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Abstract 

The structural and mechanical properties of ZnO nanowires (NWs) have been systematically investigated by using molecular 
dynamic simulations based on the empirical Buckingham potential. Under tensile loading in <0001> direction, ZnO NWs undergo 
four-stage deformation: elastic stretching of initial Wurtzite structure, Wurtzite to body-centered tetragonal (BCT) phase 
transformation, stretching of the resulting BCT structure and eventually brittle fracture. The entire deformation process is 
significantly size dependent. As the NW size decreases, the Young’s modulus dramatically increases. The critical stress for both 
phase transformation and fracture decreases while the critical strain increases with increasing the NW size; both converge to 
constant values when the size is sufficiently large. The strain energy density for the initiation of phase transformation appears 
independent of the size, which implies that the size-dependent phase transformation is dominated by the size effect of the Young’s 
modulus. 
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1. Introduction 

Quasi-one-dimensional nanostructures made of semiconducting materials possess large potential applications in 
electronic and electromechanical devices due to their unique mechanical and electrical properties associated with their 
finite size1. In particular, Zinc oxide (ZnO) nanostructures have received more attention due to their excellent 
performance in electronic, ferroelectric, piezoelectric and optical applications2. In recent years, a great variety of ZnO 
nanostructures, such as nanowires (NWs), nanorods, nanobelts and nanorings, have been synthesized and employed 
as ultra-sensitive sensors, nano-resonators, field effect transistors and nano-cantilevers in diverse technologies of 
environmental monitoring, bio-medical systems and communications3-7. The structural, mechanical, optical and 
electric as well as piezoelectric properties of ZnO have been investigated experimentally. As regards mechanical 
properties, the reported values of Young’s modulus vary in a large range from 20 GPa to 220 GPa by means of bending 
deflection, bending resonance, nanoindentation and tensile stretching8-11. The lack of agreement on experimental 
results is attributed to crystalline structure, geometry condition, sample manipulation, instrument calibration, and so 
on. While experimental evaluations at the nano-scale are full of challenges and uncertainties, molecular simulations 
provide an alternative way to study mechanical properties of ZnO nanostructures11-15. An interesting size effect on 
elastic properties of ZnO has been found in both experiments and numerical simulations11. The involved mechanism 
for the size effect has been qualitatively discussed and attributed to surface stress and surface elasticity due to the 
surface contraction correlated with the bond length of surface atoms12-16. Based on these surface analyses, a core‒shell 
model has been proposed to explain the size effect, introducing a surface shell with constant thickness that contributes 
more significantly to the entire mechanical property for smaller nanostructures than that for larger ones9. A novel 
transformation from original Wurtzite to body-centered tetragonal (BCT) phase has been numerically discovered on 
ZnO nanowires under tension along with <0001> axial orientation whereas some studies claim that there is no such 
phase transformation12,14. To clarify those controversial results in experiments and simulations, we have performed 
here large-scale molecular dynamics (MD) simulations to investigate the mechanical properties of ZnO NWs using 
LAMMPS (Large-Scale Atomic/Molecular Massively Parallel Simulator) code. In addition to the elastic property, the 
size effect on the Wurtzite‒BCT phase transformation as well as the fracture behavior of ZnO NWs under uniaxial 
tension has been scrutinized. 

2. Computational methods 

Wurtzite ZnO NWs oriented in <0001> with hexagonal cross-section were generated (see Fig.1) where the lattice 
constant a = 3.2501 Å, c = 5.2071 Å, and internal parameter u = 0.381717. The lateral dimension of the NWs varied 
from 1.0, 1.8, 2.4, 3.0, and 5.0 to 10 nm, while the length was kept constant 10.4 nm. Empirical Buckingham potential 
with Binks parameters was adopted to describe the short-range atomic interactions in which the cut-off was set to 10 
Å18. This potential has successfully reproduced the crystal parameters, elastic constants and dielectric constants of 
bulk ZnO11-13.  As for the long-range Coulombic force, Ewald summation method was used for NWs with D < 10 nm; 
otherwise Particle-Particle Particle-Mesh method (PPPM) developed by Hockney and Eastwood was employed19,20. 
The latter one had a major advantage in saving computing time and was confirmed to give identical results on the 
NWs with D = 1.8, 2.4 and 3.0 nm, except slightly more fluctuations at the beginning of deformation. Periodic 
boundary conditions were imposed on the three directions for the accurate Coulombic force calculation, while a 
sufficiently large gap along lateral directions was given to avoid interactions between neighboring NWs. Prior to 
tensile loading, an annealing process with an integration time step of 1 fs was performed to relax the NWs under the 
ambient pressure (NPT) in <0001> direction using the Nose-Hoover thermostat and barostat21,22. The temperature of 
the NWs was once raised from 5 K to 300 K within 10 ps, and equilibrated at 300 K for 5 ps. The annealed system 
was then quenched down to 5 K in 5 ps, and equilibrated at 5 K for 10 ps. This annealing and quenching process was 
sufficient to stabilize the ZnO NWs with the given lattice constants and the employed atomic potential. The uniaxial 
tensile strain was applied to the NWs by extending the length of periodicity along the tension direction, under NVT 
conditions at 5 K to reduce the thermal vibration. The strain rate of 0.001/ps was retained to deform the NWs up to 
30 % strain. The tensile stresses were calculated by the Virial theorem and the stress‒strain relationships were 
obtained23. 
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Fig. 1. The geometry of ZnO nanowires prior to annealing. Blue spheres represent zinc atoms and red ones oxygen atoms (same applies to the 
following Fig.s). 

3. Results and discussion 

The typical stress‒strain curve obtained for the intermediate size D = 3.0 nm NW is plotted in Fig. 2 (a), and the 
corresponding morphological configuration projected on (2 0) plane during deformation are shown in Fig. 2 (b) ‒ 
(e). The results suggest that the deformation process of ZnO NWs consists of the four stages: elastic stretching 
represented by the initial linear region (stage I), a phase transformation indicated by the stress relaxation (stage II), 
stretching of the structure with a new phase (stage III), and eventual fracture by the secondary stress relaxation (stage 
IV). In the case of morphology observation, when the strain is 6 %, the deformation is presented simply by the 
stretching of the initial crystal lattice, as shown in Fig. 2 (c). As the strain increases to 12 %, where the first stress 
drop takes place, a drastic change of the crystalline structure is observed (see Fig. 2 (d)), confirming the phase 
transformation from Wurtzite to BCT structure14. This finding appears against the previous studies which claim that 
square cross-sectional ZnO NWs with <0001> growth direction do not show phase transformations and are relatively 
brittle with failure strains less than about 7 %12,24. After the phase transformation, no intermediate phase occurs during 
further deformation, and the NWs keep the BCT structure until its failure shown in Fig. 2 (e). 

 

  

(a)                             (b)           (c)        (d)          (e) 

Fig. 2. The deformation process of the 3.0 nm ZnO nanowire: (a) the stress-strain curve; and (b) - (e) structure images projected on (2 0) at 
each strain of 0.0, 6.0, 12.0 and 20.0 %, respectively. 
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In order to better understand the phase transformation process of ZnO NWs, the atomic rearrangement on the 
projected section of (2 0) plane of 3.0 nm NW during the first stress relaxation is shown in Fig. 3 (a) ‒ (d), and the 
detailed atom movement is explained in Fig. 3 (e) and (f). At 10.4 % strain, which is prior to the stress drop, the crystal 
structure of the NW is simply kept stretched Wurtzite. When the strain increases to 10.5 and 10.6 %, phase 
transformation from the Wurtzite to BCT structure initiates at the hexagonal corners close to the surface layer of the 
NW, and progresses toward the center. Further deformed to 10.7 % strain, the phase transformation is almost 
completed, and then the NWs are deformed with stretching the resulting BCT structure. 

 

 

Fig. 3. The strain-induced Wurtzite to BCT phase transformation found in the 3.0 nm ZnO nanowire; (a) - (d) projected sections of (2 0) plane 
at the strain of 10.4, 10.5, 10.6 and 10.7 %; (e) and (f) atom movements as the strain increases from 10.4 to 10.7 %. 

The stress‒strain relationships for different sizes of ZnO NWs are compared in Fig. 4 (a). The mechanical response 
of ZnO NWs is significantly size dependent during the entire deformation process; not only the elastic behavior of the 
initial Wurtzite structure but also the mechanical response of the BCT structure after the phase transformation is 
influenced by the NW size. The stress relaxation due to phase transformation and fracture is also related to the NW 
size. For example, the smallest NW shows very sharp drops of stress, but the slope becomes milder with increasing 
NW size. This implies that larger NWs behave less brittle. In an effort to clarify the size effect, the Young’s modulus 
and the critical stress/strain for the phase transformation and the fracture are summarized as a function of the NW size 
in Fig. 4 (b) ‒ (d). The Young’s modulus was obtained from the slope of the initial elastic region on the stress‒strain 
curve. Critical stress and strain for phase transformation and fracture were directly read from the corresponding values 
at the starting points of the first and second stress relaxation, respectively.  

Similar to MD studies in the literature, the size-dependent Young’s modulus for <0001> oriented ZnO NWs states 
that the smaller the NW, the larger the Young’s modulus11. The dashed line in Fig. 4 (b) represents the experimentally 
reported bulk value of 140 GPa for ZnO under tension in <0001> direction at 300 K25. The Young’s modulus of NWs 
within the sampling size is always higher than that of the bulk counterpart. With increasing the NW size from 1.0 to 
10.0 nm, the Young’s modulus decreases from about 260 GPa to 145 GPa which approaches the bulk value. The 
confirmed size effect on the elastic modulus of ZnO NWs has been explained in connection with the fraction of the 
surface energy to the total energy11. The smaller NW has a larger portion of surface thus a higher ratio of the surface 
energy to the total, which results in more difficulties in deforming the smaller NW.   

In Fig. 4 (c), it can be observed that the critical stress for phase transformation decreases with increasing size of 
NWs, while the critical strain increases. Within the range varied from 1.0 to 10.0 nm, the critical stress decreases 
about 40 % and the strain increases 43 %. This observation indicates that the larger NWs tend to retain Wurtzite phase 
so that a higher strain is required to initiate the phase transformation. This also indicates that the larger NWs behave 
less brittle, which is consistent with the above discussion. The trends of the critical stress and strain referred to different 
sizes of the NWs suggest that each converges to a constant value when the size is sufficiently large. To elucidate the 
size-dependent phase transformation, the strain energy density  under the tensile load is introduced, where 
U is accumulated strain energy and V volume of the specimen. The critical strain energy density to initiate the 
Wurtzite‒BCT phase transformation is expressed as: 
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which can be evaluated either by the numerical integration of the obtained stress‒strain curves, or by the linear 
approximation using the critical stress  and strain . Fig. 5 presents  with standard deviation determined for 
different sizes of NWs from the MD simulation. One can find that the variation of  due to the NW size is less than 
8 %, which is considerably smaller than that of critical stress and strain found in Fig. 4 (c). This strongly suggests that 
the critical strain energy required for the phase transformation is rather size independent, and can be a material constant 
of ZnO. Based on this assumption within the linear approximation of the Young’s modulus E, the following equations 
can be deduced: 
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Fig. 4. Size dependence of mechanical properties of ZnO nanowires. (a) Stress-strain curves for sizes ranging from 1.0 to 10.0 nm; (b) Young’s 
modulus; (c) the critical strain and stress for phase transformation; and (d) the fracture strain and stress. 

Since Young’s modulus E decreases with increasing NW sizes (see Fig. 4 (b)), the larger NWs experience a higher 
phase transformation strain and a relatively lower stress, as shown in Fig. 4 (c). The findings indicate that the size-
dependent phase transformation of the ZnO NWs is dominated by the size effect of the Young’s modulus. 

Similar trend is found on the fracture stress and strain as that for phase transformation, where the size effect is more 
pronounced, as shown in Fig. 4 (d). When the NW size changes from 1.0 to 10.0 nm, the fracture stress reduces about 
68 %. This is connected to the size effect on phase transformation. Because the deformation of the BCT structure 
starts right after the phase transformation, the analysis of the strain energy density for fracture is not applicable. 
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Fig. 5. The strain energy density of the ZnO NWs. 

During the tension tests, the system temperature is kept constant 5 K at which atomic vibrations are well suppressed 
so that the thermal effect on the ductility is minimized. The ZnO NWs display brittle fracture at a relatively high strain 
over 15 %. The fracture morphologies of all tested NWs present with perfect cleavage along (0001) planes, as shown 
in Fig. 6. This cleavage fracture is unique for our hexagonal cross-sectional NWs, distinguished from the cylindrical 
NWs that exhibit super ductility12, and also from the square cross-sectional NWs that display lower fracture strain 
around 6 %15. The main reason is that these two shapes of cross-sectional NWs were initially distorted into a twisted 
configuration and even an amorphous structure when the system energy was minimized during the equilibration. The 
crystal structures of ZnO NWs in these studies are highly defective prior to deformation, and hence these models could 
not be considered as Wurtzite structure. As confirmed by Fig. 2 (b), our NW models with hexagonal cross-section 
kept perfect Wurtzite crystalline structure after annealing. Moreover, the hexagonal ZnO NWs had smooth surfaces 
and homogenous cross-section over the entire wire structure, while the cylindrical ones often showed irregular shape 
in experiments26,27. 

 

 

Fig. 6. (a) - (f) The fracture morphology of ZnO NWs with the size of 1.0, 1.8, 2.4, 3.0, 5.0 and 10.0 nm at the strain of 15.85, 17.55, 18.70, 
19.75, 20.75 and 19.75 %, respectively. 
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The experimental study on ZnO nanostructures, however, has not yet confirmed the phase transformation predicted 
by the MD simulations. Several factors can be responsible for the discrepancy. One is that the strain rate in MD 
simulations is extremely high because of limited computer resource. In this study the tensile strain rate is 109 /s which 
is inconceivable in practical experiments. The key question is that if the phase transformation is induced by the high 
strain rate. The second explanation is that the loading cell in experiment is unable to catch the sudden stress relaxation 
associated to the phase transformation due to the limitation of mechanical devices. By means of in-situ mechanical 
testing in transmission electron microscopy (TEM) incorporating the electron diffraction pattern, it might help to 
determine the crystalline structure at different deformation levels. Another possible reason is that the NWs in 
experiments include many crystal defects, so that the imperfect structure cannot sustain large deformation, and the 
failure happens prior to the phase transformation. Finally, the different scale between the MD simulations and the 
experimental studies may cause this discrepancy. The MD simulations deal with the size in sub-nano and nano-scales 
while physical experiments limit the specimen size to tens of nanometers. Our study confirms the size of ZnO NWs 
is the key factor for the driving force to initiate the phase transformation, as discussed above. 

 

4. Conclusions 

In conclusion, size-dependent mechanical properties of ZnO NWs have been investigated computationally. The 
hexagon cross-sectional NWs can keep perfect crystalline structure during the initial equilibration and retain the initial 
Wurtzite structure prior to deformation. Under uniaxial tension, ZnO NWs experience a four-stage deformation 
process consisting of the elastic stretching of Wurtzite structure, the phase transformation from Wurtzite to BCT, the 
stretching of the BCT structure, and the cleavage fracture along (0001) plane. In addition to the size-dependent 
Young’s modulus reported by previous studies, it is found that phase transformation and fracture properties are 
significantly influenced by the size of NWs. The critical stresses for both phase transformation and fracture drastically 
increase while the critical strain decreases as the NW size decreases. It suggests that larger NWs attempt to keep the 
original Wurtzite structure comparing with smaller ones. The strain energy density for the initiation of phase 
transformation is independent of the NW size and can be considered as a material constant. 
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