall thickness was further decreased to d =1
nm and 0.5 nm, however, the plasticity started to be controlled
by the structural defects that formed during the initial structural
relaxation, as shown in Figure 5(a). This trend agreed well
with observations in Figure 4 that as the wall thickness
decreased, the Au NTs experienced a transition from
dislocation dominated plasticity to pre-formed defects
dominated plasticity; such transition in plasticity mechanism
may have resulted in the non-monotonic trend of ductility
change in Figure 4(c). Additionally, while the general
dislocation activities were found to be similar in Ag NTs
(including the solid NW) with d = 5 nm and above, a new
fracture mode was found in Ag NTs with d = 2 nm and below;
the NT wall cracked before the ultimate fracture and failure of
the whole NTs.

IV. DISCUSSION AND SUMMARY

While exhibiting strong size effects on both the wall
thickness and outer diameter, metal NTs also showed strong
dependence on the axial orientation regarding both the strength
and plasticity under uniaxial tension; the superplasticity shown
in Figure 2(b) was not observed in Au and Ag NTs oriented
along [1 0 0] and [1 1 1] directions. It is also worth mentioning
that the superb mechanical properties in [1 1 0] metal NTs
predicted in this study could be readily validated by
experimental methods that have been widely used to test metal
NWs. For example, the state-of-the-art in-situ tensile test
facilities[3,44,45] could be directly applied to metal NTSs.
Although the applicable strain rate in experiments is usually
several orders of magnitude lower than that in typical MD
simulations, it could be inferred from the results obtained based
on two different strain rates (e.g., Figure 2 and Figure 4) that at
a much lower strain rate as similar to experimental conditions,
the superplasticity in [1 1 0] Au NTs is likely to be maintained
or even more pronounced than predicted in this study. A
detailed analysis of the strain rate effects will be out of the
scope of current study.

Furthermore, it is important to note that strain hardening
has been rarely observed from past experiments on the tensile
deformation of metal NWSs. For example, Richter et al. [3] have
performed in-situ tensile deformation of single crystalline Cu
nanowiskers and found brittle failure with almost no plasticity.
On the other hand, studies based on MD simulations[39] have
suggested that high plastic flow and limited strain hardening
(up to a few percent tensile strain) can be enabled in NWs
through microstructural engineering, e.g., by introducing
parallel nanoscale twin boundaries into Au NWs. Therefore,
ultrahigh plastic flow and strain hardening up to a tensile strain
of ~ 60% in metal NTs observed in this study was
extraordinary and suggested an alternative approach of
improving the plasticity in one-dimensional  metal
nanostructures. Above all, although a substantial amount of
materials have been removed as compared to solid metal NWs,
hollow metal NTs may be advantageous over corresponding
metal NWs on almost every aspect in terms of mechanical
properties, which deserve equivalent attention to, if not more
than, that has been paid to metal NWs.
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Figure 5. Atomistic configurations of [1 1 0] oriented (a) Au and (b) Ag NTs prior to the fracture point. The atom colors correspond to the local lattice
orientation and the perfect FCC atoms and free surfaces have been removed in the configurations on the right to show the defects only.

In summary, we have used atomistic simulations to
investigate the tensile properties of metal NTs. It was revealed
that metal NTs may exhibit a combination of extraordinary
strength, ultrahigh ductility and superplasticity as compared to
their corresponding solid NWs by tuning the wall thickness,
outer diameter, and the axial orientation. The structural defects
pre-formed due to the strong surface stress when the wall
thickness was extremely thin may have potentially contributed
to the superplasticity in [1 1 0] metal NTs. Our study should
stimulate experimental studies towards the synthesis and
mechanical characterization of superlight, strong, and ductile
metal NTs.
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