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Abstract
Large-scale atomistic simulations are performed to study tensile and compressive ⟨112⟩ loading of single-crystalline nanow-
ires in body-centered cubic tungsten (W). Effects of loading mode, wire cross-sectional shape, wire size, strain rate, and 
crystallographic orientations of the lateral surfaces are explored. Uniaxial deformation of a W bulk single crystal is also 
investigated for reference. Our results reveal a strong tension–compression asymmetry in both the stress–strain response 
and the deformation behavior due to different yielding/failure modes: while the nanowires fail by brittle fracture under ten-
sile loading, they yield by nucleation of dislocations from the wire surface under compressive loading. It is found that (1) 
nanowires have a higher strength than the bulk single crystal; (2) with a cross-sectional size larger than 10 nm, there exists a 
weak dependence of strength on wire size; (3) when the wire size is equal to or smaller than 10 nm, nanowires buckle under 
compressive loading; (4) the cross-sectional shape, strain rate, and crystallographic orientations of the lateral surfaces affect 
the strength and the site of defect initiation but not the overall deformation behavior.

1 Introduction

In the last decade, extensive research has been done to 
investigate mechanical properties of face-centered cubic 
(FCC) metallic nanopillars and nanowires [1]. Using in situ 
mechanical deformation instruments, uniaxial tension and 
compression tests were performed in single-crystalline pil-
lars in Ni [2], Au [3], Cu [4], and Al [5]. It was found that 
for all these FCC metals, there exists an inverse power-law 
dependence between the flow stress and the sample size, 
regardless of the fabrication technique, implying that this 
scaling might be universal [6]. Both experiments [7] and 
simulations [8] confirmed that in an FCC metal, disloca-
tions escape from the pillar/wire surface easily, leaving it 
in a “dislocation-starved” state and requiring a higher stress 

to nucleate more dislocations to allow continuous plastic 
deformation.

Compared with FCC nanowires in which the only plastic 
carriers are dislocations, nanowires in body-centered cubic 
(BCC) metals are much less investigated [9, 10]. Three plas-
tic deformation mechanisms have been identified in BCC 
nanowires: dislocation slip, twinning, and phase transfor-
mation [11], resulting in properties distinct from those in 
FCC systems. For example, the shape memory effects and 
pseudoelasticity in BCC nanowires are attributed to twin-
ning [12, 13], instead of the size-dependent surface stress 
as in FCC metals [14]. In terms of the strain hardening and 
strength, nanowires in BCC systems exhibit a much stronger 
tension–compression asymmetry than those in FCC met-
als because of the twinning–antitwinning asymmetry and 
asymmetric plastic deformation mechanisms associated 
with dislocation core spreading [15, 16]. Kim et al. [17] 
showed that this tension–compression asymmetry depends 
on pillar diameter and crystallographic orientation for BCC 
Mo. Moreover, the “dislocation-starvation” model does not 
apply to BCC nanowires, due to the combined effects of the 
image stress and dislocation core structure [8]; consequently, 
single-crystalline BCC wires generally exhibit a weaker 
dependence of the strength on the wire cross-sectional area 
than their FCC counterparts [18].

Besides the wire size, the effects of the wire shape, strain 
rate, and crystallographic orientations of the lateral surfaces 

 * Shuozhi Xu 
 shuozhixu@ucsb.edu

1 California NanoSystems Institute, University of California, 
Santa Barbara, Santa Barbara, CA 93106-6105, USA

2 Department of Mechanical Engineering, University 
of California, Santa Barbara, Santa Barbara, CA 93106-5070, 
USA

3 GWW School of Mechanical Engineering, Georgia Institute 
of Technology, Atlanta, GA 30332-0405, USA

4 School of Earth and Atmospheric Sciences, Georgia Institute 
of Technology, Atlanta, GA 30332-0340, USA

http://orcid.org/0000-0003-0121-9445
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-017-1414-3&domain=pdf


 S. Xu et al.

1 3

 788  Page 2 of 9

(for the nanowires with a square cross section) are poten-
tially important in the deformation of nanowires. Using the 
nudged elastic band method, Zhu et al. [19] found that in a 
single-crystalline Cu nanowire with a square cross section 
under compression, initial dislocation prefers to nucleate 
from the 90◦ sharp corner compared with an atomically flat 
side surface because of a smaller activation volume in the 
former. In Cu, nanowires with a circular cross section have 
a higher Young’s modulus and yield stress than those with 
a square cross section of the same size under both tension 
and compression [20]. In W, in situ transmission electron 
microscopy (TEM) experiments showed that under [256] 
compression, micropillars with a circular cross section have 
a higher flow stress than those with a square cross section 
[21]. Using in situ TEM, Jennings et al. [22] showed that the 
transition diameter between dislocation multiplication via 
the operation of single-arm sources and dislocation nuclea-
tion from the surface becomes smaller at a higher strain rate. 
Previous MD simulations of Au nanowires with a square 
cross section showed that the deformation behavior may 
change if different crystallographic orientations of the lateral 
surfaces are employed [23]. To the best of our knowledge, 
the effects of the strain rate and lateral surfaces have not 
been explored using MD for W nanowires.

In this paper, we perform MD simulations to study the 
deformation behavior of single-crystalline nanowires in 
BCC W. In particular, the influences of the loading mode 
(tension or compression), wire shape (circular or square), 
wire size (2–70 nm), strain rates (5 × 107–109 s−1), and 
crystallographic orientations of the lateral surfaces for the 
nanowires with a square cross section are explored. Com-
pared with the previous MD work in which W nanowires 
with either a square cross section of 2.3 nm by 2.3 nm [12] 
or a circular cross section with a diameter of 8.5 nm [24] or 
40 nm [10] were investigated, the nanowires considered in 
this paper have a cross-sectional size up to 70 nm [9], acces-
sible by experiments [24, 25].

2  Molecular dynamics simulation method

MD simulations are performed using LAMMPS [26] to 
study the deformation behavior of a bulk single-crystal 
(Sect. 3) and single-crystalline nanowires (Sect. 4). In all 
simulation cells, lattice orientations are x[110], y[11̄1], and 
z[11̄2̄], except in Sect. 4.5 where the effects of crystallo-
graphic orientations of the lateral surfaces are explored. 
A Velocity Verlet algorithm with a time step of 2 fs is 
employed to update the atomic positions. Each model is first 
dynamically relaxed for 10,000 steps under isobaric zero 
stresses at 10 K followed by an energy minimization. Then, 
a constant engineering strain rate �̇� = ±109 s−1 is applied 
along the z direction until the uniaxial engineering strain � 

reaches ± 0.2 or ± 0.25. Lattice defects such as dislocations 
and twinning are identified by the centrosymmetry param-
eter (CSP) [27]; local atomic structures are classified by the 
adaptive common neighbor analysis (a-CNA) [28], which 
provides superior analysis results compared with the con-
ventional CNA with a fixed cut-off radius. Atomic structures 
are visualized using OVITO [29]. The interatomic potential 
developed by Ackland and Thetford [30], which modified 
the short-range region of the Finnis–Sinclair potential [31], 
is employed, with a lattice parameter of 3.1652 Å. This 
potential was shown to predict nanowire deformation results 
that agree with in situ TEM experiments [24]. The uniaxial 
engineering stress �, scaled with the initial cross-sectional 
area of the undeformed nanowire, is calculated following the 
virial stress formulation.

3  A bulk single crystal

We first study the deformation behavior of a bulk single 
crystal by applying periodic boundary conditions (PBCs) 
along all directions. The cuboid simulation cell, containing 
6,711,708 atoms, has a size of 47.45 nm by 47.42 nm by 
47.30 nm, as shown in Fig. 1a. Using an NPT ensemble, a 
constant temperature of 10 K and zero transverse stresses 
in the x–y plane is maintained during uniaxial deformation 
along the z direction. Stress–strain curves and snapshots of 
atomic structures corresponding to the yielding/failure are 
shown in Figs. 1b and 2, respectively.

Under tensile loading, random point-like defects are 
homogenously nucleated inside the bulk single crystal on the 
threshold of yielding; no dislocations are observed (Fig. 2a). 
These point-like defects are results of reversible local atom 
displacements, which are not sufficiently large to create point 
defects such as interstitials and vacancies. Under compres-
sive loading, some planar defects on (22̄3̄) planes are nucle-
ated upon yielding, as shown in Fig. 2b. These defects, not 
residing on any known slip/twin planes but close to {112} 
twin planes, are a result of local lattice rotation, similar to 
the “twinning-like lattice reorientation” found in a previous 
MD study using a different interatomic potential for W [9]. 
We remark that these twinning-like planar defects have not 
been reported in any experimental work in the literature, 
to the best of our knowledge. It will be shown later that 
nucleation of these planar defects is not relevant for nanow-
ires under compressive loading. At strains larger than 0.15, 
dislocations on {110} planes are nucleated from these planar 
defects to form a complex dislocation network. Overall, a 
strong tension–compression asymmetry is exhibited in terms 
of both stress–strain response and defect nucleation in a bulk 
single crystal. At a strain of 0.2, a post-processing based 
on a-CNA [28] shows that 8.3% (tension) and 0.3% (com-
pression) of all atoms are of FCC local structures. Phase 
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transformation from BCC to FCC was also observed in the 
previous MD simulations of uniaxial compression of Fe bulk 
single crystals [32, 33].

4  Single‑crystalline nanowires

All nanowires have either a circular cross section (Fig. 3a) or 
a square cross section (Fig. 3b), with the same gauge length 
L = 141.9 nm. The nanowires are initially free of defects. 
PBCs are applied along the central axis of the wires, i.e., the 
z direction, while other surfaces are assumed traction free. 
The wire cross-sectional size D (edge length or diameter) 
ranges from 2 to 70 nm, resulting in models ranging from 
37,558 to 44,487,302 atoms, respectively. During uniaxial 
deformation, a Nosé–Hoover NVT integrator is used to 
maintain a constant temperature of 10 K.

4.1  Tensile loading

Stress–strain curves of the nanowires under tensile loading 
are presented in Fig. 4. In the cases of both circular and 
square cross section, homogeneous point-like defects are 

Fig. 1  a Simulation cell used to 
study the deformation behavior 
of a W bulk single crystal. b 
Stress–strain curves of the bulk 
single crystal under tension 
and compression along the z 
direction

(a)

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2

St
re
ss

σ
(G

P
a)

Strain ε

Tension
Compression

(b)

Fig. 2  Snapshots of atomic 
structures on the threshold of 
yielding in a W bulk single 
crystal under a tension and b 
compression. Atoms are colored 
by CSP [27]; those with a CSP 
smaller than 1 are deleted

Fig. 3  Simulation cell of nanowires with a a circular and b square 
cross section. With a constant initial wire length L = 141.9 nm, the 
initial size of the wire cross-sectional D ranges from 2 to 70 nm. Uni-
axial loading is applied along the z direction. Atoms are colored by 
CSP [27]
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observed inside nanowires up to failure; neither disloca-
tion slip nor twinning is observed for all D, similar to the 
bulk single crystal. When D = 40 nm, a wire fails at a 
strain of 0.21 due to the cleavage on close-packed {110} 
planes which have the lowest surface energy among all 
planes in W [34, 35], as shown in Figs. 5a and 6a. We 
emphasize that although the nanowires have a relatively 
large elastic strain limit, they fail in a brittle manner. To 
explore whether there exists a temperature-dependent 
brittle-to-ductile transition in nanowire deformation as 
recently reported by Sainath and Choudhary [36] for BCC 
Fe, we conduct MD simulations of tensile deformation of 
two nanowires (D = 10 nm and D = 40 nm) at 300 and 
800 K. Results show that both nanowires fail by brittle 
fracture at 300 K; at 800 K, however, twinning based on 
{112} planes occurs at the yield point, followed by the 
formation of cracks along the twin planes, as shown in 
Fig. 5b. A systematic study of the temperature effects will 
be considered in the future.

For the same cross-sectional size D, nanowires with a 
square cross section have a lower Young’s modulus, a lower 
strength, and a lower flow stress at � = 0.2 than those with 
a circular cross section, in agreement with the previous MD 
simulations in Cu nanowires [19, 20] and twinned W nanow-
ires [9], as well as in situ experiments in W micropillars 
[21]. The cross-sectional size along the y-axis, Dy, becomes 
larger than that along the x-axis, Dx, as shown in Fig. 6b, 
because the {110} surfaces (normal to the x-axis) have a 
lower surface energy than the {111} surfaces (normal to 
the y-axis) [34, 35]. Note that the aspect ratio Dy∕Dx in the 
nanowires is larger than that in a bulk single crystal in which 
only the difference in Poisson’s ratio along the two directions 
takes effect.

4.2  Compressive loading

Stress–strain curves of the nanowires under compressive 
loading are presented in Fig. 7. The strength for a small 
diameter D differs markedly from those for a larger D. An 
investigation into the deformation behavior finds that the 
nanowires with small D buckle, as shown in Fig. 8a for 
D = 5 nm and Fig. 9a for D = 10 nm (i.e., the minimum 
length-to-diameter aspect ratio for buckling is about 14). 
Shortly after the buckling, dislocations are initiated at sites 
on the wire surface with the largest lateral y-displacement; 
no phase transformation is observed at these sites, in contrast 
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Fig. 4  Stress–strain curves of the nanowires with a a circular and b a 
square cross section under tensile loading at 10 K

(a)

(b)

Fig. 5  Snapshots of atomic structure in the nanowire with a circular 
cross section (D = 40 nm) a at a tensile strain of 0.252 at 10 K and b 
at a tensile strain of 0.16 at 800 K. In (a), cleavage on {110} planes 
are formed, resulting in failure of the wire. In (b), twinning based on 
{112} planes occurs at the yield point, followed by the formation of 
cracks along the twin planes. Atoms are colored by CSP [27]
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to a Au nanowire under compressive loading [37]. Similar 
to tensile loading, the cross-sectional size along the y-axis is 
larger than that along the x-axis when � = 0.2, as shown in 
Fig. 9b. For nanowires with a larger D, as shown in Fig. 8b, 
buckling is negligible. Unlike the bulk single crystal, there 
exist no twinning-like planar defects in the nanowires; 
instead, dislocations on {110} planes are nucleated. Previous 

MD simulations of a bicrystalline W nanowire showed that 
under ⟨112⟩ loading, dislocation loops are nucleated and 
expand from (1) the edge of a pre-embedded twin embryo 
near the wire surface and (2) the intersection between a free 
surface and a grain boundary [9, 24]. However, no twin 
embryo is observed in the present study of the single-crys-
talline nanowires using the same interatomic potential.

4.3  Tension–compression asymmetry

Figure 10 presents the strength �Y as a function of nanowire 
size D, in cases of tension/compression and circular/square 
cross section; values of �Y for the bulk single crystal are 
plotted as references. It is found that for the same D, the 
strength is tension–compression asymmetric in that the com-
pressive loading always has a higher strength than the tensile 
loading, in agreement with the previous in situ experiments 
of W nanowires under ⟨100⟩ loading [38]. When D < 10 
nm, with an decreasing D, the strength of the nanowires 
increases in tension. The strengths of the nanowires are 
generally close to or higher than those of the bulk single 
crystal. When D ≥ 10 nm, the present work in W and previ-
ous MD studies in Fe [39, 40] suggest that the strength of 

(a) (b)

Fig. 6  Snapshots of atomic structures in the nanowire with a square 
cross section (D = 10 nm) under tensile loading at 10 K. Color of 
atoms and views in (a) is the same as in Fig.  5; atoms with a CSP 

[27] smaller than 1 are removed. In (a), the nanowire cleaves on 
{110} planes. The cross-sectional shape of the nanowires on the x–y 
plane taken at the mid-z position when � = 0.2 are given in (b)

0

20

40

60

80

100

120

0 0.05 0.1 0.15 0.2

(Compression, Circular)

St
re
ss

σ
(G

P
a)

Strain ε

D = 2 nm
D = 5 nm
D = 10 nm
D = 20 nm
D = 30 nm
D = 40 nm
D = 50 nm
D = 60 nm
D = 70 nm

(a) Circular cross section

0

20

40

60

80

100

0 0.05 0.1 0.15 0.2

(Compression, Square)

St
re
ss

σ
(G

P
a)

Strain ε

D = 2 nm
D = 5 nm
D = 10 nm
D = 20 nm
D = 30 nm
D = 40 nm
D = 50 nm
D = 60 nm
D = 70 nm

(b) Square cross section

Fig. 7  Stress–strain curves of the nanowires with a a circular and b a 
square cross section under compressive loading

(a)

(b)

Fig. 8  Snapshots of atomic structures in the nanowires with a circular 
cross section under compressive loading. In a, a nanowire with D = 5 
nm buckles. In b, for nanowires with a larger cross section (D = 40 
nm), buckling is not observed; instead, dislocations are formed from 
the wire surface
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nanowires varies little with D, in contrast to experiments 
which revealed a logD dependence of the strength [38]. This 
difference may be attributed to both the much higher strain 
rate in MD and the lack of dislocation sources in the atom-
istic models [9].

4.4  Effects of the strain rate

In this section, we explore the effects of the strain rate �̇� in 
the deformation behavior of the bulk single crystal and the 
single-crystalline nanowires with a circular cross section 
when D = 40 nm. Besides �̇� = 109 s−1, three lower strain 
rates—5 × 108 s−1, 108 s−1, and 5 × 107 s−1—are employed 
in both tensile and compressive loading. Figure 11 shows 
that the stress–strain responses have a weak dependence on 
�̇� between 5 × 107 s−1 and 109 s−1, except for the bulk sin-
gle crystal under compressive loading. Further analyses of 
the atomic structure confirm that the defects nucleation and 
evolution in both the bulk single crystal and the nanowire 
are almost the same for the four �̇� examined here. Given the 

large number of atoms considered in each simulation cell, 
strain rates that are lower than 5 × 107 s−1 are not practical 
in classical MD simulations, but may be realized using time-
scaling atomistic methods [41].

(a) (b)

Fig. 9  Snapshots of atomic structures in the nanowire with a square 
cross section (D = 10 nm) under compressive loading. Color of 
atoms and views in (a) is the same as in Fig.  5; atoms with a CSP 

[27] smaller than 1 are removed. In a, shear bands on {110} planes 
are formed. The cross-sectional shape of the nanowires on the x–y 
plane taken at the mid-z position when � = 0.2 are given in (b)
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nm) under a tensile and b compressive loading
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4.5  Effects of the crystallographic orientations 
of the lateral surfaces for the nanowires 
with a square cross section

In Fig. 3b, {110} and {111} planes are employed as the 
lateral surfaces for the nanowires with a square cross sec-
tion. A question is raised whether employing lateral surfaces 
of other crystallographic orientations affects the deforma-
tion behavior of the nanowires. We remark that most prior 
atomistic and experimental work only considered one set of 
lateral surfaces, to the best of our knowledge. In this sec-
tion, we rotate the x–y plane around the wire central axis, 
i.e., the z direction, such that nanowires with lateral surfaces 
of three other sets of crystallographic orientations—x[241̄]

-y[31̄2], x[71̄4]-y[1̄3̄1], and x[512]-y[02̄1]—are constructed, 
as shown in Fig. 12a. Stress–strain curves of the bulk single 
crystal and the single-crystalline nanowires (D = 40 nm) 
with a circular cross section and a square cross section with 
lateral surfaces of different crystallographic orientations are 
presented in Fig. 12b, c. It is found that the crystallographic 

orientations of the lateral surfaces have a strong influence on 
the stress–strain response, but not the deformation behavior. 
We remark that there is no correlation between the strength 
and surface energies among different sets of crystallographic 
orientations, suggesting that the yielding/failure may be con-
trolled by detailed atomic structures at the 90◦ sharp corner 
of a square cross section [42].

5  Conclusion

In this paper, large-scale MD simulations are performed to 
study the deformation behavior in single-crystalline nanow-
ires in BCC W. A W bulk single crystal is also deformed 
in the same way to provide a reference. The stress–strain 
responses and the deformation behavior are analyzed as 
a function of the loading mode (tension or compression), 
the wire cross-sectional shape (circular or square), the wire 
size (2–70 nm), the strain rate (5 × 107–109 s−1), and the 

Fig. 12  a Square cross section 
with lateral x and y surfaces of 
four different sets of crystallo-
graphic orientations, distin-
guished by color. Stress–strain 
curves of the bulk single 
crystal and the single-crystalline 
nanowires (D = 40 nm) with 
a circular cross section and a 
square cross section with lateral 
surfaces of different crystal-
lographic orientations under 
tensile and compressive loading 
are presented in (b) and (c), 
respectively
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crystallographic orientations of the lateral surfaces for the 
nanowires with a square cross section.

It is found that (1) under tensile loading, the wires fail in a 
brittle manner by cleaving on close-packed {110} planes, (2) 
under compressive loading, the nanowires with small cross-
sectional size D buckle, while those of a larger size yield due 
to dislocation slip on {110} planes, (3) when D ≥ 10 nm, the 
strength, which is higher than that of a bulk single crystal, 
exhibits a weak dependence on D under both tensile and 
compressive loading, in contrast to FCC systems, (4) for the 
same cross-sectional shape, a strong tension–compression 
asymmetry is observed in that the strength for compressive 
loading is higher than that for tensile loading, (5) nanowires 
with a circular cross section have a higher Young’s modulus, 
a higher strength, and a higher flow stress than those with a 
square cross section, regardless of the loading mode and the 
crystallographic orientations of the lateral surfaces, (6) both 
the cross-sectional shape and the crystallographic orienta-
tions of the lateral surfaces affect the initial sites of defect 
nucleation but not the overall deformation behavior of the 
nanowires, and (7) the strength has a weak dependence on 
the strain rate between 5 × 107 s−1 and 109 s−1, except for the 
bulk single crystal under compressive loading.

We remark that between the present MD simulations 
and in situ TEM experiments, there exist quantitative dif-
ferences that may be attributed in part to the much higher 
strain rates (5 × 107–109 s−1) employed in MD than those 
(10−3–10−1 s−1) in experiments [22], as well as to an assump-
tion of defect-free specimens in MD. Future work includes 
taking advantage of the accelerated MD approaches [43] to 
explore deformation behavior of the bulk single crystal and 
the single-crystalline nanowires at much lower strain rates 
and with initial dislocation sources such as voids [44–49]. It 
will also be interesting to investigate whether MD predicts 
a negligible size dependence of the strain hardening as indi-
cated by experiments [18, 38].
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