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ABSTRACT 
A systematic experimental and theoretical investigation of the elastic and failure properties of ZnO nanowires 
(NWs) under different loading modes has been carried out. In situ scanning electron microscopy (SEM) tension 
and buckling tests on single ZnO NWs along the polar direction [0001] were conducted. Both tensile modulus 
(from tension) and bending modulus (from buckling) were found to increase as the NW diameter decreased 
from 80 to 20 nm. The bending modulus increased more rapidly than the tensile modulus, which demonstrates 
that the elasticity size effects in ZnO NWs are mainly due to surface stiffening. Two models based on continuum 
mechanics were able to fit the experimental data very well. The tension experiments showed that fracture strain 
and strength of ZnO NWs increased as the NW diameter decreased. The excellent resilience of ZnO NWs is 
advantageous for their applications in nanoscale actuation, sensing, and energy conversion. 
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1. Introduction 

As an important semiconducting and piezoelectric 
material with a large exciton binding energy and a wide 
band gap [1], ZnO nanowires (NWs) have found broad 
applications ranging from nanoelectromechanical 
systems (NEMS) [2] to nanosensors [3, 4] to nano- 
generators [5, 6]. Mechanical properties of ZnO NWs, 
including both elasticity and fracture, are of critical 
relevance to the design and reliability of these devices. 
In many devices such as nanogenerators [5, 6], ZnO 
NWs undergo different mechanical loadings such as 
tension, bending or buckling, and it is therefore 
important to study the effect of loading mode on their  

mechanical properties.  
Mechanical characterization of individual NWs is 

important but challenging. A number of methods 
have been developed for mechanical testing of ZnO 
NWs including resonance in scanning or transmission 
electron microscopes (SEM/TEM) [7, 8], bending or 
contact resonance using atomic force microscopy 
(AFM) [9–11], uniaxial tension in SEM or TEM [12, 
13], and nanoindentation [14]. In particular, in situ 
SEM/TEM tensile testing of NWs enabled by 
microelectromechanical systems (MEMS) has attracted 
a lot of recent attention [12, 15, 16]. The experimental 
results, however, showed both scatter and inconsistency 
[17]. Some researchers observed that the Young’s 
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modulus increased with decreasing NW diameter 
[7, 9, 12], while others reported essentially no size 
dependence [8, 10]. Computational studies including 
continuum mechanics and molecular dynamics  
(MD) have exhibited similar disagreement. Various 
mechanisms such as bulk nonlinear elasticity [18, 19], 
surface bond saturation [20], surface reconstruction 
[3, 7, 12], and others [21] have been proposed to 
explain the elasticity size effects in ZnO NWs. Yet few 
experiments have conclusively supported one or other  
of these mechanisms.  

In addition to the experimental errors, one possible 
reason for the observed discrepancy between 
experimental measurements of the Young’s modulus 
of ZnO NWs is because different loading modes 
(bending, resonance, tension) have been used. Surface 
effects are expected to be more pronounced under 
flexural loading (i.e., bending or resonance) than 
tension as surfaces carry the most stress in the former 
[22, 23]. Therefore, it is important to conduct 
quantitative experiments under different loading 
modes while keeping the remaining experimental 
conditions constant. The objectives are twofold: (1) to 
explain the large discrepancy in experimental results 
in the literature, and (2) to elucidate the underlying 
mechanism(s) of the size effects, i.e., the relative 
importance of the surface and the core of NWs, 
especially when integrated with computational studies. 
So far only one study compared the Young’s moduli 
of ZnO NWs under tension and resonance and  
found considerable difference in the size effects, 
albeit with very different setups/conditions in the two  
experimental methods [24]. 

The majority of the reported studies focused only 
on the elastic properties (i.e., Young’s modulus) of 
ZnO NWs; fewer studies have investigated their 
fracture under tension or bending [10, 11, 25, 26]. No 
work has been reported on the postbuckling behavior 
of ZnO NWs despite its relevance to NEMS, 
nanogenerators, and other applications. Furthermore, 
failure of ZnO NWs under different loading modes  
has not been compared.  

In this paper, we report size effects on the elasticity 
and fracture of ZnO NWs under tension and bending. 
Bending was imposed in the buckling tests. Both 
types of tests were conducted in situ in SEM using 

the same setup (a nanomanipulator probe as actuator 
and an AFM cantilever as load sensor). Both tensile 
modulus (from tension) and bending modulus (from 
buckling) were found to increase as the NW diameter 
decreased from 80 to 20 nm. The bending modulus 
increased more rapidly than the tensile modulus. The 
fracture strain and fracture strength under tension 
increased as the NW diameter decreased. ZnO NWs 
were found to sustain very large bending deformation  
during postbuckling.  

2. Experimental  

The NWs used in this study were synthesized by the 
vapor–liquid–solid method on Si/SiO2 substrates with 
Au colloids as the catalysts [27]. A mixture of ZnO (Alfa 
Aesar, 99.999%) and graphite (Alfa Aesar, 99.9995%) 
powders in a quartz boat was used as the Zn source. 
This quartz boat was heated to 950 °C by a local heater, 
and the generated Zn vapor was carried by a flow of 
Ar to the growth zone, where O2 was injected to enable 
the NW growth. The temperature of the growth zone 
was held at 820 °C during the growth under a constant 
pressure of 7.5 Torr. After the growth (the duration of 
which was 30 min), the reactor was first pumped to 
the base pressure and then was cooled down under a  
flow of Ar. 

All the tension and buckling tests were performed 
inside an SEM (JEOL 6400F). A nanomanipulator 
(Klocke Nanotechnik, Germany) with 1 nm resolution 
and 1 cm travel range in three orthogonal directions 
was used to pick up protruding NWs from the Si 
wafer following the procedure outlined in Zhu and 
Espinosa [16] and to carry out the tension and buckling 
experiments. For tension tests, an AFM chip (ORC8-10, 
Veeco) with two silicon nitride cantilevers on one 
side was mounted on a sample holder. A detailed 
description of the experimental process for tension 
tests can be found elsewhere [28]. The buckling tests 
were carried out similarly, but the cantilever used in 
the buckling tests was much softer (OBL-10, Veeco) 
than that used in the tension tests. After the NW was 
clamped between the nanomanipulator tip and the 
AFM cantilever, the NW was continously pushed until 
beyond the critical force for buckling. The postbuckling 
shape of the NW can be clearly seen. Similarly, the 
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force and compression data were directly obtained  
from the images.  

The cantilever stiffness was calibrated using the Sader 
method [29]. The measured values were 0.70 N/m ± 
0.05 N/m and 0.018 ± 0.002 N/m for the cantilevers in 
tension and buckling tests, respectively. The loads on 
the NW were calculated from the cantilever deflections, 
which were obtained in the SEM images with reference 
to a stationary feature. The stationary feature is a 
neighboring cantilever on the same chip and is out  
of focus in the SEM images; see the Electronic 
Supplementary Material (ESM) for more details. For 
tension tests, the cantilever deflection was measured 
in images with lower magnification, where a resolution 
of half a pixel translated to 9.6 nm. Therefore, the  
force resolution was 6.72 nN ± 0.48 nN. For NWs 
with diameters ranging from 20 to 80 nm, the stress 

resolution ranged from 21.4 to 1.3 MPa. The NW 
elongation was measured in images with higher 
magnification (the image possesses 2000 × 1600 pixels 
and an NW typically spans ~1500–1800 pixels in length). 
Therefore, the strain resolution was about 0.03%. For 
buckling tests, the cantilever deflection and the axial 
displacement of the NW were measured from the same 
images, with a resolution of half a pixel translating to  
3.9 nm. The force resolution was 0.07nN ± 0.01 nN.  

3. Results and discussion 

3.1 Experimental results 

Figure 1(a) shows an SEM image of the ZnO NW 
sample on the silicon substrate. Figure 1(b) displays 
the TEM image of a ZnO NW with diameter around 

 

Figure 1 (a) Typical SEM image of the ZnO NWs with diameter of 50 nm. (b) TEM image of a single ZnO NW. (c) The corresponding
SAED pattern of the ZnO NW. (d) High-resolution TEM image of the NW 
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30 nm. It can be seen that the NW is not only straight 
but also uniform in diameter along the growth 
direction. The corresponding selected area electron 
diffraction (SAED) pattern in Fig. 1(c) and high- 
resolution TEM image in Fig. 1(d) indicate that the 
wires are single-crystalline, with a growth direction  
along the [0001] axis. 

During the tensile test, a series of SEM images 
were taken to measure both force and elongation of 
the NWs. A few typical images from a NW with 
diameter of 20 nm are shown in Figs. 2(a)–2(c). It can 
be seen that two ends of the NW are clamped on the 
nanomanipulator tip (left) and the AFM cantilever 
(right), respectively. Figure 2(a) is the image prior to 
loading. Figures 2(b) and 2(c) show the NW under the  
tensile loads of 2.13 and 3.05 μN, respectively. 

The NW was tested in a few loading and unloading 
cycles until fracture, as shown in Fig. 2(d). Figure 2(e) 
shows the stress–strain response of this NW. The 
Young’s modulus was measured to be approximately 
169 GPa, which is higher than the bulk value of ZnO 
in the [0001] direction (~140 GPa) [12]. It can also be 
seen that the loading and unloading processes followed 
almost the same path showing a linear elastic behavior. 
No residual plastic deformation was observed when 
the NW was totally unloaded. This observation is 
corroborated by the enlarged image of the broken 
end shown in Fig. 2(f). The broken end appears flat 
and no obvious diameter reduction or necking can be 
seen. No NW slippage was observed at either end, 
indicating that the carbon deposition clamp was strong 
enough for testing ZnO NWs with diameters up to 

 
Figure 2 (a–c) A series of SEM images taken during the tensile test for an NW with diameter of 20 nm. Inset of (a): high-resolution
SEM image of the NW used for strain measurements. (d) SEM image showing that fracture occurs on the NW when the load was
applied to a certain value. (e) A typical stress–strain response of the specimens with diameter of 20 nm under repeated loading and
unloading. The errors for the stress and strain are ± 0.72 GPa and ± 0.004 GPa, respectively. (f) Enlarged SEM image of the broken end
of the NW on the probe tip 
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80 nm [28]. Tension tests of NWs with different 
diameters were all conducted following the same 
procedure with multiple loading/unloading cycles and  
all the NWs showed linear elastic behavior. 

In situ SEM buckling tests of ZnO NWs were 
conducted in a similar fashion [30]. In order to make 
a comparison with the tensile tests, NWs with similar 
diameters were intentionally sought and used for the 
buckling tests. Figure 3(a) is an SEM image of a ZnO 
NW with diameter of 46 nm. Both ends of the NW 
were clamped by the method of electron beam induced 
deposition (EBID). The buckling process accompanied 
by the shape change of the NW under an incrementally 
increasing compressive load is displayed in 
Figs. 3(b)–3(e). Figure 3(b) shows the straight NW prior 
to the compressive loading. When the force reached 
the critical value, the NW buckled, as can be seen 

from Fig. 3(c). Figures 3(d) and 3(e) show progressive, 
symmetric postbuckling deformation of the NW. The 
variation of applied force with the axial displacement 
of the NW is plotted in Fig. 3(f). Initially, the force 
increased rapidly with the axial displacement. When 
the force reached the critical force (Pcr) for buckling, 
the load–displacement curve became nearly flat. Pcr  
was determined to be 62 nN in this case. 

According to Euler’s formula, the buckling force Pcr 
of an ideal elastic column is given by  

π
=

2

cr 2
e

EIP
L

                  (1) 

where E is the Young’s modulus and I is the moment 
of inertia of a ZnO NW. Assuming the cross section 
of the NW is a circular shape (as will be explained 
later), I can be expressed as I = πR4/4, where R is the 

 

Figure 3 (a) SEM image showing the buckling test for an NW with diameter of 46 nm. (b–e) A series of enlarged SEM images of the
NW under the application of a continuously increasing compressive load. (f) The corresponding plot of the applied force versus the axial
displacement of the NW 
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radius of the NW. Note that in buckling tests, the 
Young’s modulus is a bending modulus, as it is a 
measure of the structural resistance to bending 
deformation following the buckling instability. The 
effective length Le = 0.5L for a fixed–fixed boundary 
condition (as in our experiments), where L is the actual 
length of the column. According to this analysis, the 
Young’s modulus of the NW shown in Fig. 3 was  
calculated to be 151 GPa. 

3.2 Discussion of size effects 

To study the size effects on the mechanical properties 
of ZnO NWs, seven NWs were tested under tension 
tests and seven NWs under buckling tests. The NWs 
ranged from 20 to 80 nm in diameter. Figure 4(a) shows 
the calculated Young’s modulus values for all of the 
tested NWs as a function of size. The errors arise 
mainly from the measurement of NW diameters. It is 
evident that the Young’s modulus of ZnO NWs from 
both tension and buckling tests show the stiffening  
trend, i.e., it increases with decreasing diameter.  

However, our data also show a loading-mode- 
dependent size effect. The disparity in the Young’s 
moduli under different loading modes (tension vs. 
buckling here) becomes larger as the NW diameter 
decreases. When the NW diameters are around 80 nm, 
the Young’s moduli from both tension and buckling 
are close to the bulk modulus. However, when the 
diameters decrease to 20 nm, the modulus values 
obtained from the tension tests are around 170 GPa, 
while those from the buckling tests are more than 
200 GPa. It is clear that the Young’s modulus obtained 
from the buckling tests exhibits stronger size effects  
in comparison to the tension tests. 

Several mechanisms have been proposed to explain 
the size effects in the elastic behavior of ZnO nano- 
structures, i.e., the increase in the Young's modulus 
with the decrease in NW diameter. Kulkarni et al. [18] 
and Cao et al. [19] predicted that the nonlinear elastic 
response of the NW core (interior) plays the major 
role in determining the elastic modulus of NWs. In 
contrast, Zhang and Huang [20] found that the surface 
bond saturation resulting from an increased electron 
density, rather than bulk nonlinear elastic effects, may 
be responsible for the size effects. Recently, Agrawal 

et al. [12], through a combined experimental/simulation 
study, showed that elastic stiffening in ZnO NWs was 
caused by a decrease in surface interatomic spacing 
due to surface reconstruction, in agreement with  
Chen et al. [7]. 

The observed size effects in Fig. 4(a) can be useful 
in assessing the relative importance of the surface and 
the core elasticity. For NWs under bending (including 
buckling and resonance), the surfaces carry the 
largest stress and strain; by contrast, NWs subjected 
to uniaxial tension undergo uniform stress across the 
cross section. The Young’s modulus measured in both 
loading conditions is in fact the average between the 
surface and the core. If the bulk nonlinear elasticity 
dominates the stiffening size effects (i.e., the core 
modulus is larger than the bulk value), the average 
modulus of ZnO NWs measured in tension tests is 
larger than that obtained from bending tests; if the 
surface contributes the most to the size effects (i.e., 
the surface modulus is larger than the bulk value), the 
average modulus measured in bending tests is larger. 
Our experimental results clearly confirmed the latter; 
that is, the surface elasticity plays the major role in  
the stiffening size effects in ZnO NWs.  

To further quantify the surface and core elasticity, 
our results were fitted to two existing models: the 
core–surface model (or Miller–Shenoy model) [22] 
and core–shell model [7], as shown in the inset of 
Fig. 4(a). Again we assume the NW cross section is 
circular. The core–surface model is a continuum 
mechanics approach that embodies the surface effect 
[31–33]. The model essentially assumes that an NW 
consists of a core with elastic modulus Ec and a surface 
(zero thickness) with so-called surface elastic modulus 
S (the unit is ⋅Pa m ). Under tension, the measured (or  
effective) Young’s modulus E is given by 

= +c 4 SE E
D

                (2) 

where D is the diameter of the circular cross section. 
Under bending, 

= +c 8 SE E
D

                (3) 

In the core–shell model, the NW consists of a core with 
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elastic modulus Ec and a shell with elastic modulus  
Es. Under tension, 

⎡ ⎤⎛ ⎞⎛ ⎞
= + − −⎢ ⎥⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠⎣ ⎦

2
s s s

c 2
c

1 4 1E r rE E
E D D

        (4) 

where D is the outer diameter of the circular cross 
section and rs is the shell thickness. 
Under bending, 

⎡ ⎤⎛ ⎞⎛ ⎞
= + − − + −⎢ ⎥⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠⎣ ⎦

2 3 4
s s s s s

c 2 3 4
c

1 8 1 3 4 2E r r r rE E
E D D D D

   (5) 

Derivations of the above formulae are given in the 
ESM. The tensile results are prone to fewer errors than 
the buckling results; therefore, both models were 
fitted to the tensile data following Eqs. (2) and (4), 
and then the fitting parameters were substituted into 
Eqs. (3) and (5) to compare with the bending data. In 
the core–surface model, it was found that the core 
elastic modulus =c 115 GPaE  and the surface elastic 
modulus = ⋅267 Pa m;S  in the core–shell model, =cE  
114.7 GPa, the shell elastic modulus =s 244.4 GPa,E  
and the shell thickness =s 2.42 nm.r  The fitting curves 
are plotted in Fig. 4(a) in addition to the experimental 
data. Both models offered excellent fitting to the 
tensile data, but slightly overestimated the buckling 
data. Additionally both models agreed very well with 
each other. It is noted, however, that the obtained 
core elastic modulus is lower than the bulk value 
(140 GPa), which appears contradictory. In fact, the 
Young’s modulus of the core is not necessarily equal 
to the bulk value as a result of the surface stress [33]. 
Recent MD simulations showed that a core and a 
shell with different Young’s moduli exist in ZnO NWs; 
the Young’s moduli of the core and of the shell are 
lower and higher than the bulk value, respectively 
[12]. The elastic modulus varies continuously from 
the core to the surface as a result of energy 
minimization [12, 24]. Both models used in our work 
are first-order approximations (assuming step-like 
modulus distribution in the core and the shell) that at 
the least explain our experimental results reasonably 
well. Numerical simulations are required to further  
explain the effect of loading modes.  

One important remark concerns the cross sectional 

shape of the ZnO NWs used in the data analysis as 
well as in the fitting process. It is known that 
[0001]-oriented ZnO NWs possess hexagonal cross 
sections. In the case of an edge facing the electron 
beam, treating the cross section as a circle overestimates 
the cross sectional area and moment of inertia; in the 
case of a vertex facing the electron beam, such a 
treatment underestimates these quantities. In the 
experiments, the NW cross sections could be oriented 
randomly relative to the electron beam. Therefore, 
statistically speaking, it is reasonable to use circular 
cross sections for ZnO NWs and other types of NWs 
with similar cross sections. This treatment does not 
introduce systematic errors, but it does introduce 
random errors that contribute to the total experimental  
errors. 

Figures 4(b) and 4(c) show the variation of fracture 
strain and fracture strength with the diameter of the 
NWs from the tension tests. Both fracture strain  
and fracture strength were found to increase with 
decreasing NW diameter. These values were much 
higher than the corresponding values for bulk ZnO, 
which are typically smaller than 1% [13] and 200 MPa 
[34], respectively. Similar size effects on the fracture 
strain have been reported by Desai and Haque [13]. 
However, their fracture strain was more than 10%  
for NWs with diameters less than 300 nm; in our 
experiments, the largest fracture strain is about 6.1% 
for the smallest NW with diameter of 20 nm. Atomistic 
simulations predicted a phase transformation from 
the wurtzite structure to a body centered-tetragonal 
structure with four-atom rings (BCT-4) for ZnO 
nanorods [35]. But such a phase transformation was 
not observed in our experiments, as can be seen from 
the repeated linear elastic behavior during the 
loading–unloading process. Perhaps due to the 
presence of defects, the maximum fracture strain in 
our experiments is less than the strain value of 7.5% 
at which the phase transformation was predicted to 
occur [35]. Our experimental observation is consistent 
with recent in situ TEM tensile experiments by Agrawal 
et al. [26]. For the fracture strength, our values ranging 
from 4.10 to 10.32 GPa are comparable to those 
obtained from bending experiments by Wen et al. 
[10]. These authors also found a similar diameter  
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Figure 4 (a) Plots of variation of Young’s modulus with diameter 
of ZnO NWs from both tension and buckling tests. The fitting 
curves from the core–surface model (solid lines) and the core–shell 
model (dashed lines) are also plotted. The inset shows schematic 
views of both models. Variation with diameter of (b) fracture strain 
and (c) fracture strength of ZnO NWs from tension tests 

dependence of the fracture strength of ZnO NWs. 
One possible reason for the size effects on the 
fracture strain and strength from tension is due to the 
bond-length contraction of surface atoms in ZnO 
NWs as a result of surface reconstruction [12, 13, 21]. 
The bond-length contraction results in strengthening 
of the bond. Hence, the binding energy of surface 
atoms tends to be higher than that of bulk atoms. With 
the increasing surface-to-volume ratio at the nanoscale, 
this mechanism could lead to higher fracture strain 
and strength values [13]. Another possible reason is the 
presence of defects in the NWs. For NWs with smaller 
size, the number of defects is reduced, consistent with  
the increase in the fracture strain and strength. 

4. Conclusions 

We have presented an experimental approach to 
evaluate the elastic and failure properties of ZnO NWs 
under different loading modes. In situ SEM tension 
and buckling tests on single ZnO NWs along the 
polar direction [0001] were conducted. Both tensile 
modulus (from tension) and bending modulus (from 
buckling) were found to increase as the NW diameter 
decreased from 80 to 20 nm. The bending modulus 
increased more rapidly than the tensile modulus, 
which demonstrates that the elasticity size effects in 
ZnO NWs are mainly due to surface stiffening. Both 
the core–surface model and the core–shell model 
were able to fit the experimental data very well. The 
tension experiments also showed that the fracture 
strain and strength of ZnO NWs increased as the NW 
diameter decreased. The excellent resilience of ZnO 
NWs is advantageous for their applications in NEMS, 
nanosensors and nanogenerators. Finally, the buckling 
technique presented in this work can be extended to 
evaluate the elastic modulus of other NWs under  
bending stress. 
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