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PREFACE

The thesis belongs to the field of nanotechnology and is dedicated to investi-
gation of mechanical and tribological properties of 1D nanostructures (1DNS)
by advanced experimental techniques supported by finite element method (FEM)
simulations and analytical calculations.

IDNS such as nanowires, nanotubes, nanofibers etc. are among the most
important materials in modern science and have number of promising appli-
cations including nanowaveguides, sensors, nanoelectromechanical systems
(NEMS) based on a single 1DNS and many others. Applications often involve
deformation and movement of the 1DNS, therefore understanding of mechanics
and tribology of such systems is essential for reliable operation of 1DNS-based
devices. It is known that properties of the nanoscale materials are often superior
in comparison to their bulk counterparts. At the same time situation is compli-
cated by the fact that those properties depend on the size and geometry of the
nanostructures. Moreover, there are number of serious challenges related to the
characterization and manipulation of the nanoscale objects.

The ultimate goal of the present study is the development of the appropriate
experimental methods and corresponding models for advanced characterization
of mechanical and tribological properties of individual IDNS.

Experimental characterizations of 1DNS covered in this thesis are based on
the in situ nanomanipulaton technique inside a scanning electron microscope as
well as the atomic force microscope based measurements. All experiments are
strongly supported by analytical calculations and FEM simulations for revealing
physical phenomena, which otherwise would be difficult to obtain analytically.

The thesis is divided into 5 chapters. In the first chapter, a brief introduction
to the mechanical characterization of individual 1DNS is given. A number of
expected benefits of 1D nanostructures are discussed as well as the problems
and challenges related to the study and applications of such structures. The
cantilevered bending, 3PB and nanoindentation techniques are discussed and
their applicability in the nanoscale is revealed. In the second part the tribo-
logical behavior of 1DNS is discussed and a number of methods for studying
the frictional behavior are shown. The third part deals with the applicability of
the finite element method for the analysis of the mechanical and tribological
behavior of 1DNS. The forth part, consisting of obtained results and discussion,
can be divided into three subsections. Two of those are related to the experi-
mental measurements conducted with the AFM (atomic force microscope) and
in situ nanomanipulation technique. The third subsection covers all the FEM
simulations related to the experiments performed in the two subsections.
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1. INTRODUCTION

1.1. One-dimensional nanostructures

It is known that properties of nanoscale materials can be very different in com-
parison to their 3D counterparts [1]. Moreover, those properties often depend of
size and geometry of the nanostructures. This is conditioned by the several
factors including high surface-to-volume ratio and quantum confinement
effects. The first reason (surface effect) is related to the fact that atoms of a few
outer layers have different properties (higher free energy, higher packing
density, increased stiffness etc) in comparison to bulk atoms. The smaller the
structure the higher is the contribution of surface atoms in its properties. The
second (quantum) effect arises when dimensions of the structure become com-
parable with the length scale of different physical phenomena such as electron
free path, phonon free path, Bohr exciton radius etc. Important advantage of
nanostructures is that some of the materials parameters, like e.g. stiffness or
thermal conductivity, can be independently controlled and even nanostructures
made of the same material may possess dissimilar properties due to differences
in their crystal phase, crystalline size, surface conditions, and aspect ratios.

Modern chemical and physical synthesis techniques provide great control
over the size, shape and composition of nanostructures allowing to produce
structures with high aspect ratio — so called one-dimensional nanostructures like
nanowires, nanotubes, nanofibers etc. Being nanoscale in two dimensions 1DNS
have most of the beneficial properties nanostructures in general including
increased surface area, enhanced exciton binding energy, diameter-dependent
band gap, increased surface scattering for electrons and phonons, and other
peculiarities [2]. At the same time the length of such structures can achieve even
few millimeters [3]making them unique class of materials that bridge nano-
scopic and macroscopic scales. For instance, in contrast to other low dimen-
sional systems, IDNS have two quantum confined directions, while still leaving
one unconfined direction for electrical conduction, allowing applications where
electrical conduction, rather than tunneling transport, is required.

IDNS can be made from a wide range of materials, and can be metallic,
semiconducting or insulating. Due to unique characteristics 1DNS have number
of promising applications including interconnects in nanoelectronics, wave-
guides in nanophotonics and plasmonics, nanorelays and nanoswitches, nano-
sensors, nanogenerators etc [4].

The before mentioned can give rise to a number of interesting mechanical,
chemical, elecromagnetical and optical properties of IDNS which differ from
the same material properties of bulk structures. These properties and small size
are one of the reasons, why 1DNS have a huge potential in different appli-
cations and mechanisms, including field effect transistors, light emitting diodes,
nanolasers, solar cells, chemical and biological sensors etc.

Even more interesting properties can be obtained by combining different
materials in a single 1D core/shell type heterostructure. In comparison to homo-
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genious nanomaterials, heterostructures not only have richer chemical com-
positions and morphologies, but also may display strongly improved functio-
nalities and can be tailored to meet complex technological needs in electronics,
photonics, catalysis, sensing, optoelectronics, electrochemical, and mechanical
devices. E.g. coating can strongly enhance optical properties of metallic NWs
enabling applications in high-efficiency solar cells and realization of LED
devices based on single 1DNS [5,6,7].

1.2. Mechanical characterization of 1D nanostructures

In numerous applications 1DNS are subjected to mechanical stresses. E.g. in
flexible electrodes, as well as in various nanoelectromechanical systems (NEMS)
like nanorelays, nanoswitches [8] and nanoresonators [9], IDNS should withstand
numerous repetitive deformations. In nanophotonics large bending deformations
of nanofiber is often required to guide the light in desired direction. Defects or
discontinuities such as cracks introduced by bending affect surface plasmon
resonance and light propagation in waveguides [10,11]. As many other properties,
mechanical properties of IDNS can differ drastically from macroscopic analogs.
Starting from exceptional strength [12] to more exotic phenomena like
unexpected plasticity of covalent materials at the nanoscale [13]. Mechanical
properties of 1DNS can be modified further by coating with different materials.
Theoretical studies predicted number of interesting effects on mechanical
properties due to composite structure. For example, Aifantis demonstrated that
the presence of the interface between the core and the shell influences
significantly the overall plastic response of a NW during loading [14]. Liu et al
found nonlinear dependence of Young modulus on composition and attributed
effect to the different components and the different strains in the interfaces
between the cores and the shells. [15]. However, explanation of some observed
effects could not be directly derived from available theoretical models. There-
fore, a deeper understanding and control over elasticity, plasticity, fatigue and
fracture of 1DNS, as well as further elaboration of existing models, is essential
for performance and reliability of devices based on 1DNS.

Manipulation and characterization of individual nanostructures is not a
trivial task. The small size of nanostructures give raise to serious challenges
related to probing of their properties. High aspect ratio of 1DNS facilitates
manipulation of such structures and gives more flexibility in conduction of
experiments with individual objects in comparison to nanoparticles (0D) or
nanofilms (2D). Therefore, IDNS are attractive not only from the viewpoint of
applications, but also as more convenient test objects for investigation of the
nanoscale phenomena.

There are number of different techniques have been proposed and applied for
mechanical characterization of 1DNS. The most common include three-point
bending (3PB), tensile test, cantilever beam bending and nanoindentation
technique. Short description of the listed methods is provided below.
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1.2.1. Nanoindentation

The nanoindentation experiment consists of primarily six different components,
which are paramount in conduction a proper indentation test. The test material,
the precise sensors and actuators used for applying and measuring the
mechanical response of the material and both the indenter displacement and the
geometry of the indenter tip are the most critical components of the indentation
system. Typically the indentation tip is made out of diamond, which has really
sharp geometry, is symmetric and without defects. Also other tips may be used,
but the choice of tip depends on the studied material. A nanoindentation experi-
ments consists of two stages, the tip is approached to the surface and then again
retracted. During this procedure, the indentation tip is pressed against the studied
material and as a result, an upward force acts on the tip. The displacement of the
tip can be converted into force, so as a result, a force-displacement curve is
obtained. The force-displacement curve for different materials typically varies.
This is due to the variation of the mechanical properties of the studied materials.
[16] The nanoindentation test can be used for studying the plasticity of nano-
structures [17], the measurement of the elastic modulus of thin films [18] and
even the viscous properties of materials [19].

1.2.2. Cantilevered beam bending technique

The cantilevered beam bending technique is based on the bending of a prismatic
beam from one end, while the other end is fixed. There are number factors that
should be considered for efficient application of the technique. The most critical
of them is the proper knowledge of the geometrical parameters of the beam. As
we are dealing with beams in the nanoscale, the precision of the measurement
of the geometric properties is crucial. Even a slight error can affect the overall
accuracy of the method. Secondly, the clamping of the structure must be
sufficient for being able to bear loads in the order of hundreds of nN up to
several uN. Thirdly, the point of application of the external force must be
controlled with high accuracy, so the need for high precision nanomanipulators
is a necessity. The cantilevered beam bending technique has been used for
studying mechanical properties of different IDNS. Gordon et al. [20] measured
the elastic modulus and fracture strength of as-grown Si [111] NWs with an
AFM based multi-point cantilevered beam bending technique. He was able to
reveal an increase of the Young’s modulus and fracture strength with decreasing
diameter of the NWs. The fracture strength of ZnO NWs was shown to increase
by 2-3 orders of magnitude (from MPa to GPa). Polyakov et al. Manoharan et
al [21] studied the elastic modulus of vapor-liquid-solid grown ZnO NWs. An
AFM cantilever was used for bending the cantilevered NW and taking SEM
micrographs during the bending experiment, both the deflection of the AFM
cantilever and the NW can be visualized. Knowing the stiffness of the AFM
cantilever, one is able to calculate the force acting on the NW and using the
elastic beam theory is able to calculate the Young’s modulus. The measured

14



values of Young’s moduli ranged from 35 GPa to 44 GPa, for NWs with dia-
meters in the range of 350-750 nm.

1.2.3. Three point bending technique

A typical 3PB experimental setup consists of a prismatic rod being deflected
from the middle point while lying over a trench or a hole on the substrate. The
studied beam can be either free or fixed from the sides, depending on the
experimental configuration. During the deflection of the middle point, the
corresponding force is registered with a force sensor. In the AFM based con-
figuration the sensing element is the AFM cantilever, which is used also for
imaging of the prismatic rod. The experimental configuration is quite versatile,
but one should always consider the studied materials. If for example, the studied
structure is larger and stiffer than the used cantilever, one will only measure the
deformation of the cantilever and AFM tip and as a result, no information about
the studied structure can be gained. Also, the hardness of the cantilever must be
larger than the studied material, otherwise a similar effect will happen as
mentioned before. But if all parameters are chosen correctly, one is able to
perform 3PB experiments on nanomaterials. Such technique was used by Zhang
et al. [22], who measured the Young’s modulus of LaBs NWs. He was able to
show, that the measured elastic modulus of single crystal LaBs was larger than
the sintered polycrystalline LaBs. He also measured the hardness of the NWs
and showed that it was higher than single crystal LaBs and tungsten metals. In a
related work using the AFM based 3PB technique, Corrales et al. [23]
characterized sintered silica fibers with and without voids of sizes 60 nm or
260 nm. He showed that voids can be used as means to control the mechanical
stiffness and fracture properties of the studied silica fibers. The breaking of the
fibers was related to the cavitation.

1.2.4. Tensile test

The tensile test is one of the most used methods for measuring the mechanical
properties of many macroscopic materials. The typical setup consists of a
prismatic rod, which is fixed from both ends and an axial load is applied to
induce deformation. The resulting force-deflection curve can be used for
describing the mechanical response of the studied material. The Young’s
modulus as well as the plastic yield values can be measured with the technique.
The method has also been shown to be applicable in measuring the mechanical
properties of individual nanostructures. Xu. et al. [24] performed the tensile test
on ZnO NWs clamped between a AFM cantilever and a tip attached to a
nanomanipulator. He was able to measure the elastic modulus of seven NWs
having diameters from 20 nm to 80 nm. The obtained Young’s modulus values
were in range of 140 GPa to 170 GPa and was able to show, that the elastic
modulus is size dependent. In another work conducted by Fu. et al [25], he
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manipulated carbon nanotubes clamped between two AFM tips in SEM with a
nanomanipulator and was able to show, that it is possible to induce bending,
kinking and breaking of nanotubes.

1.2.5. Peculiarities of nanomechanical characterization

As the forces due to the small size of the nanostructures is in the range of a few
nN to uN, the standard methods applied typically in the mechanical testing of
engineering materials are not applicable, as they do not possess the required
sensitivity. As a consequence, extremely fine measurement techniques and
sensors must be applied. The most common approach to nanomechanical
characterization is based on atomic force microscope (AFM), where a small
cantilever deformation can be detected by means of an optical feedback system.
The AFM tip itself can act as one of such force sensors. Other means involve
the electromechanical devices such as the QTF (quartz tuning fork), where the
mechanical response is determined by means of the change in the oscillating
parameters of the system.

Visualization of the measured 1DNS can be accomplished by means of
applying different microscopy techniques. Nanostructures of interest can be
visualized by AFM. However, AFM have disadvantage of being unable to
perform measurements and obtain image at the same time, which means, that
the behavior of 1DNS under deformation and events like e.g. crack formation
and propagation cannot be observed in real time. The image can be taken only
before and after the mechanical testing. It also makes AFM-based techniques
time-consuming. However, due to high precision and accuracy AFM is still the
most common tool for nanomechanical characterization of 1DNS.

Some of the shortcomings of the AFM can be overcome by combining it
with scanning or transmission electron microscopes (SEM and TEM). This is
realized by equipping an electron microscope with a nanopositioner and force
sensor. Such in situ nanomanipulation and measurements techniques enable fast
and real time visualization of the measurement procedure. However, there are
also certain shortcomings related to the use of e-beam radiation. Firstly, the
studied 1DNS are being constantly bombarded by electrons, which might affect
the studied objects by damaging or changing the structure. Secondly, for longer
exposure times or in the presence of hydrocarbons the structure of interest can
be contaminated by e-beam induced carbon deposition. Moreover, in situ
techniques are suitable only for conductive or semiconducting materials to
avoid charging induced by incident beam.

It should be noted that the interpretation of the results is another difficult
task in measuring and characterizing IDNS. In the nanoscale, there are a number
of factors, which might influence the correct interpretation of the measurements.
For example, when the studied 1DNS are too thin, than the surface under the
nanostructure can affect the measurement directly by seemingly making the
material stiffer. This is called the “anvil effect.” and it has been noticed in the
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measurements of thin films etc. [26]. Additionally in nanoindentation and 3PB
experiments, the deformation of the AFM tip is not taken into account, as it is
assumed, that the stiffness of the tip is higher, than that of the studied materials.
There are also number of technical aspects and human factors that increase the
scattering and uncertainty of the results.

1.3. Tribological characterization of 1D nanostructures

In addition to mechanical properties, another crucial parameter for the mani-
pulation and assembly of IDNS-based system is the friction between 1DNS and
substrate.

Friction is one of the oldest and most important subjects both from practical
and fundamental points of view. The main laws of friction were formulated
already by da Vinci and Amonton. Since then we know, that friction is pro-
portional to normal load and is independent of apparent contact area. However
in recent years it was found that for description of nanoscale systems classical
laws of friction cannot be applied. [27] One of the reasons is related to real
contact area. When two macroscopic bodies are brought into contact they will
contact only in the place of certain asperities, and real contact area will be many
orders of magnitude smaller than apparent. If external load is applied pushing
bodies towards each other, then contacting asperities will deform and real
contact area will increase. Therefore actually friction is directly related to the
contact area. For the nanoscale system the size of the objects is comparable or
even smaller than the size of a single asperity, so that we can have systems
where apparent and real contact areas can be the same or very similar. Gravity
and inertia are negligible at such scales and surface forces dominate. Therefore,
tribological behavior of single nanostructures will be very different from our
everyday experience. Examples include, but not limited to huge difference
between static and kinetic friction, dependence of friction on time in contact,
temperature, applied electric potential, on direction of motion, absence of
friction for in-commensurate systems, etc.

IDNS is one of the most convenient test objects to study the nanoscale
friction as it can be used without external force sensors. The system consists of
1DNS on top of a flat substrate and a nanomanipulator. When 1DNS is dragged
on the surface in its midpoint it bends into an arc. The radius of curvature is
determined by the interplay between elastic restoration forces in 1DNS and
1DNS/substrate friction. If stiffness of the 1DNS in known, then friction can be
easily extracted from the profile of the 1DNS. Such approach, however,
requires visual guidance to register the profile of IDNS during manipulation.

Different physical properties can be studied by such a setup like adhesion
and friction between NW and surface. Despite the simple approach, this setup
can relate to many realistic applications. Several studies of such a configuration
with a variety of NWs have been performed in the last decades.
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For example, Roy, et al. [28] applied the visually guided nanomanipulation
method for studying the kinetic friction between ZnO NWs and surfaces of SiO,
and SiN. He showed that the difference in frictional stress might be caused by
the different Hamaker constants of the materials and the varying surface
roughness of the substrate.

In another study, the static friction force between a silicon NW and elasto-
meric substrates were measured by Qin et al. [29] He was able to use the most
bent state of a NW lying on the flat substrate and show, that if the elastomeric
substrate (poly-dimetylsiloxane (PDMS)) is treated by ultraviolet radiation and
ozone, an initial increase in static friction is directly followed by an decrease.
The time-dependent effect was due to the hydrophobic recovery of PDMS
surface.

1.4. Finite element method simulations for mechanical and
tribological characterization of 1D nanostructures

In the last few decades the focus from the theoretical and experimental physics
has moved a lot further to the computational and simulation based physics. This
is largely due to the rise of the computational power of computers and the
amount of advanced modeling methods developed for different physical
problems. Those methods include such as Ab-Initio [30], Discrete Dislocation
Dynamics [31], Finite Element Method (FEM) [32,33] and Molecular Dynamics
[34,35,36]. Most of them can be used for simulating both the mechanical and
tribological problems of different materials and interfaces. The most classical
techniques of those are the MD (molecular dynamics) [37] and FEM methods
[38,39]. The MD approach is an atomistic approach, where atomic nuclei are
represented as point masses and classical Newtonian mechanics are used for the
interaction between the nuclei. [40,41] As real nanoscale contacts and objects
consist of a huge number of atoms, the computational power required for
solving the Newtonian equations and the time consumed are also large. So for
simulating nanoscale interactions, MD is not the best method. Alternatively,
FEM has shown to be relatively fast and comprehensive method for simulating
mechanical properties and interfacial effects at the nanoscale. Using the purely
continuum or atomistic simulations have shown a number of difficulties, as they
cannot be completely linked to the realistic experiments. But they are able to
give some insight into the studied problems.

The finite element method is a numerical analysis technique designed to
obtain an approximate solution to any number of partial differential equations
governing the laws of physics for space- and time-dependent problems. For
many such problems, the partial differential equations cannot be solved by
analytical methods and instead, the equations can be generated so, that they are
based on several types of discretization. The methods enable one to approxi-
mate the partial differential equations with numerical equations, which give an
approximate solution to the partial differential equations. Typically the studied
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problem is divided into small elements for which a set of equations is defined
and solved numerically. Several solver algorithms can also be applied for
obtaining a solution, which depends on the set problem, direct or iterative.

Several FEM based studies for simulating the mechanical response of
nanostructures have been conducted in the last decade. For example, Yvonett et
al [42] studied the size-dependent mechanical properties of nanowires by FEM
taking into consideration the free surface effects. He was able to show, that both
FEM and ab-initio method gave relatively comparable results for the size
dependence of Young’s modulus and for the residual axial and radial strain. The
method was also applied for calculating the stiffness of a NW in complex
bending configuration and a direct dependence on the diameter of the NW was
shown. A novel plaue diffraction based method in combination with FEM
modeling was conducted by Leclere et al. [43], who studied single-crystalline
Au NWs by AFM based 3PB technique. During the bending test, the pulLaue
diffraction patterns were recorded and the bending angle was measured. The
experimental bending was compared to a FEM simulation, which revealed
stresses present in the NW twice as high as the elastic limit of Au. These are
just some of the experiments conducted on NWs, where FEM is used for
revealing internal stresses and mechanical properties of nanostructures.

FEM has also been applied for characterizing different tribological pheno-
menon both in the micro-[44] and nanoscale [45]. Xie et al.[46] employed FEM
simulations for the analysis of non-uniform distribution of kinetic friction
between Al,O; NWs and silicon having a number of complex surface textures.
As a result, the friction force per unit effective contact length could be
calculated and it was shown, that friction force per unit length is proportional to
the effective contact area between NW and substrate.
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2. AIMS OF THE STUDY

The ultimate goal of the present study consist in the development of the
appropriate experimental methods and corresponding models for advanced
characterization of mechanical and tribological properties of individual 1D
nanostructures. To achieve this goal a number of objectives were set, which
consist of both experimental and theoretical parts. Main objectives are listed
below.

e To elaborate more realistic analytical and FEM-based models of stress
distribution between elastically bent IDNW and flat substrate.

e To create FEM model of composite core-shell NW consisting of elastic core
and viscous shell for simulation of its behavior in bending test.

e To find appropriate experimental method and appropriate FEM model for
mechanical characterization of tubular 1DNS with thick walls.
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3. RESULTS AND DISCUSSION

3.1. In situ nanomanipulation experiments inside
scanning electron microscope for mechanical
characterization of 1D nanostructures

3.1.1. Experimental setup

All experiments were conducted inside a scanning electron microscope (SEM,
(Tescan VEGA 11 SPU and FEI Helios Nanolab 600)) via the in situ nano-
manipulation (Smaract nanomanipulator, Kleindiek micromanipulator) method
or with an atomic force microscope (AFM) (Bruker Dimension Edge). The
nanomanipulation setup can be seen in Figure 1.

Figure 1. (left) SmarAct nanomanipulator. (right) Nanomanipulator with QTF force
sensor inside SEM.

Most of the cantilevered bending experiments were conducted inside SEM and
all the 3PB and nanoindentation experiments were conducted using the AFM.
The forces in the cantilevered beam bending experiments were measured by a
homemade force sensor. The sensor consisted of a quartz tuning fork (QTF)
with a sharp tip glued to one prong. The same configuration has been used as a
sensitive element in scanning probe microscopy to control the gap between the
sharp tip and the substrate [47,48,49]. The general idea of this type of force
detection with QTF is the enormous sensitivity of the oscillations to acting
force. For a previously calibrated force sensor the acting force can directly be
calculated from change in the oscillations. [26] A QTF can be used in both
modes- the amplitude modulation (AM) or frequency modulation (FM). In AM
mode the QTF is running in constant excitation mode on the natural resonant
frequency and the deviation of the amplitude is detected and applied to calculate
the change in force operating on the QTF. In FM mode the deviation of natural
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resonance frequency is detected by changing the acting load. The last method is
more complicated and a further need for complex equipment is in order in
comparison to the AM mode. This is due to the fact, that the system requires
constant feedback to see the change in resonant frequency of the QTF and to
hold the oscillating amplitude constant. Depending on how the sharp tip is
attached to the QTF, it is able to oscillate in both normal and shear mode. In the
normal mode the resonator oscillates perpendicularly to the surface and in shear
mode, the QTF oscillates parallel, as can be seen in Figure 2.

Figure 2. Normal (left) and shear (right) modes of the QTF force sensor.

To conclude, the combination of a high Q-factor resonator (>1000 for QTF)
attached to a precise nanomanipulation platform positioned inside a SEM
enables one to manipulate nanostructures and measure forces in the nN range in
real time, which has a huge advantage over the AFM based manipulation method.

But still, in some cases the AFM based mechanical characterization can be
quite useful. In the 3PB configuration, a smooth force-displacement curve can
be obtained with AFM, which would be impossible with the QTF based
manipulation method, because in the latter case, the tip is in constant motion
and no stable contact between tip and NW can be established. This is a problem
for pentagonal NWs, where the sharp apex is pointing upwards so slippage of
the tip is simpler. There is a higher risk of the QTF sensor touching the surface
of the substrate as well, as the etched holes may have depth in the range of the
oscillating amplitude of the QTF.

3.1.2. Experiments

3.1.2.1. Manipulation of ZnO NWs for calculating
static friction force distribution

The manipulation experiments were conducted on ZnO NWs, which were fabri-
cated by the vapour transport method (VTM) [50] and the obtained structures
had a well-defined geometry, with characteristically flat facets [51] and good
mechanical strength for performing successful experiments. The ZnO NWs had
length from 10 to 20 pm and diameter from 60 to 200 nm. The manipulations
were performed inside the Tescan VEGA II SEM with contact AFM cantilever
attached to the SmarAct SLC-1720-S nanomanipulator. The mechanical transfer
method was applied for moving the NWs from the VTM substrate to the flat
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silicon surface. A more detailed description of the experimental setup can be
found in [52]. For manipulating a single ZnO NW on the silicon substrate, the
following procedure was applied. The sample was visualized in SEM and
proper ZnO NWs with suitable aspect rations, from 30 to 60, were chosen for
manipulation experiments. NWs with such aspect ratios can easily be bent into
complex shapes, as for smaller aspect ratio NWs the elastic forces are able to
overcome the static friction and only trivial shapes (arc-shape) can be gained.
After finding the suitable NW fitting the desired parameters, they were mani-
pulated with the AFM tip into complex shapes. After removing the tip from the
NW, the NW stays in the shape, it was manipulated in. This is due to the
equilibrium between the elastic and static friction force. A number of different
NWs were manipulated into different complex shapes and the static friction
between the NWs and the silicon surface was calculated.

Firstly, there are a number of parameters necessary for applying the elastic
beam theory for calculating the static friction distribution between the NW and
substrate. One needs knowledge of the geometrical parameters, like diameter
and length. Additionally, the elastic modulus must also be known. These para-
meters directly affect the interfacial forces acting at the surface of the NW and
thus influence the mechanical performance of the NWs. The cross-section of the
ZnO NWs in the manipulation experiment performed is hexagonal [53]. Elastic
modulus of 58 GPa was chosen for the static friction calculation, as was measured
in an earlier work [44]. Secondly, the proper skeletonization procedure must be
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Figure 3. Static friction (a). Elastic energy (b). The total elastic energy in the bent NW
is 0.14pJ.
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carried out for extraction of the centerline of the NW for obtaining the local
curvature distribution function. And finally, the static friction force distribution
and the elastic energy distribution were calculated, as can be seen in Figure 3.,
if the local curvature distribution function is known. All the details related to
the application of the elastic beam theory and additional details can be found in
[54].

3.1.2.2. Manipulation of SiO, nanotubes

Si0, nanotubes were fabricated from Ag/SiO, core-shell NWs. Those core-shell
NWs were produced by covering silver NWs with a SiO, layer by applying the
sol-gel method. [55,56,57]. The resulting SiO, NTs are expected to have an
amorphous structure. [58]. To obtain the empty shells, nitric acid was applied
for etching the silver core. Then, the NTs were deposited via liquid droplet onto
an AFM calibration grating where they dried for approx. a few minutes and
were washed afterwards with deionized water.

The friction force between the NT (nanotube) and silicon surface was suffi-
cient to hold the adhered section of the NT fixed during the bending experi-
ments. The cantilever beam bending technique [59,60] described in experi-
mental section was applied to half-suspended NTs. The shear mode of the QTF
force sensor was applied in all the bending experiments. After concluding all
the experiments the final sample was viewed under the HRSEM (high
resolution scanning electron microscope) for measuring the outer and inner radii
of each individual SiO, NTs studied in the cantilevered beam bending
experiment. A typical SEM micrograph of a bent NT can be seen in Figure 4.

Figure 4. A scanning electron micrograph of a SiO, nanotube being bent by an AFM tip.
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In total the cantilever beam bending technique was applied on 12 SiO, NTs and
the measured value of the elastic modulus was fitted to the experimental force—
distance curves obtained by the QTF by using the elastic beam theory. The
measured average value of the elastic modulus was 24.5 + 11.1 GPa.

3.1.2.3. Manipulation of Ag-SiO, core-shell nanowires

For studying the mechanical properties of individual Ag-SiO, core-shell NWs,
the in situ SEM cantilevered beam bending test was applied. The NWs were
deposited onto a transmission electron microscope (TEM) grid (Agar, UK) from
methanol solution. The mechanical response was studied for two kinds of core-
shell NWs, one having a “thick” and other having a “thin” shell. The “thick”
and the “thin” structures had a shell thickness of 34+6 nm and 10+5 nm,
respectively. For the “thick-shelled” core-shells an interesting effect of electron
beam induced shape restoration was observed. If the structure was bent and the
external force was removed rapidly, the structure restored its initial profile
within minutes. If the beam was turned off, the restoration stopped and NW was
“frozen” and as soon the beam was turned on again, the restoration continued
from the last position. The latter was not seen for “thin-shelled” NWs. The
restoration effect can be viewed a restoration of a viscoelastic material. [61]
Experiments were conducted on nine Ag-SiO, core shell NWs and it was found,
that full restoration takes place only, if the maximal bending curvature does not
exceed 0.4 pm .

An additional effect related to the mechanical properties of the core-shell
structures was the high fracture resistance. For many of the NWs the maximal
curvature reachable, before fracture, was approx. 2.1 um™', resulting in a loop
configuration, as can be seen in Figure 5.

Figure 5. SEM micrograph of a Ag-SiO, core-shell NW bent to a high degree and
showing high fracture resistance.
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Such high fracture resistance was not observed for pure Ag NWs. [60], where
typically the NWs were deformed plastically or were broken. The maximal
mechanical stress in the Ag core of the core-shell NWs were estimated using the
maximal bending curvature without fracture and it was shown, that the bending
stresses can reach values of up to 15 GPa, which is almost twice as high as was
measured for Ag NWs (8.5GPa).

The experimental conditions were simulated using the FEM and the mecha-
nisms behind the shape restoration and fracture resistance were proposed. The
details and results of the FEM simulations are presented in section 3.3.2.

3.1.2.4. Nanodumbbell formation on a flat surface by melting

The formation and tribological properties of Ag NDs produced by laser pro-
cessing of corresponding metal NWs on oxidized silicon surface were studied.
Nanodumbbells were formed on a Si substrate by laser irradiation. As the
NWs were irradiated, the energy of the laser light is absorbed and ends of NWs
start melting and form a liquid droplet, which starts to grow in volume and will
simultaneously move towards the center of the NW. As a result, the surface
tension of the liquid Ag tries to minimize the surface area and forms a spherical
droplet. The temperature in the middle part of the Ag NW is lower than the
melting temperature and the internal crystalline structure is kept in tack. If now
the structure would cool, the central part acts as a crystallization center and as a
result, the molten ends will crystalize epitaxially, as defined by the central part.
After the NW has solidified, there is elastic stress acting inside the NW due to
the upward bending induced by the bulbs, trying to straighten the central part
still attached to the surface. Also the axial stress induced by thermal contraction
is acting in the system. If now the adhesion force in the central part between the
NW and substrate is smaller than the elastic restoration force, the NW will be

Figure 6. SEM micrograph of nanodumb-bells.
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detached from the surface and will rest on the bulbs. The latter is confirmed in
many cases by SEM observations, as can be seen in Figure 6. Exact mechanism
of NWs complete detachment is rather complex and requires advanced com-
puter simulations [62, 63]

For estimating the stresses induced by the solidified end bulbs, FEM simu-
lations were conducted for two different types of configurations.

3.2. AFM based mechanical characterization
of 1D nanostructures

3.2.1. Experimental setup

The mechanical characterization was performed with an atomic force microscope
(AFM, Bruker Dimension Edge) under ambient conditions. In the AFM measure-
ments, the built in optical microscope was employed for finding the correct
positions of the Au NWs and plates previously visualized with HR-SEM. The
NWs and NPs were visualized in the tapping regime (typically 10*10 um® or
30*30 um’®) of the AFM and after finding the proper nanoparticle a zoomed
image (~3*3 um?) was obtained. The high-zoom image enables to position the
AFM tip with a higher accuracy necessary for obtaining the correct force-
displacement curves. The built-in software was then used for obtaining the
force-displacement curves by pushing both the NWs and NPs downward at the
overhanging site. After the mechanical testing experiments the AFM cantilever
was characterized in the HR-SEM for obtaining all the geometrical parameters
(tip radius, length, width, thickness) necessary for calculating the normal
stiffness. For obtaining the sensitivity of the AFM cantilever a force-displace-
ment curve was measured on the hard silicon substrate. This knowledge enables
the decoupling of the raw AFM data into the corresponding displacement of the
AFM tip and the Au NW. HR-SEM imaging was applied for determining the
diameters of the NWs used in the 3PB and cantilevered bending experiments.

3.2.2. Experiments
3.2.2.1. Mechanical characterization of SiO, nanotubes

Both the 3PB and nanoindentation methods were applied with an AFM (Dimension
Edge, Bruker) under normal conditions for measuring the mechanical properties
of S10, NTs.

The built-in optical microscope was applied for finding properly positioned
SiO, NTs for conducting the 3PB and the nanoindentation experiments. Before
the 3PB experiment an low-magnification AFM tapping-mode image of a NT
suspended over a trench was obtained. (approx. 10 x 10 um®, Figure 8a). For
having satisfactory accuracy at tip positioning for the force spectroscopy
measurement a higher magnification (approx. 3 x 3 and 1 x 1 um?) image of the
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NT were taken. A number of force—displacement measurements were obtained
at the middle point of a suspended NT. Typically the measured curves were
linear, and the loading and unloading curves coincide, as one would expect of
purely elastic materials. A force—displacement curve was taken on the silicon
surface for comparison (Figure 8b).

3PB test makes use of the elastic beam theory, which is sufficient for the
analysis of the results in the elastic regime. The force—distance relationship
linking the elastic and the tensile deformations of an isotropic elastic beam can
be given as
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where A represents the area of the cross section and o is the deflection of the
center point of the beam. In the cylindrical shell case with outer and inner radii
of, RS and RC, respectively one is able to get the following expressions of

A =7z'(R§ —Ré) and [ = (7[/4)(R; —Ré). In the linear case for relatively
small deflections the equation for the elastic modulus reduces to:
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The raw AFM force-deflection curves are being used as the basis for gaining the
corresponding deflection of the beam and the real force applied to it. From this,
one is able to calculate the elastic modulus of the beam using Eq. 2.

Elastic moduli were calculated by Eq. 1 and Eq. 2. The results of the fitting
are depicted in Figure 7. The initial section, i.e., the section of deflection having
values lower than the characteristic inner radius of the NT, was used for fitting
since the high load region would be incorrect due to the non-linearity and
plastic deformation effect. Measurements were conducted on five NTs and the
final results shown in Table 1.

Table 1. Comparison of measured NTs with different techniques.

Nr. | Outer Inner Elastic Elastic Elastic Elastic
diameter, | diameter, | modulus from | modulus from | modulus from | modulus,
nm nm three point nanoind., nanoint, nanoind
bending, GPa shell GPa Hertz, GPa (FEM)
1 91 56 423 6.1 5.4 22.0
2 86 50 37.0 11.6 5.9 29.0
3 87 45 41.8 10.0 5.9 21.5
4 115 62 36.5 6.3 2.6 16.8
5 91 41 48.5 5.6 3.0 11.3
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Figure 7. Fitting of three-point bending test of silica NT in AFM.

The nanoindentation measurements were conducted on the same NTs that were
measured with the 3PB test. A chosen area of a NT lying on the substrate was
visualized prior and after the nanoindentation measurement. Several force—
displacement curves (approx. three) were obtained on a NT with an interval
distance of approx. 1 um. Typical force—displacement curve is visualized in
Figure 8c. Only the initial linear section was used for the mechanical analysis.
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Figure 8. Three-point bending test and nanoindentation. AFM image of suspended silica
NT (a); force—distance curve taken on the suspended part of the NT (b); nanoindentation
force—distance curve taken on adhered part of the same NT (c).

The analysis of the nanoindentation test is more complex and it lacks direct
analytical solutions. The existing models available in literature for indentation
of a NT is limited to the thin-shell and membrane case. For the case of the thicker
shells/NTs characterized in this work, the finite element method models were
applied instead.[64] The experimental nanoindentation data from measurements
was analyzed by using the FEM simulations and are discussed in section 3.3.4.
where also the thin shell and Hertz models are taken into account.

3.2.2.2. Mechanical characterization of ZnO nanowires

Young’s modulus is one of the most critical parameters for calculating the
frictional properties of ZnO- SiO, interface. There are a number of works
available, where the mechanical properties of such NWs have been studied.
[35,65,66,67,68,69,70,71,72,73,74]. Sadly, most of the elastic modulus values
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available in literature show a huge diversity, having values from few tens [e.g.
32,33,38,39] to hundreds of GPa [e.g. 34,40]. Even a clear dependence of
mechanical properties on the diameter of the NW was shown [e.g. 34,36,75],
and some do not [e.g. 35]. For this reason, it is clear, that each and every set of
NWs used in experiments must be characterized prior.

The elastic modulus of ZnO NWs was characterized by the 3PB test. [76].
The results of the experiments of 21 ZnO NWs of varying diameters are shown
in Figure 9.[77]

The size effect became important for ZnO NWs with diameters below
40 nm. The obtained values of Young’s modulus are higher than others reported
in literature. But the obtained results are have a better consistency with the bulk
value of 140 GPa for ZnO and are in a good agreement with values reported by
Chen et al [46] and Stan et al [49]. However, contrary to [46], the size effect
observed in our case appears at smaller diameters. The measured elastic
modulus with all the geometrical data obtained from SEM measurements was
used as an input parameter for the FEM simulations related to the tribological
properties are discussed in section 3.3.3.
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Figure 9. Elastic modulus vs. diameter of ZnO NWs measured with the 3PB technique.

3.2.2.3. Mechanical characterization of Au nanowires

The synthesized Au NWs and NPs (nanoplate) were drop-casted from ethanol
solution onto the patterned silicon substrate by the laser lithography method.
After the drop-casting procedure some of the Au NWs were either partly
suspended over the rectangular holes or with the sides of the NWs fixed on the
substrate by high adhesion forces (Figure 10a) or were positioned diagonally
inside the i-pyramid with the ends of the NW being free (Figure 10b). The NPs
were also randomly distributed on the substrate and only a fraction of them
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were positioned half-suspended over the holes (Figure 10c). The 3PB method
was applied for both the fixed and free end configuration of the Au NWs and
the cantilevered beam bending technique was applied for the half-suspended
NWs (Figure 10d). The analysis of the NPs was more complicated and direct
classical methods were not applicable and so only the FEM numerical
simulations were employed for their characterization.

SR

Figure 10. Scematics of different boundary conditions of Au nanostructures.

Prior to the mechanical characterization, the samples were visualized in a high
resolution scanning electron microscope (HR-SEM) for finding the proper NWs
and NPs in appropriate configurations.

Figure 11. Gold nanostructures in different configurations.

The elastic beam theory is typically used for the analysis of elastic isotropic beams
deformed by an external force. For the 3PB test configuration with free ends, the
force-displacement relationship is governed by the following expression [78]:

A8EI
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where 0 is the displacement of the center point, L the length, £ the Young’s
modulus and / the area moment of inertia of the beam.
The force-displacement relationship for the 3PB test with fixed ends, where
both the elastic bending and tensile strain is taken into account, is given by Eq. 1.
For the cantilevered beam bending configuration, the force-displacement is
given by the following relationship [69]:
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For a pentagonal beam, the area moment of inertia can be expressed as:

16- \/_)\/265+118\/_D4 (5)

96 (3+45)

where D is the apparent diameter of the beam measured from SEM micro-
graphs.

In the linear elastic regime and small displacements, for both the free and fixed

ends and the cantilevered configuration, the Young’s modulus can be expressed
3 3 I . .

as: g=fk,, 4L8[ and Ezk”’BlgL?’ E:km?l respectively, where k,,,is the

stiffness of the beam measured from the AFM bending experiments.

Due to the complex configuration of the experimental setup for the Au NPs
analytical models cannot be directly applied resulting in the necessity of using
numerical FEM simulations for calculating the Young’s modulus of the plates.

Gold NWs and plates were randomly dispersed on the substrate surface.
Only a fraction of the NWs and plates were positioned in the correct positions
on the substrate with the i-pyramids. Each measured NW and NP was visualized
both before and after the mechanical characterization with the AFM to check for
any plastic deformation or defects induced by the AFM tip during the bending
experiment. As a result, no differences between the images before and after
experiments were found. Thus confirming that the deformation of the NWs and
plates was purely elastic and no plastic deformation occurred during the
bending tests.

Several force-displacement curves were obtained and the response was
typically linear. The linear part of the indentation curve was used for calculating
the Young’s modulus using the theoretical curves governed by Eq. 1., 3. and 4.
The Young’s modulus was measured for 21 Au NWs with fixed ends con-
figuration, for 14 NWs in the free ends configuration and for 3 NWs in the
cantilevered configuration. The measured NW had diameters in the range from
100 nm to 150 nm with a median value of 124 nm. The median elastic modulus
for the fixed and free ends configuration was 88+-20 GPa and 87+-16 GPa,
respectively. For the cantilevered configuration the elastic modulus had a
median value of 63+-16 GPa. The Young’s modulus values obtained from the
bending experiments on Au NWs can be seen in Figure 12., where no diameter
dependence can be recognized, as the diameters of the NWs are mostly above
100 nm and no size-effect is to be expected in that range. The slightly higher
(approx. 10%) Young’s modulus obtained from the 3PB experiments could be
explained by the anisotropic structure of the pentagonal NW. It was shown by
Mets et al. [79] that the peculiar structure of pentagonal NWs could lead to a
higher overall stiffness of the NW as the internal structure of the NWs is not
taken into account. The lower elastic modulus values for the cantilevered
bending configuration could be explained by the slippage of the AFM tip during
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the bending experiments. This slippage cannot be directly taken into account, as
it may vary for different experiments.
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Figure 12. Young’s modulus for three configurations: blue- fixed, red- free, orange-
cantilevered configuration.

The plastic yield of the Au NWs was measured for 15 NWs in the fixed ends
3-point bending configuration and for 3 NWs in the cantilevered bending
configuration (Figure 13.) with typical diameter ranging from 100 to 130 nm.
Most technical details are the same as for the Young’s modulus measurement.
The deflection was increased for overcoming the plastic limit and inducing
plastic deformation in the Au NW. The 3-point bending and the cantilevered
bending measurements resulted in a median plastic yield value of 1.45 GPa and
0.94 GPa, respectively. The high yield strength value from the 3-point bending
experiments indicates, that the NWs were of high quality and with a relatively
low concentration of defects as was indicated in the works conducted by Wang
et al. [80] The lower yield strength values from the cantilevered beam bending
experiments may also indicate slippage of the AFM tip.
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Figure 13. Plastic yield distribution of Au NWs.
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Plastic yield measurements for the free ends configuration were not conducted.
As the NW is pushed downward it slides freely on the sides of the i-pyramids
and before the plastic limit is reached, the NW is already pushed against the
bottom of the i-pyramid and as a result no measurements can be performed.

3.3. Finite element method simulations
of studied 1D nanostructures

3.3.1. Formation of Nanodumbbells

To reveal the stresses induced in the nanodumb-bell ND formation process first
we need to roughly estimate all the factors involved in the detachment process
of the ND. These forces are induced by the adhesion force between NW and
substrate, the elastic force of the deformed NW due to bulb formation and the
thermally induced stress by cooling.

The contact pressure caused by adhesion forces between one of the facets of
the NW and the substrate can be estimated as [81]:

P= A3
67D

(6)

where D is the cutoff distance and A is the Hamaker constant between the
Ag/Si0, contact system. The Hamaker constant of the contacting interface of

Ag/SiO; can be calculated by: 4= /4, Ay, , where 4, and A, are the

Hamaker constants of Ag and SiO, respectively. The constants have values of
3.72¥10" J and 0.62%¥10" J, for Ag and SiO,, respectively and the cutoff
distance is D=0.2nm [44]. From the equation one can calculate, that the contact
pressure between the Ag/ SiO, system is approx. 1GPa, which is the minimal
pressure need to create new surfaces.

In addition, the thermal stress induced by cooling can also play an important
role in the separation process. The thermal strain can be calculated by the
following expression:

&y =0, AT,

where «,, is the thermal expansion coefficient and AT’ the difference between

the final and initial temperatures of the Ag ND. For silver, the coefficient has
the value of 19.7*10 %/K [82] and taking the temperature difference of 680K,
the stress induced by the calculated strain of 1.34% is approx. 1.1 GPa. And as a
result, all the elastic stress components act in the surface separation process,
which in general can be envisioned as a surface crack propagation phenomenon.

A FEM simulation was prepared to study the elastic response of the Ag ND
nanostructure interaction with a flat SiO, substrate. For revealing the stresses
acting at the interface, a finite element method (FEM) simulation was applied
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for the analysis of the mechanical behavior of an Ag ND interacting with a flat
surface. The simulation model contained a dumbbell geometrical object lying
on a flat rectangular block. The length between the two bulbs making the ND
was held at a constant value of 2 microns and the simulation was conducted
with a radius of the two bulbs of 175 nm. Two systems were considered, the
early stage of dumb-bell (DB) formation, where the adhered side length was
1 um and a later stage, where most of the Ag NW between the bulbs is detached
and length of the adhered part was 10 nm, as can be seen in Figure 14.

At the interfacial surface separation edge, the calculated elastic stresses were
concentrated and could reach value of up to 0.5 to 4 GPa, which can already be
sufficient for the separation of the two interfaces. One can see that as the length of
the adhered part decreases, the elastic stress does so as well leading to the conclu-
sion, that only short NDs have the possibility to detach from the substrate in total.

There are a number of interesting aspects, which should have been taken into
account in the FEM models of the NDs. Firstly, the idealized case was studied
here, where the bulbs were considered as spherical entities. The wetting of the
molten Ag interacting with the SiO, substrate is not taken into account and as a
result to some extent, the real contacting surface is not taken into account
leading to some errors in the FEM simulations. But as the difference in height is
less than 10 nm, it should not affect the end result to any extent. Secondly, the
calculated stresses are always affected by the mesh size of the model. In this
case, several simulations with varying mesh sizes were conducted and only a
small deviation less than 10% was detected between the different mesh sizes. So
generally, the obtained results can be trusted with quite high certainty. Thirdly,
the idealized FEM model can only to a certain degree mimic the conducted
experiments, as realistic defect distribution inside the studied material cannot be
directly taken into account. Also the real contact area, not the apparent one,

a 4 GPa

2GPa

b 16 GPa

0.8 GPa

0

Figure 14. FEM simulations of elastic behavior of a ND adhered to a surface.
a) adhered length 1 pm; b) adhered length of 2 um.
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cannot be taken into account. So still more advanced models should be applied.
But to a certain degree, the FEM modeling is able to give more insight into the
studied phenomenon and is able to describe the latter in a more detailed way, as
the theoretical calculations from before are in quite a good agreement with the
stresses calculated in the FEM simulations. [64]

3.3.2. Ag-SiO, core-shell nanowires: viscosity-elasticity

The FEM method was applied to estimate the viability of the explanation of the
core-shell NW restoration effect, and to calculate the viscosity of the shell under
e-beam radiation. Geometry of the studied core-shell NWs was replicated fully.
The length core-shell radii were obtained from SEM micrographs. More details
about the simulation can be found in [57]. Viscosity n of the core-shell was
varied in FEM calculation for finding good fit between experimental and
simulated relaxation curves.

Calculated n values (from 2 x 10" to 2 x 10'* Pa-s/7 x10"' Pa's in average)
were seen to be very near to glass transition viscosity of solids, from where one
is able to conclude that e-beam is able to induce glass transition in SiO,
subjected to an external load.

Simulations were conducted also to illustrate the mechanical stress
distribution at the vicinity of the fixed part of the NW. The simulations were
performed with Ag NWs and Ag-SiO, core-shell NWs and it was shown, that
the von Mises stresses at the fixed boundary can exceed the strength of Ag. The
stress distribution for Ag can be seen in Figure 15.

6 GPa

3 GPa

Figure 15. Von Mises stress distribution of a purely bent Ag NW fixed partly on a
substrate.

But when the SiO, layer is present, the stresses are concentrated at the shell and

relieved in the core, as can be seen in Figure 16. Thus, the shell is able to
protect the silver core in bending tests.
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Figure 16. Von Mises stress distribution of a purely bent Ag-SiO, core-shell NW fixed
partly on a substrate.

3.3.3. ZnO NWs: static friction

The struggle between the elastic NW strength during cantilevered bending and
NW/substrate contact strength can lead to either the fracturing or the displacing
of the studied NW. The “pick-and-place” method was used by destroying the
suspended part of ZnO NW and moving it to a suitable place in high vacuum to
enable as fresh contacts as possible. This enabled the precise control over the
length of the adhered part of the NW.

After the broken NW was positioned on a location on the surface, static
friction force measurements were conducted. Every experiment began with the
positioning of the broken ZnO NW a preferred location, ensuring that in each
experiment, the contacts are fresh.

The measurement of static friction force in the bending experiment typically
relies on the elastic profile of the ZnO NW in the ultimate bending state just
before the displacement of the fixed part. In the previous articles dealing with
the calculation of the static friction force from the “most bent state”, all the
stresses at the interface and the related static friction force were thought of as
linearly distributed in the fixed part [30, 31]. But for a more realistic approach,
a novel FEM model was prepared and designed. For all the ZnO NWs that were
manipulated and displaced in the measurements for examining the stress
distributions in NW/substrate interface more correctly, a novel FEM model was
applied. The ZnO NW was designed as a prismatic elastic cantilever with a
realistic hexagonal cross-section. For simulating the NW/substrate contact in a
static friction situation, the ZnO NW is loaded from one end and the adhered
part is statically fixed. All the geometrical parameters of the NW, the length of
the fixed part, the final deflection and the point of external bending load applied
to the NW were gained directly from the experimentally measured NW in SEM.
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The elastic modulus values were calculated separately for every simulation with
a different NW and were based on the analytical equation obtained from the
AFM measurements as can be seen in Figure 8.

The FEM model had of two primary parts: the hexagonal ZnO NW and a
cylinder, which had the role if the AFM tip. The ZnO NW chosen to consist of
In the two subdomains: the part being fixed on the surface and the suspended
part above the trenches. In the framework of the Solid Mechanics node the the
Linear Elastic Material module was chosen for all domains. The mesh for all the
domains was custom designed. The adhered boundary of the ZnO NW had a
mesh density of 2:10" elements/m®. The density for the adhered part was
chosen to consist of at least 4 elements in the lateral direction, as it corresponds
to the actual surface roughness at the scale of the width of the NW side. The
fixed part of the ZnO NW consisted of 4-10*° elements/m’ and was made out of
prismatic elements. The suspended part was meshed by the default setup of
Comsol. Approx. 10° elements made the whole mesh, depending on the size of
the NW. For having consistency between different simulation parameters and
results of each experimental setup, the mesh for the contact interface was
changed manually. It was meshed as a 2-N matrix having quadrilateral ele-
ments, where N is the total number of mesh elements along the longer side of
the ZnO NW. N was gained by multiplying the element density with the length
of the ZnO NW, having a value of 1.5 elements/nm. For running the simulation
a number of boundary conditions must be added. A facet at the part of the
NW/substrate interface was fixed in the 3D. A contact boundary condition
between the cylindrical probe and the bent part of NW was set and also the
static motion of the cylinder, relative to the fixed part of the ZnO NW was set.
The simulation was run and the bent configuration was gained, obtaining all the
mechanical properties needed for analysis of static friction. From the
calculations, the traction force at the interfacial boundary was obtained and
shown on a 2D plot and on the basis of this distribution; the maximal interfacial
strength can be calculated.

The FEM simulations showed an immense deviation from the linearly
distributed stresses assumed in previous works. From the FEM model one could
see, that the force distribution in the contact zone between the deflected ZnO
NW and a flat surface is non-uniform and the highest interfacial shear stress is
concentrated the vicinity of the boundary of the adhered and suspended domain
of the ZnO NW (Figure 17.).

As a main result, one can see that the overcoming of static friction is more
like a crack formation phenomenon at the point of maximal interfacial stress at
the NW/substrate boundary. The start of a crack formation will rapidly propa-
gate along the whole interface and as a result, the NW will be displaced. So in
terms of this new model, static friction is basically the highest interfacial shear
strength just before complete displacement. From this, one can see, that the
static friction force will be much higher than the previous models estimated.
This can also be seen when the maximal shear stress is calculated from the
simplified model used in [31] gave 31MPa and for the case in Figure 17, the
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FEM model predicts 1.8GPa. To summarize, the total median value for the
interfacial shear strength calculated using FEM model for 16 ZnO NWs was
1.3 + 0.7 GPa. This result can already be compared with the bending strength of
ZnO NWs.

GPa

1.8
16

1.4

1.2

0.8

0.6

0.4

0.2

Figure 17. Interfacial shear stress distribution of a purely bent ZnO NW calculated
from FEM simulations.

One might think that the high values obtained from FEM simulations and the
new model is not correct, but the validity of the new model is supported by
experimental results.

First, the degree of bending of the ZnO NWs in both the strength and static
friction force measurements is comparable. This can mean that the detachment
of the NW from the substrate and the mechanical breaking of NW are two
completely different competitive actions and must have comparable values.

Second, the new model clearly shows, that static friction force no more
depends on the length of the fixed part and it was indeed shown experimentally.
It was possible to successfully manipulate a ZnO NW from its starting position
without mechanically breaking it. This means that the strength of the contact
was lower than the strength of the NW. As the shear strength during bending
was overcome, some small part of the fixed part was released, but the whole
NW was still held on the substrate. (Figure 18.)
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100 nm

Figure 18. Gradual bending of a ZnO NW by AFM tip on a Si flat substrate.

As the tip moved at a constant rate transitions between the adhered situations
were rapid making it possible to do five different measurements of shear
strength for every case of the same NW. Each step happened at almost the same
bending deformation of the NW and the calculations from the FEM model gave
shear strengths values of 5.7 / 6.6 / 6.9 / 5.7 / 5.1 GPa, in the different points.
The small differences in shear strengths indicate that the NW/surface strength is
a characteristic value for the interface and is not dominated by random defects
on the surface.

Therefore, the new FEM based model is able to more precisely determine
the tribological properties of nanoscale interfaces and the simplified model
previously used underestimates the stresses at the NW/substrate interface as the
differences increase with length of the adhered part. [77]

3.3.4. SiO; nanotubes: mechanical properties from simulation

The experimental nanoindentation raw data was analyzed by applying the FEM
simulations. At a constant indentation depth of 5 nm, the shell was deformed.
This low indentation depth is due to the fact, that the initial section of the force-
displacement curve corresponds to the elastic regime of the material and
therefore the experimental results can be compared to the elastic results from
FEM simulations. Geometrical parameters of the nanoindenter and each of the
individual shells were measured from HRSEM micrographs. A snapshot of a
FEM simulation result of the nanoindentation experiment is shown in Figure 19.
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Figure 19. FEM simulation of a SiO, NT nanoindentation.

For gaining further insight also the thin-shell and Hertz models were applied for
comparing the results. The thin-shell approach allows one to neglect the
indentation of the surface and the tip geometry by taking into account only the
membrane-like compression of the shell. The force—displacement relationship
for the thin-shell approximation is commonly written as follows:

t

3/2
RS

F=CE o

(7

where the thickness of the shell t = Rg — R¢ and C is a prefactor which value
depends on the boundary condition but has a typical value of C = 1.2 [83].

On the other hand, the Hertz model [84] is able to describe the tip deformation
and is not able to take into account the membrane like deformation of the shell.
A sphere on a half-space is determined by the following force—distance equation:

F=2pprss
3

(3
where E is the reduced Young’s modulus and R is the effective tip radius.
According to FEM simulations, in case of nanoindentation of thick-walled SiO,

NTs there are both compression and indentation present. Thus, both models
underestimate the Young modulus as can be seen from Table 1.
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3.3.5. AuNWs: mechanical properties from simulation
in different configuratons

On the basis of the HR-SEM micrographs, the geometry of the experimentally
characterized plates was measured in detail. The thickness was obtained from
the AFM topography images of the plates. In the FEM simulations all the real
experimental conditions were replicated: a gold plate was lying on a hard
silicon surface and was indented by a fixed displacement applied onto a circular
cross-section area on the NP, simulating the downward displacement with the
AFM tip of the overhanging part. The coordinates of the position of the indenter
were chosen to match the position of the AFM tip in the bending experiments.
Corresponding force-displacement curves obtained from FEM simulations were
compared to the AFM force-displacement measurements and by varying the
Young’s modulus in the simulations both the force curves were made to fit each
other. As a result, the elastic modulus of the individual Au NPs was determined.
Measurements were conducted on 3 Au NPs. The FEM simulations (Figure 20.)
resulted in the elastic modulus with a median value of 79 GPa, which
corresponds exactly to the bulk value for the Young’s modulus of Au.

1.4 (GPa)

Figure 20. FEM simulation of bending of an Au nanoplate.

For gaining further insight into the effect the boundary conditions might have
on the mechanical response of suspended nanoparticles, finite element method
(FEM) simulations were generated to investigate the elastic behavior of Au
NWs structures interacting with the substrate containing i-pyramids. The model
was based on the real experimental configurations: the 3PB configuration with
free and fixed ends and the cantilevered beam bending configuration. The
model consisted of a pentagonal Au NW with a diameter of 103 nm, Young’s
modulus of 116 GPa and length of suspended part of 1.6 microns. For ensuring
a comparable result all critical parameters were kept the same for both the 3
point bending simulations (deflection, mesh size, etc.). For the cantilevered beam
bending configuration, the diameter and the elastic modulus and the displacement
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of the free end was the same as for the 3PB configuration, but the length of the
overhanging part was half of the length of the other configurations. This was
done to keep the point of maximal deformation at the same distance from the
ends of the NWs used in 3PB simulations and keep the simulation results
comparable. The results of the simulations can be seen in Figure 21., where the
distribution of internal stresses is visualized for each configuration.
1 (GPa) |
_::_
1.8 [GPa)
_Z:::-
1(GPa) C
-::-

Figure 21. Von Mises stress distribution in three boundary conditions: a) free ends 3PB,
b) fixed-ends 3PB and c) cantilevered beam bending.

The simulation revealed intrinsic stress distribution of the different configu-
rations and a key noticeable difference is the large stress exhibited at the fixed
boundaries of the cantilevered and fixed 3PB configurations. This high stress at
the interface might also be high enough to induce plastic failure of the NW
during bending. For the cantilevered bending experiment, that is quite obvious,
but for the fixed 3PB configuration the stress at the middle point must be higher
than at the fixed interface. This fact is also supported by the experimental
findings, as the NW always broke from the center. As this cannot be seen in the
simulations, because the stress at the center was lower than at the edges, which
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indicates that in the experiments the “sharp” edges of the i-pyramids might not
be that “sharp.” As the realistic shape of the edges cannot directly be taken into
account, it is the cause for the high stress values in the simulations at the i-
pyramid edges. The high stress at the edges of the NWs can be avoided in the
free 3PB experimental configuration, as the ends are not fixed and exhibit lower
tensile stress. This fact is also supported by the simulation results, as the
maximal tensile stress along the NW for the fixed and free configuration was
approx. 1.9 GPa and 1.2 GPa, respectively, which means, that the fixed con-
figuration will reach the yield strength value at a lower deflection of the center
point. The cantilevered beam configuration exhibited an intermediate tensile
stress value of 1.5 GPa, at the same deflection. From the latter one can conclude
that the free ends bending configuration might be most favorable for the
mechanical characterization of NWs.

A critical factor in the nanoscale characterization of mechanical properties
using the 3PB and cantilevered bending configuration is the static friction/
adhesion force acting at the interface between the NW and the substrate. If the
adhesion force is too low, one is unable to perform such experiments, as the
NW will overcome the adhesion force and displaces during experiment. As a
result the measurements cannot be used for calculating any mechanical pro-
perties. In the case of Au NWs on the silicon substrate the adhesive properties
were also investigated by means of theoretical calculations and FEM modeling.
The method for calculating adhesion or van der Waals forces between the facet
of the NW and the underlying substrate can be found in [81]. For the two
surfaces in contact Eq. 6. is applied.

The Hamaker constant for the system can be calculated from the following
expression:

A=\A4,,A450, ,

where A, is the Hamaker constant of gold and A, is the same for SiO, with

values 4.0¥10™" J and for SiO, is 0.62*107" J respectively and the cut-off
distance is approx. 0.2 nm.

Using Eq 6. the calculated interfacial pressure for the system is approx.
1.04 GPa, which is the minimal value of pressure necessary to separate the two
interfaces.

From the simulations with both the cantilevered beam and fixed 3PB
configuration the simulated/calculated traction forces acting on the interface are
an order of magnitude lower than the theoretically calculated adhesion force
acting on the same surface area, which means that during bending experiments,
the Au NWs cannot be detached without breaking them.
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4. SUMMARY

A number of important issues concerning mechanical and tribological properties
and behavior of 1D nanostructures were studied within the framework of the
thesis. Main activity and the novelty aspects are summarized below.

First, tribological aspects of 1DNS manipulated on a flat substrate were
considered. In particular:

e Nanowire elastically bent of a flat substrate is highly attractive for nano-
tribological studies as profile of nanowire can be used for extracting frictional
data without using external force sensors. In order to improve accuracy of the
method, a novel analytical method was developed for the calculation of
distributed static friction in elastically bent nanowire resting on a flat
substrate. Unlike previously available methods, new model provides more
realistic force spectrum and comply with boundary conditions. The method
was successfully applied for calculation of distributed static friction in ZnO
nanowires bent into arbitrary shapes in AFM manipulations on a Si substrate.

¢ A novel FEM model was developed for configuration in which part of the
nanowire is resting on a flat substrate while other part is suspended over the
trench. Measurements consist in bending the free end until fixed part is
displaced. The bending profile prior the displacement of fixed part is used
for calculation of force acting on a fixed part. In older models static friction
was considered to be uniformly distributed in adhered part. The new model
considered overcoming of static friction as a highly localized process similar
to crack formation. It was shown, that existing models severely unde-
restimated static friction, while novel model provides more realistic results.

e Dynamic FEM model of Ag nanowire that is being melted from both ends
while resting on a flat substrate was created. It was shown that mechanical
stresses, generated in nanowire due to the fact that molted ends form
rounded bulbs, are able to overcome the adhesion between nanowire and
silicon substrate. As a result, a configuration is achieved where only the end-
bulbs of the obtained nanodumbell are in contact with the surface while
intact midpart is suspended above the substrate. Such structure and con-
figuration is highly attractive for tribological measurements as it can be
easily manipulated due to the small contact area and at the same time it
preserves all benefits of 1D geometry.

Further, mechanical properties of 1IDNS were considered:
e FElastic properties of tubular 1DNS with thick walls were treated both
experimentally and theoretically.

o Elastic modulus of SiO, nanotubes was measured by three different
methods including cantilever beam bending, nanoindentation and three-
point bending tests. Three-point bending tests were found to be the most
appropriate method for measuring the Young’s modulus of thick-walled
tubular 1DNS.
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o FEM model was created to investigate the behavior of tubular IDNS in
nanoindentation test. It was shown there are both compression and
indentation present. Thus, neither of existing models where walls of
nanotube are considered either as a thin membrane or rigid wall cannot be
used for given system as they underestimate the Young modulus.

¢ FEM model of composite core-shell nanowire consisting of elastic core and
viscous shell was created to simulate the behavior of Ag/SiO, core-shell
nanowire in bending test under electron beam irradiation. By fitting the
experimental result with FEM model it was found that even at moderate
current and voltage e-beam is capable of inducing glass transition in
amorphous oxide shell.

Finally, two variations of three-point bending test of Au nanowires were
compared: freely sliding ends and rigidly fixed ends. The effect of different
boundary conditions on experimental results was determined and the adhesion
forces acting between Au and substrate were estimated using the FEM modeling.

In total, it was demonstrated that FEM is a powerful method for studying

mechanical and tribological properties of nanoscale systems when used in
combination with experimental results.
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5. SUMMARY IN ESTONIAN

Uhedimensionaalsete nanostruktuuride tribomehaanilised omadused:
I6plike elementide meetodi simulatsioonidega toetatud
eksperimentaalmdétmised

Viitekirja raames uuriti mitmeid olulisi kiisimusi, mis kisitlevad 1D nano-
struktuuride mehaanilisi ja triboloogilisi omadusi ja kditumist. Pohitegevused ja
uudsed aspektid on esitatud allpool.

IDNS elemente manipuleeriti tasasel pinnal ja analiiiisiti vastavaid tribo-
loogilisi protsesse. Alljargnevalt tuvastati:

e Tasasel pinnal asetsev elastselt painutatud nanotraat on viga oluline nano-
triboloogilistes mddtmistes, kuna vdimaldab nanotraadi profiilist 1&htuvalt
leida alusega seotud triboloogilised viidrtused ilma vilist jousensorit
kasutamata. Meetodi tidpsuse parandamiseks tootati vilja uudne analiiiitiline
meetod, mis vitab arvesse staatilise hoorde jaotuse tasasel pinnal asetseva
elastselt painutatud nanotraadil. Erinevalt varasematest meetoditest pakub
uus mudel realistlikuma jouspektri ja arvesteb &aretingimusi. Meetodit
rakendati edukalt staatilise hodrdumise arvutamiseks ZnO nanotraatide
korral, mis olid rdnialusel AFM-i teravikuga manipuleerimisega suvalisse
kujusse painutatud.

e Uus FEM mudel tootati vilja sellise konfiguratsiooni jaoks, kus osa nano-
traadist toetub lamedale substraadile, samal ajal kui teine osa on vabalt iile
serva. Uleulatuva vaba otsa painutatakse alusele fikseeritud osa nihkumiseni.
Registreerides paindprofiili vahetult enne fikseeritud osa nihkumist, saame
sisendi fikseeritud osa mojutatava jou arvutamiseks. Vanemate mudelite
puhul voeti eelduseks staatilise hdordejou iihtlast jaotust fikseeritud osale.
Uue mudeli puhul ndidati staatilise hdordumise iiletamist viga lokaliseeritud
protsessina, mis sarnaneb pragude tekkimisega. Néidati, et olemasolevad
mudelid on staatilisest hd6rdumise rolli tunduvalt alahinnatud, samas kui uus
mudel pakub reaalsusega paremat kooskola.

e Tootati vélja diinaamiline FEM-mudel lamedal aluspinnal asetsevast mole-
mast otsast sulanud Ag nanotraadi kirjeldamiseks. Niidati, et nanotraadis
tekitatud mehaanilised pinged on tingitud asjaolust, et sulanud otsad moo-
dustavad timarad elemendid, mille tulemusena on voimalik {iletada nano-
traadi ja rdnialuse vahelist adhesiooni. Selle tulemusena saavutatakse kon-
figuratsioon, kus ainult saadud nanoosakeste otsaelmemendid puutuvad
kokku pinnaga, samas kui keskosa on pinna kohal. Selline “hantlisarnane”
struktuur ja konfiguratsioon on tribologiliste mdodtmiste jaoks &ddrmiselt
atraktiivne, kuna seda saab holpsasti manipuleerida véikese kontaktiala tottu
ja samal ajal sdilivad kdik 1D geomeetria eelised.
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Lisaks uuriti alljargnevid 1DNS mehaanilisi omadusi:
e Karakteriseeriti paksude seintega torukujuliste 1DNS elastseid omadusi
kasutades nii eksperimentaalseid kui ka teoreetili meetodeid.

o

SiO, nanotorude elastset moodulit mdddeti kolme erineva meetodi abil,
kasutades konsooltala painutamist, nanoindetatsiooni ja kolme punkti
paindekatseid. Tuvastati, et kolme punkti paindekatse on kodige tipsem
meetod paksuseinaliste torukujuliste IDNS elastusmooduli modtmiseks.
Loodi FEM mudel torukujulise 1DNS kéitumise uurimiseks nanoindant-
satsiooni testis. Ndidati, et protsessi kdigus toimub materjali kokkupressi-
mine ja kuju muutus. Seega ei saa iihegi olemasoleva mudeli puhul, kus
teemiga materjali karakterisseimisek kasutada, kuna nad alahindavad
elastsusmoodulit.

e Loodi FEM mudel, mis kirjeldab elastsest siidamikst ja viskoossest kestast
kooseneva Ag / SiO, tuum/kest nanotraadi kéitumist paindekatses elektron-
kiire kiirguse all. V3rreldes eksperimentaalset tulemust FEM-mudeliga, leiti,
et isegi mddduka voolu ja pingega elektroniir on vdimeline tekitama muuda-
tusi amorfses oksiidkestas.

Lopuks vorreldi kahte Au nanotraatide kolme punkti paindekatse varianti:
vabalt asetsevate ja libisevate otste ja jdigalt fikseeritud otste korral. Eksperi-
mentaalselt méérati erinevate ddretingimuste moju ja saadud tulemusi kasutati
FEM-i modelleerimisel leidmaks Au ja aluse vahel olevaid adhesioonijoude.

Kokkuvotvalt ndidati, et FEM on vOimas meetod nanoskaalas siisteemide
mehaaniliste ja triboloogiliste omaduste uurimiseks, eriti kui seda kasutatakse
kombinatsioonis koos eksperimentaalsete tulemustega.
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