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Ultrahigh plastic flow in Au nanotubes enabled by surface stress
facilitated reconstruction
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Abstract—Metal nanowires are usually strong but are not able to maintain a high plastic flow due to a lack of strain hardening. In this study, we
investigated the tensile deformation of a new category of metal nanowires with hollow interiors by atomistic simulations – the so-called metal nano-
tubes – and revealed that they possess a combination of ultrahigh strength and plastic flow. In particular, it was found that by controlling the wall
thickness and axial orientation, ultrahigh plastic flow stress of more than 2 GPa could be maintained at up to �60% tensile strain in Au nanotubes,
whereas the solid Au nanowires of similar size yielded at tensile strain of less than 5%, after which the stress dropped immediately below 1 GPa.
Furthermore, a universal trend of surface reconstruction to the energetically favorable close-packed {111} orientation was found in Au nanotubes
regardless of the initial orientation, which may be responsible for the unique plasticity in Au nanotubes with extremely thin walls.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Metal nanowires (NWs) have been widely observed to
exhibit superior mechanical properties including ultrahigh
strength and large elastic limit, mainly due to their high sur-
face-to-volume ratio [1–15]. On the other hand, carbon
nanotubes (CNTs) have long been considered the strongest
and stiffest materials yet discovered in terms of tensile
strength and elastic modulus [16,17]. Inspired 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 electro-
deposition [18–21] have been developed to grow NTs in
various types of metals, e.g. Au [22–25], Ag [26–29], Cu
[30]. Additionally, the microstructures of metal NTs can
also be well manipulated by controlling the experimental
synthesis conditions. For example, both single-crystalline
[18,24,29,31,32] and polycrystalline [18,22] metal NTs have
been synthesized with the outer diameter varying from less
than 1 nm [27] to more than 100 nm [18], and with the wall
thickness varying from a few atom layers [25,27] to tens of
nanometers [18,24].
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Nevertheless, despite the vast effort from both experi-
ments and atomistic simulations that has been devoted to
the mechanical characterization of metal NWs and CNTs,
only a few investigations via atomistic simulations have
been performed on the mechanical characterization of
metal NTs [33–42]. Among those studies, Zhang et al.
[39] have shown from molecular dynamics (MD) simula-
tions that in metal NTs while the outer surface was in ten-
sion as similar to that in metal NWs, either tension or
compression could be achieved at the inner surface depend-
ing on the wall thickness. In the past, it has been widely
reported that the surface stress plays a key role in determin-
ing the mechanical properties of metal NWs, especially
when the NW diameter is small. For example, it has been
found that the surface stress alone can cause a face-centered
cubic (fcc) to body-centered tetragonal [43] phase transfor-
mation in Au NWs and induce a <100>/{100} to <110>/
{111} re-orientation [44] in Cu, Ag and Ni NWs when the
NW size is reduced to a few nanometers. Given the compli-
cated stress state of the inner surface and the dramatically
increased surface-to-volume ratio in metal NTs, new phys-
ics and deformation mechanisms have been observed. For
instance, Ji and Park [40] have simulated the tensile defor-
mation of <100>/{100} Cu NTs by MD and found that
special non-square NT geometries can bias the reorienta-
tion of {100} surfaces to lower energy {111} surfaces,
reserved.
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Fig. 1. The schematic of Au NT with R, r and t representing the NT
outer radius, inner radius and wall thickness, respectively.
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which resulted in an unexpected twinning-dominated defor-
mation mode.

Ji and Park [41] have also investigated the elastic defor-
mation of squared Cu NTs 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 and the portion of bulk materials that
have been removed. Similar results were confirmed
recently by Sun et al. [42] that in cylindrical Au NTs
under tensile deformation, the yield stress and Young’s
modulus of Au NTs could be significantly larger than that
in the corresponding solid Au NWs. Su et al. [36] also
found that the elastic properties such as the yield strength
and Young’s modulus in Au NTs strongly depended on
the NT axial orientation and the NT wall thickness. How-
ever, the atomistic details of the free surface were not dis-
cussed in these studies, which should significantly
influence the NT structure and the yielding process, espe-
cially when the NT wall thickness was reduced to a few
atom layers; the ultrathin metal NTs may transform to
a dramatically different structure from their bulk form
based on previous experiments [25,27] and first principles
computations [28] on metal NWs. What is more, no inves-
tigation on the plastic deformation of metal NTs has been
performed so far.

The aim of this work is to systematically investigate the
influences of surface stress on the structural transformation
and plastic deformation of single-crystalline Au NTs under
uniaxial tensile deformation through MD simulations. Par-
ticularly, the influences of NT diameter, wall thicknesses,
NT orientation and system temperature will be evaluated
in detail.
2. Methodology

In this study, all MD simulations were performed using
LAMMPS [45]. The interatomic forces were characterized
by embedded-atom-method (EAM) potentials for Au [46].
This potential can accurately reproduce important proper-
ties of Au, such as stacking fault energy and twinning fault
energy [47], which are key parameters to predict the yield-
ing and plastic deformation in Au under mechanical load-
ing. Cylindrical Au NTs oriented along different
directions, including [100], [110] and [111], were created
with fixed length of �50 nm. As shown in the schematic
of Fig. 1, the outer radius, inner radius and the wall thick-
ness of a NT were defined as R, r and t, respectively. A peri-
odic boundary condition was imposed along the NT axis (z
direction), while the NT was kept free in other directions.
The simulation time step was set to be 5 fs, to be more effi-
cient while still producing almost the same result as when a
timestep of 1 fs was used. Each model was thermally
relaxed at temperatures ranging from 10 K to 800 K for
250 ps under zero pressure under isothermal–isobaric
ensemble (NPT) prior to the tensile deformation, which
was performed at a constant strain rate of 108 s�1 with
canonical ensemble (NVT) following the thermal
relaxation. The tensile stress was calculated by adding the
local Virial atomic stress [48] along the loading direction
over all atoms and dividing by the deformed NT volume.
AtomEye [49] was used to visualize the atomistic
configurations.
3. Results

3.1. Stress–strain responses in Au NTs

Fig. 2a–c shows the representative tensile stress–strain
curves of Au NTs oriented along [100], [110] and [111],
respectively, at T = 300 K with different combinations of
outer radius (R) and wall thickness (t). Solid NWs oriented
along each direction were also simulated for comparison.
Size-dependent yielding was first noticed, which was similar
to that reported by Sun et al. [42]. Furthermore, there was a
dramatic transition from sharp yielding (e.g. the stress
dropped sharply beyond the yield point) with low plastic
flow in solid NWs and NTs with relatively large wall thick-
ness, e.g. t P 2 nm when R = 5 nm, to a smooth yielding
with pronounced plastic flow when the NT wall thickness
was reduced to 1 nm in all Au NTs. In particular, simula-
tions in Au NTs to the fracture point showed that extraor-
dinarily high flow stress of more than 2 GPa was
maintained in both [110] and [100] oriented Au NTs up
to the tensile strain of more than 60% when the NT wall
thickness was significantly reduced; examples were shown
in the insets of Fig. 2a and b, respectively, for [110] and
[100] Au NTs with R = 15 nm and t = 1 nm.

It is worth mentioning that instead of “adding” various
types of defects and microstructures such as coherent twin
boundaries (CTBs) into the metal NWs in order to achieve
high plastic flow [47,48], the results in Fig. 2 indicated that
ultrahigh plastic flow can be enabled in metal NWs without
sacrificing the yield strength by “subtracting” a significant
fraction of volume as an alternative approach. Besides the
dramatic difference in plastic flow, it is also important to
note the remarkable change in Young’s modulus between
Au NTs with different wall thickness. For example, the
Young’s modulus of [100]-oriented Au NTs with
R = 5 nm increased by �50% when the NT wall thickness
changed from t = 2 nm to t = 1 nm. In contrast, the
Young’s modulus of [111]-oriented Au NTs with
R = 5 nm decreased by more than 60% when the NT wall
thickness changed from t = 2 nm to t = 1 nm. The dramatic
change in Young’s modulus is a strong indication of



Fig. 2. Tensile stress–strain curves of (a [110], (b) [100] and (c) [111]
Au NTs at T = 300 K. The insets of (a) and (b) show the stress–strain
responses of Au NT with R = 15 nm, t = 1 nm oriented along [110]
and [100] during longer simulation time. The symbols (black circle,
green square and red diamond) have the same meaning in (a)–(c). (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 3. The atomistic configuration of [110] Au NT with R = 5 nm
and t = 1 nm at 300 K after relaxation. The black arrows indicate the
position of CTBs and the formation of {111} surface facets. The white
hexagons and square represent the {111} and {100} packing,
respectively. The atom colors correspond to the local lattice structures.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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structural transformation in those Au NTs, which might be
the cause of the unusual plastic flow found in Au NTs with
extremely thin walls.

3.2. Morphology change and surface reconstruction in Au
NTs

Fig. 3 shows the atomistic configuration of [110]-ori-
ented Au NT with R = 5 nm, t = 1 nm after relaxation at
300 K with the cross-section and selected area of the free
surface shown in zoomed view. It was found that the free
surface was reconstructed to the more energetically favor-
able {111} facets after relaxation, which was accompanied
by the formation of a high density of stacking faults and
CTBs (as indicated by the black arrows). It is important
to note that the stacking faults and CTBs are all parallel
to the NT axis ([110]). Due to the severe morphological
change, the dominant mode of plasticity changed accord-
ingly as the NT wall was reduced to t = 1 nm. Specifically,
it was found that the plasticity in Au NW and NTs with
large wall thickness (e.g. R = 5 nm, t P 2 nm) was domi-
nated by CTB-mediated [110] to [100] re-orientation,
which is consistent with previous studies from both MD
simulations [44] and in situ experiments [50,51]. In contrast,
in Au NT with t = 1 nm the propagation of newly nucle-
ated partial dislocations and CTBs during plasticity were
easily blocked and arrested by the high density of pre-
formed stacking faults and CTBs (Fig. 3), resulting in the
high plastic flow observed in Fig. 2a.

Although the Au NTs shown in Fig. 3 have a different
cross-sectional geometry (circular) and orientation ([110])
as compared to various [100] oriented metal NWs and
NTs with square and rhombic cross-sections studied in past
MD simulations [43,44,40] and experiments [50,51], it is
interesting to find that the reconstruction of free surface
towards the close-packed {111} structure seems to be gen-
eral. In the following, the atomistic configurations of relaxed
[100]- and [111]-oriented Au NTs were also examined to
validate if similar surface reconstruction has occurred.

Fig. 4a shows the structure of Au NTs initially oriented
along [100] with R = 5 nm, t = 1 nm and t = 2 nm, respec-
tively, after being relaxed at T = 300 K. While the Au NT
with t = 2 nm remained almost unchanged after the relaxa-
tion, the length and morphology of the Au NT with



Fig. 4. The atomistic configuration of (a) [100] Au NT with R = 5 nm,
t = 1 nm and t = 2 nm at 300 K after relaxation, respectively and (b)
the cross-section of [100] Au NT with R = 5 nm, t = 1 nm. The black
arrows indicate the position of CTBs and the formation of {111}
surface facets. The red rectangles represent the {110} packing. The
atom colors correspond to the local lattice structures. (For interpre-
tation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. The atomistic configuration of (a) [111] Au NT with R = 5 nm,
t = 1 nm and t = 2 nm at 300 K after relaxation, respectively, (b) the
cross-section and (c) zoomed view of selected area on the free surface
of [111] Au NT with R = 5 nm, t = 1 nm. The white hexagons in (c)
represent the {111} packing. The atom colors correspond to the local
lattice structures. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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t = 1 nm has significantly changed. Specifically, the length
of the Au NT with t = 1 nm reduced from L0 � 51 nm
(unrelaxed) to LR � 36 nm (relaxed), with the ratio LR/
L0 = 0.706, which corresponded to an <100> to <110>
reorientation in the Au NT; the red dashed rectangles in
the zoomed view of Fig. 4b identified the new NT axis to
be oriented along <110>. While square <100>/{100}
NWs have been widely observed to reorient to <110>/
<111> under either applied stress or high temperature
[44,50,51], it is interesting to find out that circular <100>
Au NTs can reorient to the <110> direction by surface
stress alone. In addition, Fig. 4b shows that the relaxed
NT free surface also reconstructed to close-packed {111}
facets, during which a high density of CTBs and stacking
faults was also formed as similar to the observations in
Fig. 3.

The atomistic configuration of relaxed [111]-oriented
Au NTs with R = 5 nm, t = 2 nm and t = 1 nm at
T = 300 K is shown in Fig. 5. As similar to the [100]-
oriented Au NTs, an obvious contraction of the [111]-
oriented Au NT with R = 5 nm, t = 1 nm from
L0 � 52 nm (unrelaxed) to LR � 35 nm (relaxed) was
observed with the ratio LR/L0 = 0.67 (Fig. 5a). However,
the significant contraction cannot be correlated to a clear
reorientation as in [100]-oriented Au NTs.

Nonetheless, a substantial structural transformation
also occurred in the [111]-oriented Au NT with
R = 5 nm, t = 1 nm as indicated by the large density of
defects formed during the relaxation (Fig. 5b). By carefully
examining the morphology of the relaxed Au NT with
R = 5 nm, t = 1 nm (Fig. 5a), it was found that the Au
NT tended to form a helical structure; the zoomed view
in Fig. 5c indicates that the NT free surface also recon-
structed to the energetically favorable {111} facets. The
morphological change in this particular Au NT could be
the cause of the dramatic change in Young’s modulus, as
found in Fig. 2.
4. Discussion

4.1. Morphology change and surface reconstruction in Au
NWs

It has been reported based on first principles studies that
as the radius changed, Au tended to form helical
(R 6 0.3 nm), multiwalled cylindrical (R = 0.5 � 1.1 nm)
and fcc-like crystalline structures (R > 1.1 nm), respectively
[52]. In particular, the multiwalled structures can be viewed
as coaxial tubes formed by the helical atomic rows coiling
around the wire axis [52]. Since the structure of Au NT with
R = 5 nm, t = 1 nm was not studied in the previous studies,
a solid [111] Au NW with R = 1 nm was constructed and
relaxed at different temperatures from T = 300 K to
800 K to validate if the predicted helical structure with
close-packed {111} free surface (Fig. 5) was physical. It
was found that at both 500 K and 800 K the Au NW would
gradually relax to a helical multiwalled structure. Represen-
tative snapshots in Fig. 6a show the transformation process
at T = 500 K, whereas Fig. 6b and c shows the atomistic
details of the cross-section and the close-packed {111} free
surface with a special helical coiling of atom rows around
the wire axis. The structure shown in Fig. 6c is consistent
with Au NWs of the same size (e.g. R = 0.5 � 1.1 nm) pre-
dicted from first principles studies [52]. This is strong indi-
cation that the EAM potential of Au [46] used in this study
can be used to produce results that are in line with more
accurate first principles studies, and the transformations
in Au NTs shown in Figs. 3–5 were physical.



Fig. 6. (a) Snapshots showing the transformation in solid [111] Au
NW with R = 1 nm during thermal relaxation at T = 500 K. The
atomistic configuration of (b) the cross-section and (c) selected area of
the Au NW after being relaxed at 500 K for 1 ns. The atom colors
correspond to the local lattice structure. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 7. (a) Tensile stress–strain curves of [100] Au NT with
R = 15 nm, t = 2 nm at various temperatures. (b) The atomistic
configuration of the cross-section of the Au NT showing the <100>
to <110> reorientation when the temperature changed from
T = 100 K to 300 K. The red dashed square and rectangle in (b)
represent {100} and {110} packing, respectively. The atom colors in
(b) correspond to the local lattice structure. (For interpretation of the
references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. (a) Compressive stress–strain curves in [100] Au NW and NTs
at T = 10 K. (b) Representative atomistic configuration showing the
CTB-mediated <100> to <110> reorientation in Au NT with
R = 5 nm, t = 2 nm. The atom colors in (b) correspond to the local
lattice structures. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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4.2. Influences of temperature and loading mode

Since general phase transformations in materials can be
induced by both temperature and stress (e.g. the transfor-
mation between <100>/{100} and <110>/{111} orienta-
tions in fcc metal NWs [44]), it is important to investigate
the influences of temperature and stress on the structural
transformations in Au NTs. Overall it was found that the
structural transformation in all Au NTs occurred more eas-
ily when the temperature was increased; one example is
shown in Fig. 7 to demonstrate the temperature induced
<100> to <110> reorientation in Au NT with
R = 15 nm, t = 2 nm. It can be seen from both the stress–
strain curves in Fig. 7a and the atomistic configurations
in Fig. 7b that at low temperatures (T 6 200 K), the Au
NT remained at <100> orientation, whereas at high
temperatures (T > 300 K), the Au NT re-oriented along
<110>.

On the other hand, while CTB-mediated <110> to
<100> reorientation has been found in Au NTs during ten-
sion, it is shown in Fig. 8b that the reverse process of CTB-
mediated <100> to <110> reorientation is also possible in
Au NT during compression. The compressive stress–strain
curves in Fig. 8a further indicate that the transformation
became easier as the wall thickness decreased. It is particu-
larly interesting to find out that in Au NT of R = 5 nm and
t = 2 nm the overall stress changed from compressive to
tensile (below the dashed line) beyond the yield point and
the subsequent <100> to <110> transformation became
spontaneous. In contrast, external compressive stress was
still needed during the subsequent compression of the solid
Au NW and Au NT with thick wall (e.g. R = 5 nm,
t = 4 nm) after reaching the yield point (Fig. 8a).

4.3. Fracture of Au NTs

Since the surface stress in <100> NTs can facilitate the
reorientation from <100> to <110> and make the com-
pressive deformation easier in <100> Au NTs than solid
NWs, it is reasonable to suspect that the surface stress
would make the tensile deformation of <100> Au NTs
more difficult than solid Au NWs. In other words, the



Fig. 9. (a) Tensile stress–strain curves in [100] Au NW and NTs at T = 200 K. (b) Normalized fracture strain of [100] Au NTs at various
temperatures. The dashed black line in (b) indicates the relative fracture strain in the corresponding solid Au NW. (c) The snapshots of the atomistic
configurations of each NW and NT during the tensile deformation. The front of each NW or NT was cut to show the interior. The atom colors in (c)
correspond to the local lattice structure.
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ductility of <100> Au NTs might be improved as com-
pared to <100> Au NWs of similar size. The speculation
was tested by performing simulations of tensile deforma-
tion in <100>-oriented Au NWs and Au NTs of
R = 5 nm, t = 2 nm, 3 nm and 4 nm, respectively at temper-
atures varying from T = 100 to 500 K up to the fracture
point. In those Au NTs no <100>-to-<110> reorientation
has occurred prior to the tensile deformation. The represen-
tative stress–strain curves at T = 200 K are shown in
Fig. 9a, while the normalized fracture strain eNT/eNW vs.
temperature is plotted in Fig. 9b. Here eNT and eNW repre-
sent the fracture strain in Au NTs and the corresponding
solid Au NW at the same temperature.

The plots in Fig. 9 show that although the ductility of
Au NTs with R = 5 nm, t = 2 nm and t = 4 nm was both
lower than the solid NW, the ductility of Au NT with
R = 5 nm and t = 3 nm was consistently larger than the
corresponding solid Au NW at all temperatures, with the
maximum improvement of ductility reaching �25% at
T = 200 K. The reduced ductility in Au NTs with
t = 2 nm and t = 4 nm may be attributed to the fact that
although the surface stress imposed strong contraction to
the Au NT, which made the tensile deformation in Au
NT more difficult than in Au NW, the thin wall made the
necking more easily. As shown in Fig. 9c, dislocations
can easily escape from the free surface in the solid Au
NW during the tensile deformation and there was no dislo-
cation pile-up or accumulation except in the necking area.
However, as the wall thickness in Au NTs decreased, dislo-
cation propagation could be hindered by the inner surface,
e.g. in Au NTs with t = 3 nm and t = 2 nm, as shown in
Fig. 9c, which resulted in dislocation nucleation and pile-
up in regions away from the necking area. The influences
from the surface stress gradually outweighed those from
the thin wall thickness when the ratio of r/R became close
to 0.5, which caused the ductility of the Au NT with
R = 5 nm and t = 3 nm to be particularly large. While it
is difficult to rigorously prove if the ratio of t/R � 0.5 can
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lead to optimized ductility in Au NTs, it is supported by
additional simulations that the ductility of [110]-oriented
Au NTs with R = 10 nm, t = 5 nm (t/R = 0.5) was �20%
larger than the corresponding solid [110] Au NW at
300 K. On the contrary, the ductility of [110]-oriented Au
NTs with R = 10 nm, t = 1 nm, 2 nm and 8 nm were all
smaller than the solid Au NW.

It is important to mention that the extraordinary plastic
properties in metal NTs predicted in this study can be read-
ily validated by experimental methods [3,53,54] that have
been widely used to test metal NWs. For example, recent
in situ tensile tests performed by Seo et al. [50,51] have con-
firmed the CTB-mediated <100>/{100} to <110>/{111}
transformation in Au NWs. With the need of little or no
adaptation, the state-of-the-art in situ tensile test facilities
[50,51] can be used to test the mechanical properties of
metal NTs.
5. Conclusions

In summary, we have performed atomistic simulations
to investigate the plastic deformation of Au NTs with an
emphasis on the surface-stress facilitated structural trans-
formation. Overall, the following conclusions can be made
from this work:
� By tuning the wall thickness and axial orientation, Au

NTs with ultrahigh strength, plastic flow or ductility
can be achieved as compared to the corresponding solid
Au NWs of similar size.

� [110]-oriented Au NTs can maintain ultrahigh plastic
flow up to 60% tensile strain without sacrificing the yield
strength, which may be caused by the formation of a
high density of CTBs in those Au NTs prior to the ten-
sile loading due to the strong surface stress.

� [100]-oriented Au NTs experience a phase transforma-
tion to [110]-oriented Au NTs when the NT wall thick-
ness is decreased below a threshold. The phase
transformation can be induced by the surface stress only
and is strongly influenced by temperature.

� There is a universal trend of surface reconstruction to
energetically favorable close-packed {111} facets in
Au NTs regardless of the axial orientation when the
NT wall is reduced below certain limit.

� It is expected that this study can stimulate experimental
characterization of metal NTs and offer an alternative
route to designing superlight, strong, and ductile metal-
lic nanostructures.
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