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ABSTRACT

An experimental and computational approach is pursued to investigate the fracture mechanism of [0001] oriented zinc oxide nanowires under
uniaxial tensile loading. A MEMS-based nanoscale material testing stage is used in situ a transmission electron microscope to perform tensile
tests. Experiments revealed brittle fracture along (0001) cleavage plane at strains as high as 5%. The measured fracture strengths ranged from
3.33 to 9.53 GPa for 25 different nanowires with diameters varying from 20 to 512 nm. Molecular dynamic simulations, using the Buckingham
potential, were used to examine failure mechanisms in nanowires with diameters up to 20 nm. Simulations revealed a stress-induced phase
transformation from wurtzite phase to a body-centered tetragonal phase at ∼6% strain, also reported earlier by Wang et al.1 The transformation
is partial in larger nanowires and the transformed nanowires fail in a brittle manner at strains as high as 17.5%. The differences between
experiments and computations are discussed in the context of (i) surface defects observed in the ZnO nanowires, and (ii) instability in the
loading mechanism at the initiation of transformation.

One-dimensional (1D) zinc oxide (ZnO) nanostructures have
been synthesized in various morphologies like nanorods,
nanowires,2 nanobelts,3 nanorings,4 and nanohelices.5 The
extraordinary combination of semiconducting and electro-
mechanical properties of ZnO nanostructures makes them
potential building blocks for future nanodevices. For ex-
ample, optoelectronic devices,2 logic circuits,6 and piezo-
electric devices like nanogenerators,7,8 nanoresonators, and
electromechanically coupled nanocantilever sensors9 have
already been conceptualized. For reliable and optimal
performance of these nanodevices, particularly the ones
involving loading/unloading of the nanostructures, proper
characterization of the mechanical response at the component
level is crucial. However, the extremely small dimensions
of 1D nanostructures impose major challenges to perform
component level characterization with enough precision. In
recent years, several attempts have been made to measure
the mechanical properties of ZnO nanostructures using
various techniques involving dynamic resonance in situ
transmission electron microscopy (TEM)10-12 and atomic
force microscopy (AFM),13-15 and nanoindentation.16 These
techniques involve various assumptions for interpretation of
the acquired experimental data and the errors associated with
each technique have resulted in a variety of results. Incon-
sistencies in the reported Young’s modulus of ZnO NWs,

as a function of wire diameter, were previously reported by
our group.17,18 Table 1 summarizes the results from research-
ers who have reported the elastic as well as the failure
properties of ZnO nanowires. It is important to point out
that only Hoffman et al.19 have reported the elastic modulus
and the fracture strain using the same methodology. In most
of the studies by the same research groups, entirely different
methods have been employed to experimentally characterize
elastic and fracture properties. This reinforces the fact that
performing nanoscale experiments capable of simultaneously
measuring loads and displacements with desired resolution
is not trivial. For instance, Desai et al.20 used piezoactuation
to strain NWs lying across a trench with both ends of the
NW fixed via electron-beam induced deposition of platinum.
The strains were obtained by analysis of SEM images
obtained during the in situ experiments. They reported size-
dependent fracture strains, increasing from 5 to 15% as the
NW diameter decreased from 480 to 220 nm. This technique
was unable to simultaneously measure the applied loads;
therefore, a separate microfabricated test bed20 was used to
characterize the elastic modulus. Likewise, Chen et al.10

employed a dynamic resonance method to identify the
modulus of ZnO NWs and an in situ SEM bending method,21

using a nanomanipulator, to characterize the fracture proper-
ties. They reported a size-independent fracture strain in the
range 4-7% by bending vertically grown NWs. Hoffman
et al.19 reported fracture strains of 5 ( 1.5% by performing
tensile experiments using an AFM tip mounted on a piezo-
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stack. Although, Hoffman et al.19 and Chen et al.21 reported
consistent size independent failure behavior of ZnO NWs,
the elastic response reported by them were quite different.
Chen et al.10 observed that the Young’s modulus increased
from 140 to 220 GPa, as the wire diameter decreased from
550 to 17 nm. However, Hoffman et al.19 reported a size
independent modulus of 97 ( 18 GPa.

In addition to the variability in experimental findings, there
is a gap between computational predictions and experimental
observations. From molecular dynamics (MD) simulations,
a stress-induced transformation from wurtzite (WZ) phase
to a body-centered tetragonal (BCT) phase has been re-
ported.1 A different transformation from zinc blende (ZB)
cubic phase to WZ phase has been observed in the thermal
vapor deposition based growth of ZnO tetrapods,22 as the
crystal grows bigger. However, a stress-induced phase
transformation to BCT phase, as predicted by MD simula-
tions, has not been observed experimentally to date.

In our earlier work,17 we unambiguously characterized the
elastic properties of ZnO nanowires and identified size
dependence using a combined experimental-computational
approach. Our analysis revealed that the elastic modulus
decreases from ∼190 to 140 GPa, as the NW diameter
increases from 5 to 80 nm. In this work, we follow a similar
approach to investigate the failure behavior of ZnO NWs.
We report experimental results on the failure of ZnO NWs
under uniaxial tensile loading and compare them to atomistic
simulations. Experiments were performed on [0001] oriented
ZnO NWs ranging from 20 to 512 nm in diameter while
molecular dynamic (MD) simulations were performed on
NWs as large as 20 nm in diameter. The experimental and
computational results are compared and observed differences
are discussed from both computational and experimental
perspective.

The experiments were performed using a micro-electro-
mechanical system (MEMS)-based nanoscale-Material Test-
ing System (n-MTS).23-25 In the n-MTS, axial displacement
is applied using the thermal actuator on one side of the
mobile testing stage, and load is measured using a differential
capacitive-based load sensor on the other side (Figure 1a).
The protocol for mounting the NWs and conducting the
tensile tests was reported elsewhere.17 The main advantage
of this technique is that uniaxial tension is applied to the
NW in a displacement-controlled manner with the simulta-
neous measurement of applied loads and real time TEM
imaging. Figure 1b-e shows a series of images acquired
during the in situ TEM test of a ZnO NW, 55 nm in diameter.
As the sample was strained, a few regions on the NW showed
local bright-field contrast. At one of these regions, fracture

occurred, Figure 1c-e. The local changes observed in
contrast may be related to atomic distortions resulting from
stress concentrations. Figure 1d shows the sample just before
fracture and Figure 1e shows the remaining portion of the
sample after fracture. Several fringes are evident in the
bright-field image (Figure 1e). It is noteworthy that after
fracture, one-half of the NW disappeared and failed at the
weld also indicating that there might be an instability
associated with failure which will be discussed later. Figure
2a shows the combined stress-strain and load-displacement
plot for the NW. The stress-strain response was computed
from measured loads and displacements as follows. The
strains were computed using two independent methods: (i)
average strain by measuring the gap, between the shuttles,
from the TEM images, and (ii) local atomic strains from
selected area diffraction (SAD) patterns acquired during
loading (see ref 17 for further details). Average strains and
local atomic strains were in good agreement, ensuring that
no slippage occurred at the fixed ends of the welded NW.

Table 1. Summary of Elastic/Plastic Response of [0001] Oriented ZnO NWs Studied Experimentally
elastic properties fracture properties

method [ref]
Young’s

modulus (GPa)
size

dependence method [ref]
fracture

strain (%)
size

dependence
fracture

strength (GPa)

in situ dynamic resonance10 140-220 yes in situ SEM bending21 4-7% no 7.7-12.1a

AFM tension19 97 ( 18 no AFM tension19 5 ( 1.5% no 5.5 ( 1.4
microfabricated test bed20 21 ( 2 no piezoactuation20 5-15% yes 1.1-3.2a

n-MTS17 140-162 yes n-MTS (this work) 2.3-6.2% no 3.35-9.53
a Fracture strengths are calculated based on average fracture strains or Young’s modulus, whatever was reported in the literature.

Figure 1. (a) SEM micrograph of the MEMS-based n-MTS (inset:
a mounted NW on the test bed). (b-e) A sequence of TEM images
taken during the tensile testing of ZnO NW until fracture.
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