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Near-ideal strength in metal nanotubes revealed by atomistic simulations
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(Received 12 October 2013; accepted 21 November 2013; published online 6 December 2013)

Here we report extraordinary mechanical properties revealed by atomistic simulations in metal
nanotubes with hollow interior that have been long overlooked. Particularly, the yield strength in
[1 1 1] Au nanotubes is found to be up to 60% higher than the corresponding solid Au nanowire,
which approaches the theoretical ideal strength in Au. Furthermore, a remarkable transition
from sharp to smooth yielding is observed in Au nanotubes with decreasing wall thickness.
The ultrahigh tensile strength in [1 1 1] Au nanotube might originate from the repulsive
image force exerted by the interior surface against dislocation nucleation from the outer surface.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4841995]

Metal nanowires (NWs) have been known for their
ultrahigh strength and elasticity for a while, and size effect
of “smaller is stronger” has been regarded as a signature of
metal NWs.'™” Besides the nanosized diameter, other charac-
teristic sizes may also arise in metal NWs from various
microstructural defects such as stacking faults and grain
boundaries.>*>®* Both experimental investigations>*> and
atomistic simulations®®"'* have revealed that the characteris-
tic sizes of internal microstructural defects played an impor-
tant role on the mechanical properties of metal NWs. The
synergistic size effects between external and internal struc-
tural features have inspired the design of various novel one-
dimensional nanostructures to achieve unique mechanical
properties via the introduction of special structural defects.”’
In particular, near-ideal strength in [1 1 1]-oriented Au NWs
containing angstrom scale twins and special surface facets
was reported from both atomistic simulations’ and in situ
tensile experiments.>'!

In recent years, an alternative approach of manipulating
the structure and mechanical properties of metal NWs by
“subtraction” instead of “addition” has drawn considerable
attention as stimulated by the extraordinary mechanical prop-
erties of carbon nanotubes (CNTs).'*'* A category of special
metal NWs of hollow interior, or metal nanotubes (NTs),
have thus emerged. Nowadays, various techniques'*'® have
been developed to synthesize NTs in different metals such as
Au,'"2% Ag,*"*? and Cu.”® It is likely that the hollow interior
of metal NTs may significantly influence their mechanical
properties by forming a second interface (the interior surface
as opposed to the exterior surface) and one additional feature
size (the wall thickness as opposed to the sample diameter) as
compared to the corresponding solid metal NWs.

Nevertheless, metal NTs have been long overlooked, and
to date no experimental work has been reported on the me-
chanical characterization of metal NTs; only very few investi-
gations through molecular dynamics (MD) simulations have
been performed. Specifically, Ji and Park*® investigated the
elasticity of squared Cu NTs oriented along [1 0 0] and [1 1 O]
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under tensile deformation by MD. They found that the tensile
yield strength, yield strain, and Young’s modulus in Cu NTs
strongly depended on the wall thickness in addition to the NT
orientation and the outer diameter. However, only limited
strengthening or even weakening was observed in [1 1 0] and
[1 0 0] Cu NTs in comparison with the corresponding solid
Cu NWs. > Furthermore, Ji and Park>* only studied NTs when
the wall was thick enough so that the NTs remained single
crystalline and were free of structural defects. Nevertheless,
the wall thickness of experimentally synthesized metal NTs
could vary from a few atom layers’>** to tens of nano-
meters.'*!? Past MD simulations have shown that the surface
stress in metal NWs significantly increased as the NW diame-
ter decreased; for example, surface stresses alone can cause
[1 0 0] Au NWs to transform from a face-centred-cubic (fcc)
structure to a body-centred-tetragonal structure when the NW
cross-sectional area was below 4 nm.** It is thus expected that
when the wall thickness of metal NTs was reduced to as thin
as a few atom layers, dramatic structural transformation may
occur because essentially all atoms in the NT became surface;
the existence of one-atom-layer thick metal NTs has been
confirmed by experimental observations”>*? and first princi-
ple computations.”® Therefore, it is interesting to investigate
how the surface stress would influence the morphology and
mechanical properties of metal NTs when the NT wall is
severely thinned.

The aim of this work is to characterize the size- and
orientation-dependent strength and elasticity in Au NTs under
uniaxial tensile deformation by using MD simulations. In par-
ticular, Au NTs of extremely thin wall will be investigated so
that the surface stress induced structural change and its influ-
ence on the mechanical properties of metal NTs can be
evaluated.

The simulations were performed using LAMMPS?’ with
a timestep of 5 fs. The interatomic forces were characterized
by embedded-atom-method potentials for Au.*® Cylindrical
NTs oriented along [1 0 0], [1 1 0], and [1 1 1] directions,
respectively, were created with fixed length of ~52nm. As
shown in Figure 1, the radius of outer surface, radius of inner
surface, and the wall thickness of a NT were defined as R, r,
and ¢, respectively. A periodic boundary condition was

© 2013 AIP Publishing LLC
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imposed along the NT axis (z direction) while the NT was
kept free in the other directions. Tensile deformation was per-
formed at 300K and a constant strain rate of 10°s™" along
the axis using the canonical ensemble (NVT, constant volume
and constant temperature). The tensile stress was calculated
by adding the local Virial atomic stress*® along the loading
direction over all atoms and dividing by the deformed NT
volume. AtomEye® was used to visualize the atomistic
configurations.

Each model was relaxed for 100 ps under zero stress and
at 300K prior to the tensile deformation. It was found that
the morphologies of metal NTs would be significantly
affected when the wall thickness was small as compared to
the outer diameter, which can be characterized by the ratio
of the wall thickness to the outer radius, #/R. Some represen-
tative atomistic configurations were shown in Figure 1(a) for
relaxed Au NTs with fixed wall thickness (r=2nm) but
varying outer radius R. It was found that with decreasing #/R
(increasing R while fixing 7), the relaxed NT transformed
from perfect single crystalline structure to that with struc-
tural defects such as dislocations and stacking faults as high-
lighted by the dashed circles in Figure 1(a). Similar trend has
been observed while fixing R but decreasing ¢. When #/R was
further reduced, the plastic deformation induced by the sur-
face stress was so strong that the surface morphology would
be severely changed, e.g., Au NTs with outer radius
R=28nm and r=2nm in Figure 1(a) and Au NTs with outer
radius R =5 nm and wall thickness # = 0.5 nm in Figure 1(b).
The influence of such structural changes on the yield strength
and elasticity of metal NTs was shown below.

Figures 2(a)-2(c) showed the tensile stress-strain curves
of Au NTs of fixed outer radius R =5nm but varying wall
thickness from #=0.5nm to 4nm oriented along [1 O 0],
[1 10], and [1 1 1], respectively. The corresponding solid
NWs were also simulated for comparison. It is interesting to
note from the stress-strain curves that regardless the axial
orientation, the solid NWs all showed sharp yielding phe-
nomenon with no strain hardening (e.g., the stress dropped
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FIG. 1. Side and top view of the atomistic configurations of relaxed Au NTs
(a) oriented along [1 1 1] direction with wall thickness t =2 nm and outer ra-
dius R=6nm, 7nm, and 8 nm and (b) oriented along [1 0 O], [1 1 0], and
[1 1 1] directions with wall thickness t=0.5nm and outer radius R =5 nm.
The dashed circles highlight the dislocations and stacking faults formed dur-

ing the relaxation. The atom colors correspond to the local lattice orientation.
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significantly beyond the yield point). The metal NTs, on the
other hand, showed a remarkable transition from sharp yield-
ing with no strain hardening to a relatively smooth yielding
with pronounced strain hardening as the NT wall thickness
was reduced to 1 nm and below. The insets of Figure 2 con-
firmed that when the NT wall thickness ¢ was 2nm and
above, the Au NTs (including NW) were crystalline, and the
yielding in them was dominated by surface nucleation of
{111}(112) Shockley partial dislocations. On the contrary,
when ¢ was reduced to 1 nm and below, a large number of
defects, such as stacking faults and dislocations, can be
formed due to the strong surface stress even before any
external loading was applied (Figure 1(b)). The pre-formed
structural defects can serve as both dislocation nucleation
sources and obstacles to dislocation migration. As a result,
the yielding and plasticity in Au NTs with the wall thickness
t < 1nm were found to be similar to that in polycrystalline
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FIG. 2. Tensile stress-strain curves of Au NTs and Au NWs oriented along
(a) [1 0 0], (b) [1 10], and (c) [1 1 1] directions of fixed outer radius
R=5nm and varying wall thickness from =0.5nm to 4nm. The insets
show the yielding modes of the respective single crystalline Au NTs. The
atom colors correspond to the local lattice orientation, and the perfect fcc
atoms have been removed for clarity.
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solid Au NWs. For example, as compared to the defect free
Au NTs (> 1nm), the yield stress in Au NTs with severe
structural transformation (=1 nm and 0.5 nm) was substan-
tially reduced as shown in Figure 2 because dislocation
nucleation was relatively easy in those NWs due to the pre-
formed defects. On the other hand, the plasticity in these
NTs can be accommodated via the interactions between dis-
locations and the pre-formed structural defects, which led to
significant strain hardening. The surface stress induced struc-
tural defects and morphological transformation in Au NTs
with the smallest wall thicknesses thus contributed to the
transition from sharp to smooth yielding that has been
observed in Figure 2. It is also worth mentioning that a com-
bination of high strength and plastic flow was enabled in
[110] AuNT of R=5nm and = 1nm due to the strain-
hardening effect caused by the pre-formed structural defects.
Specifically, while the peak stress was comparable to that in
the corresponding NW, the plastic flow stress in the [1 1 0]
Au NT with R=5nm and =1 nm was consistently higher
than that in the corresponding NW before the strain reached
&£ =0.2. The high plastic flow in this particular [1 1 0] Au NT
may be explained by the fact that the surface stress induced
microstructural defects were mainly stacking faults and
micro-twins that were parallel to the axial direction, which
were relatively stable and resulted in no significant morpho-
logical transformations. Since in face-centered cubic metals
the stacking faults and twin boundaries are all {111} planes,
such special configuration of planar defects, e.g., parallel to
the axial direction, can only be possible in [1 1 0] oriented
Au NTs.

Another important trend indicated in Figure 2 was the
strong size and orientation dependence of the strength and
elasticity in Au NTs. Based on the stress-strain curves, the
yield strength, Young’s modulus, and yield strain were
extracted and plotted in Figures 3(a)-3(c), respectively.
Specifically, the Young’s modulus in Au NTs with 7= 1nm
and above was extracted by performing linear fits to the elas-
tic stress-strain curves up to strain ¢ = 0.02 before significant
deviation from linearity can be observed. For Au NTs with
t=0.5nm, the linear fitting was applied to the initial elastic
regime of the stress-strain curves up to strain ¢=0.003,
&£=10.005, and ¢ =0.00175 for Au NTs oriented along [1 0 0],
[110],and [I 1 1], respectively. On the other hand, the yield
stress and yield strain in Au NTs with 7> 1 nm which had a
clear yield point and showed sharp yielding were extracted
from the yield point. For Au NTs with f=1nm and
t=0.5nm, the yield stress and yield strain were extracted by
using the 0.2% strain offset technique. Here normalized
Young’s modulus E/E" and yield strain sy/sy* were used,
where the E~ and sy* were the Young’s modulus and yield
strain in the corresponding Au NWs. A general transition in
all the elastic properties can be observed when the NT wall
thickness was reduced to = 1 nm and below (the greyed area
in Figures 3(a)-3(c)), which properly reflected the transition
in stress-strain responses that has been observed in Figure 2.
It was found that in Au NTs with no significant morphological
transformation, e.g., when ¢#>1nm, the change in Young’s
modulus as shown in Figure 3(b) due to the variation in the
NT wall thickness and the resulted surface stress agreed well
with previous studies by Liang ez al.*' In addition, the overall
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FIG. 3. (a) The yield stress, (b) normalizes Young’s modulus, and (c) nor-
malized yield strain in Au NTs oriented along [1 0 0] and [1 1 O] and [1 1 1]
directions as a function of the wall thickness 7. Here £~ and ;:; represent the
Young’s modulus and yield strain in the corresponding Au NWs. (d) The
yield stress in [1 1 1] Au NTs of wall thickness #=2nm and outer radius
varying from R =3 nm to 7 nm. Dashed lines and greyed area were added as
eye guide.

trend in [1 0 0] and [1 1 O] Au NWs when ¢> 1 nm agreed
with Ji and Park®* that while maintaining the outer radius, as
the wall thickness decreased the yield stress and modulus
decreased in [1 0 0] Au NTs but increased in [1 1 0] Au NTs.
However, whilst the yield strain for both [1 0 0] and [1 1 0]
Cu NTs were found to be slightly lower than the correspond-
ing NWs by Ji and Park,* the opposite trend was found in
this study, which might be due to the different materials, e.g.,
Cu vs. Au, that have been simulated.

Nevertheless, the most noteworthy results were
observed in Au NTs oriented along [1 1 1] direction with
t> 1nm regarding both the yield strength and yield strain.
While the modulus was found to be relatively unchanged
(Figure 3(b)) with varying diameter,’’ the yield strain and
yield stress of [1 1 1] Au NT of wall thickness =2 nm has
increased by as high as 68% and 60%, respectively, as com-
pared to the corresponding solid Au NW. Since Ji and Park®*
have suggested that the elasticity of metal NTs depended on
the ratio of the NT volume to that of the corresponding solid
NW, we performed another set of simulations on [1 1 1] Au
NTs of fixed wall thickness (f=2nm) but varying outer ra-
dius R. The yield stress was plotted in Figure 3(d) as a func-
tion of #/R. The results were consistent with Figure 3(a) that
the yield stress increased as the ratio of #R decreased. As
indicated by the vertical dashed line in Figure 3(d), the yield
stress reached a maximum value with R=6nm beyond
which the yield stress decreased when #/R was further
decreased (or R was increased). Such observations were in
line with Figure 1 that while fixing the wall thickness at
t=2nmin [1 1 1] AuNTs, when R reached 7 nm and above,
the surface stress became so strong that structural defects
were formed in the relaxed Au NTs; those defects would dra-
matically lower the yield stress in Au NTs under tensile
loading.
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It is important to note that the yield strength reached
4.89GPa in Au NT with t=2nm and R=6nm. Since
the Schmid factor is 0.314 for yielding via nucleation of
{1 1 1}(1 1 2) Shockley partial dislocation (as shown in
the inset of Figure 2(c)) for loading along [1 1 1] direction,
the corresponding critical resolved shear stress was as high
as 1.54 GPa. This value (1.54 GPa) is very close to the theo-
retical ideal strength for {1 1 1}(1 1 2) slip in Au (1.73 GPa)
as predicted by MD using the same potential for Au,” which
is even higher than that obtained from more accurate ab inito
calculations®* (1.42 GPa). Therefore, instead of “adding”
complex microstructures such as angstrom scale twins and
surface facets,>”!" here we discovered a simpler alternative
approach to achieve near-ideal strength in Au NWs by
“subtracting” materials from the interior.

In contrast to [1 1 0] Au NTs where the strengthening
was associated with the increase in modulus, the modulus in
[1 1 1] NTs was almost the same as that in the corresponding
NW and the substantial strengthening must have been caused
by a different mechanism. The inset of Figure 2(c) showed
that the yielding of single crystalline [1 1 1] Au NTs was
caused the nucleation of a Shockley partial dislocation that
moved towards the inner surface. As the wall thickness
decreased, the outer and inner surfaces became so close to
each other that the inner surface would impose a strong re-
pulsive image force against the nucleation of a dislocation
from the outer surface. According to Deng and Sansoz,'® the
repulsive image force was reversely proportional to the dis-
tance between the two surfaces. Consequently, higher stress
was needed for the yielding of Au NTs with smaller wall
thickness ¢. The image force model may also be applied to
explain the size dependent yielding in nanofilms,” which
were similar to the metal NTs considered in this study.

While the ultrahigh strength predicted in this study may
have suggested [1 1 1] metal NTs to be better candidates
than corresponding solid metal NWs as building blocks in
future nanotechnology, experimental validations need to be
performed partially due to the extremely high strain rate
used in MD simulations. For this purpose, in situ tensile
test*>3*3% that has been widely used to characterize solid
metal NWs can be readily adapted for metal NTs.

In summary, we observed strong size- and orientation-
dependent yielding in Au NTs through MD simulations.
Particularly we revealed superelasticity and near-ideal
strength in [1 1 1]-oriented Au NTs under tensile deforma-
tion. It was found that structural defects can be formed due
to purely surface stress when the ratio of wall thickness to
NT outer radius was reduced below certain limit, causing a
transition from sharp yielding with no strain hardening to a
relatively smooth yielding with strong strain hardening
effects. This study offers an alternative approach of micro-
structural design and should stimulate further investigations

Appl. Phys. Lett. 103, 231911 (2013)

on metal NTs that may have been long overlooked in the
past.
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