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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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For measurement of stresses, the loads were calculated from
the calibration of the load sensor and the cross-sectional areas
were calculated by measuring the dimensions of the fractured
surface from SEM images (as illustrated in Figure 2d,e). All

of these measured quantities (strains, loads, and cross-
sectional area) were then used to compute the stress-strain
response for each nanowire.

Figure 2b shows a TEM bright field image and the
corresponding selected area diffraction pattern (inset in
Figure 2b) for a ZnO NW prior to loading. The diffraction
pattern was indexed based on a hexagonal wurtzite cell with
lattice parameters a ) 3.25 Å and c ) 5.21 Å. The measured
lattice fringe spacing of 5.21 Å confirmed that the wires were
[0001] oriented. The perfect crystal lattice away from the
edge asserted that defects are less probable in the volume of
the NW. However, the waviness at the edge revealed that
some atoms were missing from the surface. These missing
atoms are likely to cause stress concentrations and initiate
failure. After fracture, the failed region was further analyzed
at high magnification to determine the fracture cleavage
plane. The HRTEM image, shown in Figure 2c, confirmed
that fracture occurred along the (0001) cleavage plane. Figure
2d shows the fracture surface, which appears mirror-smooth,
as expected in the case of brittle fracture. The outer
equivalent diameter, the tensile strength, and the fracture
strain measured for all the 25 tested samples are provided
in Supporting Information. In our experiments, the elastic
behavior showed size dependence.17 By contrast, fracture
strains did not show correlation with wire diameter. The
measured fracture strains ranged from 2.4-6%, which is in
agreement with the results reported by two earlier studies
(see Table 1). To understand the variation in fracture strength,
we applied a Weibull-type weakest-link probabilistic model
to verify if the observed variation can be associated with
the surface defects present in the nanowires. Classical
Weibull statistics26,27 assumes the probability of failure Pf

for a specimen of surface area A under uniaxial stress as

where σf is the failure strength, and σ0A is the characteristic
strengths relative to unit volume or surface area respectively,
and m is the Weibull modulus. The fracture strength as a
function of NW surface area is plotted in Figure 3a, which
shows a general trend that fracture strength of the NW
increases with decreasing surface area. The classical Weibull
statistics applied to this set of fracture strength data with
respect to the surface area is shown in Figure 3b, where
probabilities (Pf) are calculated as

where N is the total number of specimens tested and their
observed strengths σ1, σ2, σ3,...σN are ranked in ascending
order. The Weibull modulus is found to be m ) 7.4 and the
coefficient of correlation is ∼72%. This indicates that fracture
strength, to some extent, is associated with the surface area
of the nanowires. Typically, better correlation can be
achieved if the number of experiments is doubled. To further
understand the experimental findings and the effect of

Figure 2. (a) Stress-strain (red dotted line) and load-displacement
(black solid line) plot obtained experimentally for a 55 nm NW.
(b) TEM image showing surface defects (inset: diffraction pattern
conforming WZ structure and [0001] orientation. (c) HRTEM image
of the cleavage plane. (d) SEM image of the fractured surface. (e)
Schematic used to calculate the cross-sectional area (dimensions
are in nanometers).

Pf ) 1 - exp(-( σf

σ0A
)m

A) (1)

Pf(σi) )
i - 1/2

N
(2)
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defects, computational modeling of nanowires ranging from
5 to 20 nm in diameter was performed. Simulation results
are discussed next.

LAMMPS28,29 (Large-Scale Atomic/Molecular Massively
Parallel Simulator), developed at Sandia National Labora-
tories, was used to model [0001] oriented ZnO NWs with
diameters ranging from 5 to 20 nm. The short-range atomic
interactions were modeled with a Buckingham30 type po-
tential and long-range ionic interactions were computed based
on Wolf’s method.31 Further details on the computational
methodology can be found in ref 17. The defect-free
stress-strain response obtained computationally, as a func-
tion of wire diameter, is plotted in Figure 4. Similar to the
findings reported by Wang et al.,1 our simulations also predict
a stress-induced phase transformation from the wurtzite phase
to the body-centered tetragonal phase. The onset of the
transformation occurs at approximately 6.5% strain and the
transformed wire loads up to ∼17.5% before failing (Figure
4b) in a brittle manner. The transformation is accompanied
by a dramatic stress relaxation (from A to C in the
stress-strain plots, Figure 4). We observe that the transfor-
mation is not complete as reported earlier, but partial for
nanowires with larger diameter. The transformation happens
in two steps corresponding to two stress drops (from A to B
and from B to C, Figure 4). The first drop results in the
transformation of the atoms closer to [0110] surfaces. This
indicates that the phase transformation initiates at the surface,

progressing toward the center as strain is further increased.
To show the transformed phase, we have plotted the atomic
rearrangement in one of the (21j1j0) planes (yz-plane, as shown
schematically in Figure 5a) in the middle of the wire. Figure
5 panels b-d are snapshots of a section of (21j1j0) planes
taken at points A and C (see Figure 4) for 5, 10, and 20 nm
NWs, respectively. The shaded area reveals the 4-atom rings
of the transformed BCT phase and it is evident that the larger
wires retain WZ phase in some regions of the core. Analysis
of the same set of atoms, prior to failure at ∼17.5% strain,
also reveals the same atomic arrangement confirming that
no further transformation occurs in the second loading regime
between 8% (point C) and 17.5% strain (failure).

Several differences between experimental and MD
results, here reported, can be highlighted. (i) MD simula-
tions predict a stress-induced phase transformation, as
opposed to brittle failure (and no transformation) observed
in the experiments; and (ii) the fracture strain observed
in the experiments range from 2.4 to 6%, whereas the
simulations predict a transformation in the range 6.5-7.5%
strain followed by reloading and brittle failure at very high
strains of ∼17.5%. Key questions that need to be
considered to analyze these differences are (i) Can surface
defects account for the lower strains to fracture measured
experimentally? (ii) Is the loading stage capable of
following the abrupt stress drop associated to phase

Figure 3. (a) Failure stress plotted vs the surface area of the nanowires. (b) Plot of the Weibull statistics.

Figure 4. (a) Computationally obtained stress-strain response for pristine NWs ranging from 5.0 to 20.0 nm in diameter. (b) A 5.0 nm NW
at 17.6% strain revealing brittle fracture of the transformed NW.
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transformation or fracture? (iii) How accurate is the
Buckingham potential in predicting fracture?

Surface defects present in experimentally tested NWs
(Figure 2b) differentiate them from the pristine NWs
computationally modeled. These surface defects are regions
of stress concentrations that can lead to NW failure, as shown
in Figure 1c-e. Moreover given that phase transformation
is surface driven, it is likely to be affected by the presence
of defects. Therefore, to address this we modeled nanowires
with surface defects. As observed in the TEM images (Figure
2b), surface defects appear in the form of atomic waviness,
which can be mathematically approximated by a sinusoidal
function. Hence, the radius of the defective NW was
approximated by RNW ) R + A sin(2πλ/L), where R is the
nominal radius, L is the length of the NW, and A and λ are
parameters defining the characteristics of the defect. Physi-
cally, A is representative of the size of atomic undulations
observed via HRTEM and λ represents the density of such
undulations. For λ, we employed a value resulting in two
defects within the length of the periodic NW model. Two
values of A were considered, (i) A ) 2.5 Å (i.e., 5% of NW
radius) and (ii) A ) 5.0 Å (i.e., 10% of NW radius). These
defective NWs were then annealed and strained following
the same protocol as the one used for the defect-free NWs.
Figure 6a shows the atomic energies after annealing for a
10 nm NW without and with defects of amplitudes 2.5 and
5 Å. Figure 6c shows the stress-strain response for the three
configurations. Similar to the defect-free case, the defective
NWs also revealed a two phase loading; however, the overall
stresses to initiate the transformation and to initiate fracture
were reduced. For the case A ) 2.5 Å, the defect size was
too small to affect the linear elastic response of the nanowire.
However, for A ) 5 Å, a small plateau was observed at ∼4%
strain. Analysis of atomic configurations (Figure 6b) revealed
that the atoms closer to (0110) surface and corresponding

to the depth of the defect get transformed in this plateau
region.

These results reveal that surface defects reduce the average
nucleation stresses because of stress concentrations; however,
their presence did not inhibit the phase transformation
completely. The stress at which transformation is predicted
in the presence of defects lie in the range in which fracture
was observed experimentally, that is, 3 to 9 GPa. Therefore,
one would think that there might be some experimental
limitation, which does not allow for the observation of the
transformed phase in the experiments.

In our experimental technique, the thermal actuator is
displacement controlled. However, it is important to note
that for brittle materials, like ZnO, some instabilities might
arise particularly when the transformation (or fracture) is
about to happen. This is explained schematically in Figure
7. Figure 7a shows the initial configuration at 0% strain,
where a NW of length L is mounted on the device between
the thermal actuator and the load sensor. When the NW is
loaded by applying a displacement da to the thermal actuator,
the strain induced in the NW is given by, ε ) (d a- ds)/L.
Here, ds is the deflection of the load sensor shuttle due to
the force transmitted through the NW (FNW). If the load
sensor shuttle is suspended by the folded beams with
effective stiffness, k, then the load in the NW is measured
as FNW ) Fs ) kds. This stable condition (Figure 7b) is
maintained as long as the NW is in the elastic regime (up to
point A, in Figure 4). In the event of a phase transformation,
as predicted by MD simulations, there is a dramatic drop in
force (or stress) in the NW (point C, in Figure 4). This
implies that the force transmitted to the load sensor, Fs, drops
almost to zero. As a result, ds also tends to zero suddenly
bringing the load sensor shuttle to its initial configuration
(c). Therefore, a quasi-static compatible deformation in the
NW does not occur and unloading waves are generated. We

Figure 5. (a) An atomistic model of a NW (blue, Zn; red, O). A section of the yz-plane is schematically highlighted which is shown in
(b-d) for revealing the extent of phase transformation; (b) 5 nm; (c) 10 nm; (d) 20 nm wires at points A and C of the stress-strain
response. The region shaded in yellow represents the transformed BCT phase.
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hypothesize that the dynamics of the load sensor generates
unloading stress waves in the NW leading to its fracture.

This necessitates the development of an improved electro-
mechanical system capable of maintaining quasi-static load-
ing conditions throughout the tensile test.

In addition to this experimental limitation, the validity of
the Buckingham potential in predicting phase transition and
fracture needs to be assessed by means of first principle
calculations. The two-body pairwise nature of Buckingham
type potential might not be precise enough to capture the
complex phenomena of fracture (or phase transformation),
which involves bond rotation, bond breaking, and bond
formation. Earlier, first principle studies using density
functional theory (DFT) performed on bulk crystals calcu-
lated the enthalpy of WZ and BCT phases as a function of
applied stresses.32 It was revealed that BCT phase has lower
energy beyond certain stress and therefore, a likelihood of
the transformation was asserted. However, these earlier
studies had two major limitations, (i) the surface effect was
not modeled, which is relevant in case of nanowires,
particularly, because MD reveals that the transformation
initiates at the surface, and (ii) the enthalpy of BCT phase
was shown to be lower as compared to WZ phase beyond
certain stresses, but an energy barrier was never calculated
to confirm that the phase transformation is energetically
feasible. Preliminary DFT calculations performed on defect-
free NWs, with periodicity and a length of 2 unit cells,
suggest that the NWs can be deformed elastically to strains
as high as 20%. The DFT reveals similar WZ-BCT phase
transformation, but only prior to fracture. The effects of unit
cell size and surface atomic defects (waviness) on the DFT
predictions need to be assessed. These issues are under
investigation and will be discussed in a future publication.33

Figure 6. (a) Three configurations of 10 nm diameter NW with increasing defect size after annealing. Atomic energies are plotted. (b) A section
of yz-plane shown at increasing strains to reveal the transformation process. (c) Stress-strain response for the three configurations

Figure 7. (a) Schematic of the n-MTS showing initial configuration
when NW is not loaded; (b) configuration when the wire is loaded
prior to transformation or failure - forces are balanced; (c) at the
point of transformation (or failure) due to sudden stress relaxation
(or drop in force), the load sensor relapses whereas thermal actuator
retains its earlier position resulting in a very high strain.
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In summary, this work has experimentally identified the
fracture properties of ZnO NWs in uniaxial tension. Fracture
stresses as high as 9.53 GPa and failure strains of 6.2% were
measured. These strains are about 5 times those exhibited
by the material in bulk or thin film form. This finding
highlights the advantage of using NWs in piezoelectric
nanodevices because voltage induced by mechanical defor-
mation is proportional to the maximum achievable strain.
MD simulations with the Buckingham potential revealed that
surface defects can significantly lower the maximum average
stress prior to failure. A major drop in stress is also predicted
at strains of ∼6.5%, which is consistent with the experimental
findings. However, the MD simulations predict a phase
transformation, which has not been observed experimentally.
This motivates the need for developing more advanced
experimental protocols to avoid instabilities and for the use
of DFT-based quantum mechanical studies to verify the
predictive capabilities of the Buckingham potential.
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