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a b s t r a c t

We perform large-scale molecular dynamics simulations to delve into tensile and compressive loading of
nanotubes containing {112} nanoscale twins in body-centered cubic tungsten, as a function of wall
thickness, twin boundary spacing, and strain rate. Solid nanopillars without the interior hollow and/or
nanotubes without the nanoscale twins are also investigated as references. Our findings demonstrate
that both stress-strain response and deformation behavior of nanotwinned nanotubes and nanopillars
exhibit a strong tension-compression asymmetry. The yielding of the nanotwinned nanotubes with thick
walls is governed by dislocation nucleation from the twin boundary/surface intersections. With a small
wall thickness, however, the failure of the nanotwinned nanotubes is dominated by crack formation and
buckling under tensile and compressive loading, respectively. In addition, the strain rate effect, which is
more pronounced in compressive loading than in tensile loading, increases with a decreasing twin
boundary spacing.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Metallic nanopillars exhibit a higher strength as their cross
section areas decrease [1], a feature attributed to the existence of
exterior free surfaces. Following the idea of carbon nanotubes,
which have extraordinary mechanical and thermal properties [2], a
new category of metallic nanopillars, namely metallic nanotubes,
have recently been created by introducing interior hollow along the
pillar central axis [3]. Besides the outer diameter, nanotubes have
an additional feature size, i.e., the wall thickness, as compared to
the corresponding solid nanopillars. To the best of our knowledge,
all molecular dynamics (MD) studies of the metallic nanotubes so
far are in face-centered cubic (FCC) systems, including Cu [4e7], Au
[3,4,8], and Ni [9]. The MD simulations of Sun et al. [3] established
that the tensile yield strength in [111] Au nanotubes is up to 60%
higher than that of the corresponding nanopillar, owing to the
repulsive image force exerted by the interior surface against
dislocation nucleation from the outer surface. Ji and Park [7]
discovered that, with the Mishin embedded-atom method (EAM)
potential [10], the Young's modulus of the Cu nanotubes along a
〈100〉 axial direction decreases with a decreasing wall thickness t.
Nevertheless, opposite results that the Young's modulus of the
same nanotubes negatively correlates with t were reported by
Zhang et al. [6] when the Doyama-Kogure EAM potential [11] was
employed. Zhang et al. [6] also found that while a tensile residual
stress is obtained at the outer surface of the nanotubes (as in the
case of the nanopillars), either a tensile or a compressive stress
status can be achieved at the inner surface depending on the wall
thickness. Meanwhile, Cao et al. [8] argued that in Au, ultrahigh
plastic flow stress of more than 2 GPa could be maintained at up to
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Fig. 1. Atomic structure of a nanotwinned nanotube with an outer radius R ¼ 20 nm,
wall thickness t, and TB spacing l. A close-up view of the TB is also presented. Atoms
are colored by CSP [27].

Fig. 2. Stress-strain curves of nanotwinned nanotubes under tensile loading with different w
as a function of t and l is given in (c). Note that the cases of solid nanopillars (t ¼ R ¼ 20 n
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60% and 5% tensile strain in nanotubes and solid nanopillars,
respectively. Other MD simulations [5,7,8] also confirmed a uni-
versal trend of surface reconstruction to the energetically favorable
close-packed {111} orientation in FCC nanotubes regardless of the
initial crystallographic orientation, which may be responsible for
the ultrahigh plasticity in the nanotubes.

In addition to the interior surface [12e14], the mechanical
properties of the nanopillars/nanotubes can also be altered by
introducing nanoscale twins. A new feature size, twin boundary
(TB) spacing, thus emerges. In Au nanopillars, a critical ratio of the
pillar diameter D to the TB spacing l exists corresponding to a
transition from strain hardening to softening [15], as well as one
from TB-induced strengthening to softening [16]. For Cu nano-
pillars, there is an optimal length-to-diameter aspect ratio for
which the twinned nanopillars always have a higher yield stress
than their twin-free counterparts [17]. There are also implications
that the nanotwinned Cu nanopillars with a square cross section
exhibit a stronger strengthening effect due to the existence of twins
than those with a circular one [18].

Despite numerous MD studies of nanotubes and nanotwinned
nanopillars, respectively, we are not aware of any investigation of
nanopillars that contain both interior hollow and nanoscale twins,
i.e., nanotwinned nanotubes. Thus, it remains to be seen how the
two feature sizes d wall thickness and TB spacing d affect the
all thickness t when TB spacing (a) l ¼ 35:23 nm and (b) l ¼ 3:06 nm. The strength sY
m) and single crystalline nanotubes are also presented as references.



Fig. 3. Under tensile loading, snapshots of atomic structures on the threshold of
yielding/failure in single crystalline nanotubes with wall thickness (a) t ¼ 12 nm and
(b) t ¼ 2 nm, nanotwinned nanotubes (l ¼ 35:12 nm) with (c) t ¼ 12 nm and (d) t ¼ 2
nm, as well as nanotwinned nanotubes (l ¼ 3:06 nm) with (e) t ¼ 12 nm and (f) t ¼ 2
nm. Atoms are colored by CSP [27]; those with a CSP smaller than 1 are removed.
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mechanical properties of nanopillars, which will assist in
enhancing our understanding of physical response of these mate-
rial systems. Furthermore, as mentioned earlier, compared with
FCC systems, nanopillars in body-centered cubic (BCC) metals are
much less investigated. Most studies of the BCC systems (with the
exceptions of Refs. [19,20]) do not consider preexisting nanoscale
twins, since their high stacking fault energy makes it difficult to
generate nanoscale twins by growth method. These facts certainly
point to the need for further MD studies specifically addressing the
role of wall thickness and TB spacing on mechanical behavior of
nanotwinned nanotubes in BCC metals. Thus, in this paper, we
focus on exploring the deformation of nanotwinned nanotubes in
BCC tungsten (W) subject to tensile and compressive loading: three
parameters d wall thickness, TB spacing, and strain rate d will be
varied independently to assess their influences.

2. Methods

MD simulations are performed using LAMMPS [21]. The EAM
potential of Marinica et al. [22] is employed to describe the inter-
atomic interactions in W because, based on density functional
theory calculations, this potential well reproduces the dislocation
core structure, Peierls potential, kink-pair energy, and generalized
stacking fault energy [23]. As the validity of MD simulation results
significantly hinges on the choice of interatomic potential, it is
particularly important to adopt a suitable potential for BCC metals
because few accurate ones exist [24e26]. All nanotubes have the
same initial length L ¼ 140:9 nm and a circular cross section with
an outer radius R ¼ 20 nm, as shown in Fig. 1. A wall thickness t
ranging from 1 nm to 16 nm and a uniform {112} TB spacing l

varying from 3.06 nm to 35.23 nm are employed. Periodic boundary
conditions are applied along the 〈112〉 central axis, while other
boundaries are assumed traction-free. Solid nanopillars (i.e.,
t ¼ R ¼ 20 nm) with the same L and l are also studied for com-
parison. In all single crystals, the lattice orientations are x½110�,
y½111�, and z½112�. With a lattice parameter a0 ¼ 3:14339 Å, the
simulation cells used in this paper contain about 1.1 million
(nanotube with t ¼ 1 nm) to about 11.4 million (solid nanopillar)
atoms.

Each nanotube/nanopillar was first dynamically relaxed at 10 K
for 20 ps under an isobaric zero-stress condition, followed by an
energy minimization using the conjugate gradient method; then a
homogeneous deformation at a constant engineering strain rate of
±109 s�1 is applied along the z direction until the uniaxial engi-
neering strain ε reaches ±0:2. In dynamic simulations, a Velocity
Verlet algorithm is adopted with a time step of 2 fs and the NVT
ensemble is used to keep a constant temperature of 10 K. The
uniaxial engineering stress s is calculated following the virial stress
formulation. Lattice defects are identified by the centrosymmetry
parameter (CSP) [27].

3. Results and discussion

3.1. Tensile loading

Stress-strain curves of the nanotwinned nanotubes with
different TB spacing l and wall thickness t under tensile loading are
given in Fig. 2 (aeb); corresponding strengths sY, which correlates
with dislocation initiation or crack formation, are presented in
Fig. 2(c) as a function of l and t. Compared with their single crys-
talline counterparts, nanotwinned nanotubes have a lower tensile
strength. For the same l, sY is nearly independent of t when t >2
nm but positively correlates with t when t � 2 nm.

Atomic structures of the nanotubes with different wall thickness
t on the threshold of yielding/failure under tensile loading are
presented in Fig. 3, for the cases of single crystalline nanotubes, as
well as nanotwinned nanotubes with l ¼ 35:23 nm and l ¼ 3:06
nm, respectively. In single crystalline nanotubes, dislocations on
distant {110} slip planes are nucleated on both inner and outer
surfaces, regardless of the wall thickness t. For the nanotwinned
nanotubes, when t ¼ 12 nm, dislocations on distant {110} slip
planes are nucleated from the intersections between the TB and the
inner/outer surfaces; when l is small, these dislocations interact
with TBs and are transmitted across them (Fig. 3(e)), in consistent
with previous MD simulations of interactions between single edge/
screw dislocation and a TB in BCC W [28,29]. Clearly, with a
decreasing l, there exists a larger number of TB/surface intersection
sites that are prone to nucleate more dislocations; as a
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consequence, when t >2 nm, sY decreases with a decreasing l. We
remark that, unlike the previous experimental and MD work of
tensile loading of nanotwinned nanopillars in Cu which exhibited a
critical l for ductile-brittle transition [30], no such transition is
found in our work.When t � 2 nm, the nanotwinned nanotubes fail
in a brittle manner, i.e., cracks are formed along the TBs in the
absence of dislocation nucleation, as depicted in Fig. 3(d) and (f).
Because neither TBs nor cracks have a size-dependent stress field,
the strength sY becomes nearly invariant with l when t � 2 nm, as
shown in Fig. 2(c).
3.2. Compressive loading

Stress-strain curves of nanotwinned nanotubes with different
TB spacing l and wall thickness t under compressive loading are
given in Fig. 4(aeb). For those curves with two major “peaks”, the
threshold of yielding/failure, at which point the uniaxial engi-
neering stress is considered the strength, is defined as initiation of
dislocations or buckling near the second “peak” because the first
“peak” corresponds to the formation of the twinning-like {334}
Fig. 4. Stress-strain curves of the nanotwinned nanotubes under compressive loading with
strength sY as a function of t and l is given in (c). Note that the cases of solid nanopillars
planar defects which disappear at higher strains [20]. Similar to the
case of tensile loading, (i) for the same l, the strength sY decreases
with a smaller twhen t � 2 nm but is almost independent of twhen
t >2 nm, as shown in Fig. 4(c); (ii) for the same t, the nanotwinned
nanotubes have a lower strength than their single crystalline
counterparts.

Atomic structures of nanotubes under compressive loading on
the threshold of yielding/failure are presented in Fig. 5, for the cases
of single crystalline nanotubes, as well as nanotwinned nanotubes
with l ¼ 35:23 nm and l ¼ 3:06 nm, respectively. In single crys-
talline nanotubes, dislocations on adjacent {110} slip planes are
formed at both inner and outer surfaces regardless of the wall
thickness t. For nanotwinned nanotubes, when t ¼ 12 nm, the
lattice in each grain, be it twin or matrix, is first rotated to
accommodate the compressive loading, before dislocations on
adjacent {110} slip planes are nucleated from the intersections
between the TBs and the inner/outer surfaces, as shown in Fig. 5(c)
and (e). When l is small, these dislocations interact with the TBs
and are transmitted across them (Fig. 5(e)). In contrary to the case
of tensile loading, for the same t, the nanotubes with a smaller l
different wall thickness t when TB spacing (a) l ¼ 35:23 nm and (b) l ¼ 3:06 nm. The
(t ¼ R ¼ 20 nm) and single crystalline nanotubes are also presented as references.



Fig. 5. Under compressive loading, snapshots of atomic structures on the threshold of
yielding/failure in single crystalline nanotubes with wall thickness (a) t ¼ 12 nm and
(b) t ¼ 2 nm, nanotwinned nanotubes (l ¼ 35:12 nm) with (c) t ¼ 12 nm and (d) t ¼ 2
nm, as well as nanotwinned nanotubes (l ¼ 3:06 nm) with (e) t ¼ 12 nm and (f) t ¼ 2
nm. Atoms are colored by CSP [27]; those with a CSP smaller than 1 are removed.
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have a higher strength sY under compressive loading. This tension-
compression asymmetry can be attributed to the different plastic
deformation mechanisms: dislocations on distant slip planes in
tensile loading but on adjacent slip planes in compressive loading.
We remark that this finding is consistent with an earlier study of
nanotwinned solid nanopillars in W [20] but not with that in Fe
[19].

When t � 2 nm, the nanotubes fail by buckling, similar to the
solid nanopillars with a large length-to-diameter aspect ratio
[31e34]. The buckling of the nanotubes is also reflected in the
stress-strain responses: (i) the stress-strain curves for t � 2 nm,
which have only one major “peak”, differ significantly from those
with a larger t, as shown in Fig. 4(aeb), (ii) given the absence of
the size effect of the buckling, the strength sY is approximately the
same for different l, as shown in Fig. 4(c). We remark that only
local buckling, but not global buckling, is observed in all our
simulations.
3.3. Strain rate effects

In this section, we performMD simulations to demonstrate how
the strain rate _ε affects the deformation of the nanotwinned
nanotubes when l ¼ 35:23 nm and 3.06 nm, respectively. To this
end, apart from the strain rate of ±109 s�1, two lower strain ratesd
±5� 108 s�1 and ±2� 108 s�1 d are employed for both tensile and
compressive loading; molecular static simulations using the con-
jugate gradient algorithm with an incremental engineering strain
±0:001 at each loading step are also conducted for comparison. As
can be seen in Fig. 6, the stress-strain responses of the nanotubes
vary with _ε. In specific, a higher strain rate results in a higher
strength sY when t >2 nm, as shown in Fig. 7. However, the strain
rate effects become negligible when t � 2 nm. It appears that under
compressive loading, the nanotubes with the same l and t are more
sensitive to the variation of _ε than under tensile loading. In both
tension and compression, for the same t, the strain rate effect be-
comes more pronounced when l is smaller. In particular, the single
crystalline nanotube under tensile loading is somewhat indepen-
dent of _ε, while the strength of the nanotwinned nanotube
(l ¼ 3:06 nm) under compressive loading at 109 s�1 is more than
twice that at 2� 108 s�1. Further analyses of the atomic structure
on the threshold of plasticity/failure (Fig. 8) confirm that the pat-
terns of dislocation nucleation, crack formation, and buckling are
similar for the three strain rates examined in this paper, i.e., (i)
under tensile loading, the nanotwinned nanotubes yield by dislo-
cation nucleation on distant slip planes when t is large but fail by
crack formationwhen t is small, (ii) under compressive loading, the
nanotwinned nanotubes yield by dislocation nucleation on adja-
cent slip planes when t is large but fail by buckling when t is small.
We remark that while a higher strain rate results in a higher local
stress [35] which alters the stress-strain response, the strain rates
employed in our simulations are not high enough to initiate
deformation twinning [36], so the plastic deformation is dominated
by dislocation slip at all rates.

4. Conclusions

In this paper, large-scale MD simulations are conducted to
investigate tensile and compressive uniaxial deformation of the
nanotwinned nanotubes in BCC W. Solid nanopillars without the
interior hollow and/or nanotubes without the nanoscale twins are
also explored as references. To our best knowledge, this work is the
first attempt in the literature to shed new light on low dimensional
nanoscale metallic structures containing both nanoscale twins and
cylindrical hollow. In this regard, our workmay serve as a precursor
to more computational and experimental work in this topic, which
may be possible thanks to a recently developed experimental
technique that can grow nanoscale twins in metallic materials with
high stacking fault energy [37]. The following key conclusions can
be drawn from the observations reported and discussed in this
paper:

1. Under both tensile and compressive loading, (i) the nanotubes
exhibit a lower strength than their solid nanopillar counterpart,
regardless of whether the nanoscale twins are introduced, (ii)
the twinned structures exhibit a lower strength than their twin
free counterparts, regardless of the wall thickness t. In other
words, in BCC W, strength of nanopillars cannot benefit from
their nanotwinned or hollowed structure, in contrary to FCC
metallic materials [2e9,30];

2. With the same TB spacing l, the strength of the nanotubes under
tensile and compressive loading is nearly independent of the
wall thickness t when t >2 nm (yielding by dislocation nucle-
ation on distant {110} slip planes under tensile loading but on



Fig. 6. Stress-strain curves of the nanotwinned nanotubes with wall thickness t ¼ 8 nm under (aeb) tension and (ced) compression in cases of different TB spacing l and strain rate
_ε. Molecular static simulation results are also shown for comparison.

Fig. 7. The strength sY as a function of wall thickness t and strain rate _ε in the cases of (a) single crystalline nanotubes, (b) nanotwinned nanotubes with l ¼ 35:23 nm, and (c)
nanotwinned nanotubes with l ¼ 3:06 nm.



Fig. 8. Snapshots of atomic structures in nanotwinned nanotubes on the threshold of
yielding/failure with (a) l ¼ 35:12 nm and t ¼ 12 nm, (b) l ¼ 3:06 nm and t ¼ 12 nm,
as well as (c) l ¼ 35:12 nm and t ¼ 2 nm, subject to tensile (left column, labeled by T)
or compressive loading (right column, labeled by C). The strain rate _ε ¼ ±2� 108 s�1.
Atoms are colored by CSP [27]; those with a CSP smaller than 1 are removed.
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adjacent {110} slip planes under compressive loading) whereas
it decreases with a smaller t when t � 2 nm (failing by crack
formation under tensile loading and buckling under compres-
sive loading);

3. With the same tð>2 nm), a smaller l leads to a lower strength
under tension but a higher strength under compression. This
specific behavior can be attributed to their different plastic
deformation mechanisms.

4. In all dynamic cases, a higher strain rate results in a higher yield
strength. Moreover, the strain rate effect, which is more pro-
nounced in compression than in tension, increases with a
smaller l.
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