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Abstract: Based on the high-purity single-crystal tungsten nanowire firstly prepared by the metal-catalyzed vapor-phase reaction  
method, molecular dynamics method was used to calculate tensile stress−strain curves and simulate microscopic deformation 
structures of the single-crystal tungsten nanowires with different crystal orientations of 〈100〉, 〈110〉 and 〈111〉, in order to reveal the 
effect of crystal orientation on their tensile mechanical properties and failure mechanisms. Research results show that all of the 
stress−strain curves are classified into four stages: elastic stage, damage stage, yielding stage and failure stage, where 〈100〉 
orientation has a special hardening stage after yielding and two descending stages. The crystal orientation has little effect on elastic 
modulus but great effect on tensile strength, yielding strength and ductility, depending on different atomic surface energies and 
principal sliding planes. The calculated values of elastic modulus are in good agreement with the tested values of elastic modulus. 
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1 Introduction 
 

Single-crystal tungsten nanowire has excellent field- 
emission, optical, electrical and mechanical properties 
and wide application prospect as toughening-filling, 
photoelectric, structural materials [1,2]. Currently, it is 
prepared mainly by methods of high-temperature 
gas-phase deposition [3], electrochemical etching [4] and 
RF sputtering [5], where the growth process of tungsten 
nanowire cannot be better controlled. A new method of 
metal-catalyzed vapor-phase reaction has been firstly 
used to prepare the single-crystal tungsten nanowire  
(Fig. 1) [6] of high purity and complete body-centered 
cubic structure (BCC) by our research group [7,8]. As a 
new metal nanowire, its mechanical properties and 
failure mechanisms need to be further investigated. 

Due to limitation in experimental conditions, 
computer simulation methods are usually adopted to 
study mechanical properties and failure mechanisms of 
metal nanowires including molecular dynamics 
simulation, Monte Carlo simulation and discreteness 
simulation methods, where the molecular dynamics 
method is widely applied [9]. Current literatures are 

mainly focused on the influencing factors of crystal 
orientation (important factor), structure size, temperature, 
loading rate for metal nanowires of face-centered cubic 
(FCC) structure, such as copper [10,11], aluminum 
[12,13], gold [14,15], and nickel [16,17]. However, there 
is short of systematic research on stress−strain curve and 
failure mechanism of the single-crystal tungsten 
nanowires with body-centred cubic (BCC) structure.  

In this work, molecular dynamics method was used 
to study stress−strain curves and microscopic 
deformations of the single-crystal tungsten nanowires 
with different crystal orientations of 〈100〉, 〈110〉 and 
〈111〉.  Effects of crystal orientation on its mechanical 
properties and failure mechanisms were revealed in order 
to provide theoretical basis for optimal design and wide 
application of the single-crystal tungsten nanowire. 
 
2 Calculation scheme 
 
2.1 Calculation method   

Large-scale atomic/molecular massively parallel 
simulator [18] (LAMMPS) based on the molecular 
dynamics method is adopted to simulate tensile 
mechanical behaviors of the single-crystal tungsten 
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Fig. 1 SEM image (a) and electron diffraction pattern (b) of 
single-crystal tungsten nanowire [6] 
 
nanowire. In nature, it is a particle method by calculating 
the space position of any particle based on the Newton 
second law as follows: 
 

i im r V= −∇&&                                 (1) 
 
where mi and ir&&  are mass and space position of the 
particle i, respectively; V is potential energy function of 
the particle system; ∇  is spatial gradient [19]. 

Since the metal-atom interaction can be taken into 
account [20,21], embedded atom potential function is 
adopted and expressed as 
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where ( )ij ijrφ is potential term, representing the 
interaction between atom i and j separated by a distance 
rij, and ( )iF ρ is correction term, corresponding to 
embedded energy of the atom i embedding into the 
electron density ( )ijrρ . ( )ij ijrφ , ( )iF ρ  and ( )i ijrρ are 
written as  
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where re is the equilibrium spacing between the nearest 
neighbors; A, B, α and β are four adjustable parameters; κ 
and λ are two additional parameters for the cutoff; 

( )j ijf r  is the electron density at the site of atom i 
arising from atom j at a distance rij away and is 
expressed as    
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The electron density function is taken the same 

form as the attractive term in the pair potential with the 
values of β and λ. 
 
2.2 Calculation model  

As shown in Fig. 2, the single-crystal tungsten 
nanowire was square with dimensions of 25.28 nm× 
2.528 nm× 2.528 nm and initial lattice constant of 0.316 
nm. The initial configuration of 〈100〉 crystal orientation 
was ideal lattice of BCC structure and its coordinate axes 
of x, y, z were in the [100], [010], [001] crystal 
orientations, respectively. The initial configurations of 
〈110〉 and 〈111〉 crystal orientations were obtained by 
rotating the ideal lattice of BCC structure to keep the 
crystal orientations of [110] and [111] parallel to x axis. 
Boundary conditions were periodic boundary in x 
direction and free boundary in y and z directions. In the 
 

 
Fig. 2 Initial configurations of single-crystal tungsten 
nanowires with different crystal orientations: (a) 〈100〉 crystal 
orientation; (b) 〈110〉 crystal orientation; (c) 〈111〉 crystal 
orientation 
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relaxing process of the initial configuration, temperature 
was 1 K under isothermal−isobaric condition, time step 
was 0.002 ps and relaxation time was 200 ps in order to 
ensure full relaxation of the initial configurations nearly 
to equilibrium state. 

Figure 3 shows the initial microstructures of the 
single-crystal tungsten nanowires with different crystal 
orientations after full relaxation. It is seen that the 
surface atoms of 〈100〉 crystal orientation are in ideal 
lattice array. The surface atoms of 〈110〉 crystal 
orientation are in square grid array of xz plane and in 
diamond grid array of xy plane, while the surface atoms 
of 〈111〉 crystal orientation are in square grid array of xz 
and xy planes. Table 1 lists surface atom distances of the 
single-crystal tungsten nanowires with different crystal 
orientations along x, y, z directions. Obviously, different 
crystal orientations result in different lattice 
arrangements and surface atom structures.   
 

 

Fig. 3 Initial microstructures of single-crystal tungsten 
nanowires with different crystal orientations: (a) 〈100〉 crystal 
orientation; (b) 〈110〉 crystal orientation; (c) 〈111〉 crystal 
orientation 
 
Table 1 Surface atom distances of single-crystal tungsten 
nanowires with different crystal orientations along x, y and z 
directions 

Crystal orientation Lx/nm Ly/nm Lz/nm 

〈100〉 0.316 0.316 0.316 

〈110〉 0.447 0.447 0.316 

〈111〉 0.548 0.447 0.516 

 
In simulating calculation, the initial microstructures 

were subjected to quasi-static tensile loading in x-axis 
direction under displacement control step by step until 

failure. At each step the tensile strain was 0.004 and the 
relaxation time was 10 ps, enough for full relaxation 
until reaching equilibrium.   
 
3 Simulation results and analyses 
 

Figure 4 shows stress−strain curves of the single- 
crystal tungsten nanowires with different crystal 
orientations, which can be divided into four stages: OA 
(OA1, OA2, OA3), AB(A1B1, A2B2, A3B3), BC(B1C1, B2C2, 
B3C3), CD(C1D1, C2D2, C3D3), with additional stage 
(C1E1) specially for 〈100〉 crystal orientation.  
 

 
Fig. 4 Stress−strain curves of single-crystal tungsten nanowires 
with different crystal orientations 
 
3.1 Elastic stage (OA) 

In OA stage, the stresses of the single-crystal 
tungsten nanowires with different crystal orientations are 
all linearly increased with increasing the strains (i.e., 
elastic stage). Figure 5 shows microstructures of the 
single-crystal tungsten nanowires with different crystal 
orientations (any point of OA stage), where all lattices 
are complete and atomic arrays are regular. Elastic 
modulus of the single-crystal tungsten nanowires with 
〈100〉, 〈110〉 and 〈111〉 crystal orientations can be 
obtained by numerical fitting of the OA linear segment. 
They are 375, 397 and 368 GPa, respectively, which are 
 

 
Fig. 5 Microstructures of single-crystal tungsten nanowires 
with different crystal orientations (any point of OA stage):    
(a) 〈100〉 crystal orientation (ε=5.6%); (b) 〈110〉 crystal 
orientation (ε=8.0%); (c) 〈111〉 crystal orientation (ε=12.4%) 
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in good agreement with the range of elastic modulus 
measured by bending test [22] and nano-indentation  
test [8].  

It is also found that tensile strengths of the single- 
crystal tungsten nanowires with 〈100〉, 〈110〉 and 〈111〉 
crystal orientations are 25.4, 55.8 and 66.7 GPa, which 
are mainly affected by surface energy. Since 〈111〉 crystal 
orientation has the maximum surface-atom distance 
(Table 1) and the minimum surface-atom density under 
the same size, it has the lowest surface energy and the 
most stable atom structure, which results in the strongest 
ability of resisting failure and the maximum tensile 
strength. This result is consistent with that in Ref. [23]. 
 
3.2 Damage stage (AB) 

In AB stage, the stresses of the single-crystal 
tungsten nanowires with different crystal orientations are 
all decreased with increasing strains. Figure 6 shows 
microstructures of the single-crystal tungsten nanowires 
with different crystal orientations (any point in AB  
stage), where most of the atomic lattice structures are 
still in regular array of BCC structures but with different 
local deformations. For the 〈100〉 crystal orientation, twin 
bands with some irregular FCC structures (Figs. 6(a) and 
(b)) appear because of local atomic layers slipping on the 
{110} surface. For the 〈110〉 crystal orientation, local 
atomic dislocations result in twin bands with some 
regular FCC structures (Figs. 6(c) and (d)). For the 〈111〉 
crystal orientation, local atomic stacking caused by local 
atomic layers slipping on the {112} surface would lead 
to some HCP structures (Figs. 6(e) and (f)). The 
irreversible deformation of atomic dislocation results in 
decrease of loading capacity and thus AB stage is named 
as damage stage [24].  
 
3.3 Yielding stage (BC) 

In BC stage, the stresses of the single-crystal 
tungsten nanowires with different crystal orientations are 
slightly fluctuated but the strains are increased greatly 
(i.e., yielding stage). Figure 7 shows microstructures of 
the single-crystal tungsten nanowires with different 
crystal orientations (point C). For the 〈100〉 crystal 
orientation (Figs. 7(a) and (b)), the twin bands occur in 
AB stage and gradually extend to cover the whole 
nanowire, which results in relatively regular atomic array 
and diamond cross-section changing from its initial 
square configuration (i.e., transition). For the 〈110〉 
crystal orientation (Figs. 7(c) and (d)), the serious atomic 
dislocations lead to damage of its lattice structure 
(irregular cross-section) and cause the atomic collapse 
and necking areas. Although the 〈111〉 crystal orientation 
is still in regular atomic array but its cross-section is  

 

 

Fig. 6 Microstructures of single-crystal tungsten nanowires 
with different crystal orientations (any point of AB segment):  
(a) 〈100〉 crystal orientation (ε=10.4%); (b) Enlargement of 
region A; (c) 〈110〉 crystal orientation (ε=16.0%); (d) Enlarge- 
ment of region B; (e) 〈111〉 crystal orientation (ε=20.4%);    
(f) Enlargement of region C 
 
changed from the initial square to rectangle with 
incomplete lattice structure caused by a lot of atomic 
defects (Figs. 7(e) and (f)).  

It is also found that yield strengths of the single- 
crystal tungsten nanowires with 〈100〉, 〈110〉 and 〈111〉 
crystal orientations are 3.3, 9.3 and 5.6 GPa, respectively. 
Since the primary slip plane of BCC-structural metal 
nanowire is {110} surface [25,26] and it only exists in 
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the 〈111〉 and 〈100〉 crystal orientations under tensile 
loading, the 〈111〉 and 〈100〉 crystal orientations could 
easily yield and have lower yield strength than the 〈110〉 
crystal orientation. 
 
3.4 Hardening stage (C1E1) 

As shown in Fig. 4, the single-crystal tungsten 
nanowire with 〈100〉 crystal orientation is excepted. Its 
stress is increased with increasing strain once again after 
the yielding stage in C1E1 segment (i.e., hardening stage 
[24]), since only the 〈100〉 crystal orientation has phase 
transition in BC stage and can recover its loading 
capacity. 

Comparison of the stress values of the point A1 and 

point E1 shows that the maximum stress in hardening 
stage is much smaller than its tensile strength because the 
stress of C1E1 segment is hardened only based on 
yielding stage (BC segment).   
 
3.5 Failure stage (E1D1, C2D2, C3D3) 

In E1D1, C2D2, C3D3 stages, the stresses of the 
single-crystal tungsten nanowires with different crystal 
orientations are all decreased to zero as the strains are 
increased (i.e., failure stage). Figure 8 shows the 
microstructures of the single-crystal tungsten nanowires 
with different crystal orientations, where there are 
necking zones appearing and developing to failure but 
the forming mechanisms of necking zones are different  

 

 
Fig. 7 Microstructures of single-crystal tungsten nanowires with different crystal orientations (point C): (a) 〈100〉 crystal orientation 
(ε=58.4%); (b) Enlargement of section I−I; (c) 〈110〉 crystal orientation (ε=32.0%); (d) Enlargement of section II−II; (e) 〈111〉 crystal 
orientation (ε=68.4%); (f) Enlargement of section III−III 
 

 
Fig. 8 Microstructures of single-crystal tungsten nanowires with different crystal orientations (E1D1, C2D2, C3D3 segments): (a) 〈100〉 
crystal orientation (point E1, ε=64.0%); (b) 〈100〉 crystal orientation (point D1, ε=93.2%); (c) 〈110〉 crystal orientation (point C2, 
ε=36.0%); (d) 〈110〉 crystal orientation (point D2, ε=56.0%); (e) 〈111〉 crystal orientation (point C3, ε=74.0%); (f) 〈111〉 crystal 
orientation (point D3, ε=101.6%) 
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in different crystal orientations. 

For the 〈100〉 crystal orientation (Figs. 8(a) and (b)), 
most of atoms are regularly arranged but local atomic 
lattice structures are completely destroyed by dislocation, 
which leads to irregular twin bands, sharp notches and 
final necking zones, gradually. For the 〈110〉 crystal 
orientation (Figs. 8(c) and (d)), most of atoms are 
irregularly arranged and local atomic dislocations result 
in atomic stacking, sharp notches and final necking 
region. Obviously, most of atoms are also regularly 
arranged in the 〈111〉 crystal orientation (Fig. 8(e)) but 
local atomic dislocations cause atomic stacking and final 
necking regions without sharp notch (Fig. 8(f)).      

By comparing the strain values of points D1, D2 and 
D3, it is found that the total strains of the 〈100〉, 〈110〉, 
〈111〉 crystal orientations are 93.2%, 56% and 101.6%, 
indicating that the 〈100〉 and 〈111〉 crystal orientations 
are strong ductile materials while the 〈110〉 crystal 
orientation is weak ductile material. Clearly, the total 
strains depend mainly on the yielding-stage strains, as 
shown in Fig. 4. Since three crystal orientations except 
the 〈110〉 crystal orientation have the primary slip planes 
of {110} surface under tensile loading, the 〈100〉 and 
〈111〉 crystal orientations could easily deform in 
plasticity and thus their plastic strains are larger than that 
of the 〈110〉 crystal. 
 
4 Conclusions 
 

1) Stress−strain curves of the single-crystal tungsten 
nanowires with different orientations can be classified 
into four stages: elastic stage, damage stage, yield stage 
and failure stage, where the 〈100〉 orientation has a 
special hardening stage after yielding and two 
descending stages since it can recover carrying capacity 
after the phase transition in the yield stage. The first 
stress drop is caused by irreversible change of the local 
atomic dislocation and twinning, and the second stress 
drop is due to the lattice structure failure which leads to 
final fracture of material. 

2) Calculated results of elastic modulus are in good 
agreement with test results of elastic modulus of the 
single-crystal tungsten nanowires. The crystal orientation 
has little effect on the elastic modulus but great effect on 
the tensile strength, which is mainly affected by surface 
energy. The 〈111〉 crystal orientation has the smallest 
surface energy and thus the largest tensile strength.  

3) The crystal orientation has great effect on yield 
strength and total strain, depending on whether there is 
primary slip plane or not. Since the primary slip plane of 
BCC-structural metal nanowire is {110} surface existing 
only in the 〈111〉 and 〈100〉 crystal orientations, the 〈110〉 
crystal orientation without the primary slip plane has the 
smallest yield strength and yielding-stage strain. The 

〈110〉 crystal orientation of single-crystal tungsten 
nanowire is weak ductile material while the 〈100〉 and 
〈111〉 crystal orientations of single-crystal tungsten 
nanowire are strong ductile materials. 
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晶向对单晶钨纳米线拉伸力学性能的影响 
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摘  要：采用金属催化的气相合成法制备高纯度单晶钨纳米线材料，采用分子动力学方法进行拉伸模拟计算，分

析〈100〉 、〈110〉、〈111〉 3 种典型晶向下单晶钨纳米线的拉伸应力−应变曲线及其微观变形结构，揭示晶向对单晶

钨纳米线拉伸破坏机理的影响。结果表明：3 种晶向均具有弹性、损伤、屈服、破坏等 4 个阶段，其中〈100〉晶向

还具有独特的屈服后强化阶段和两次应力突降阶段。晶向对单晶钨纳米线弹性模量的影响较小，对抗拉强度、屈

服强度和延展性的影响较大，主要取决于不同的原子表面能和主滑移面。计算得到的单晶钨纳米线的弹性模量值

与实测结果吻合较好。 

关键词：晶向；应力−应变曲线；破坏机理；分子动力学；单晶钨纳米线 
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