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PREFACE 

Global demand for more powerful and versatile technologies has driven the 

research for novel materials with superior properties and diverse functionality. 

Nanotechnology provides the most promising solution as it has been shown that 

nanostructured materials possess new and improved material properties. In 

addition, low dimensional nanostructures have the advantages of being much 

smaller than building blocks of conventional devices.  

Among various nanostructured materials, one-dimensional metal-oxide nano-

structures (1D MONS) have shown potential in wide range of applications, due to 

their unique structure and many advantageous properties. Moreover, the 

properties of 1D MONS can be easily controlled for example by tuning their size, 

geometry, crystal phase, crystalline size, surface structure and aspect ratio. In 

applications, the 1D MONS are expected to be identical in shape, uniform in size, 

perfect in crystalline structure and with repeatable properties. However, achieving 

this goal remains a challenge. The situation is more complicated since the factors 

affecting the properties of 1D MONS have not been thoroughly investigated.   

In most applications, knowledge of the mechanical properties of 1D MONS is 

crucial. At the same time, the mechanical properties are highly dependent on the 

structure of 1D MONS. Therefore, mechanical properties of 1D MONS could be 

affected for example by the synthesis process, thermal treatment, presence of 

defects and extra coating. In order to determine the relationship between the 

structure and mechanical properties thorough characterization must be conducted. 

Due to the size of 1D MONS, measurement of their properties is a challenging 

task and many factors must be considered to obtain reliable results.  

In the present thesis, systematic structural and mechanical characterization 

was carried out on 1D MONS. Several aspects that could affect the structure 

and lead to change in mechanical properties of 1D MONS were studied 

separately. Great care was taken to eliminate any other factors, e.g. synthesis 

parameters or mechanical characterization methods, in order to understand the 

underlying mechanisms. Materials were selected with potential application in 

mind. Electron microscopy, X-ray diffraction and Raman spectroscopy  

were used for detailed structural study of different 1D MONS. Mechanical 

characterization was performed using bending tests carried out either inside 

scanning electron microscope or with atomic force microscope.     

The current thesis is divided into four distinct chapters. In the first chapter, 

overview of 1D nanostructures, with the emphasis on metal-oxide materials, is 

given. The main structural and mechanical characterization methods of 1D 

MONS are described. In addition, detailed analysis of potential factors related 

to the structure of 1D MONS, which could affect the mechanical properties, are 

discussed. In the second chapter, aims of the current study are defined. 

Experimental equipment and procedures used are described in the third chapter. 

Finally, the results of the experiments are presented and discussed in the fourth 

chapter. Each factor is presented in separate subsection.  
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1. BACKGROUND 

1.1. One-dimensional metal-oxide nanostructures 

1.1.1. One-dimensional nanostructures 

Nanostructured (NS) materials are usually categorized by their morphology into 

four distinct groups – 0 dimensional (0D), 1D, 2D and 3D. The number 

indicates, how many dimensions of the material are larger than 100 nm. At the 

same time, some of the characteristic material properties start to change when 

the size of the object is reduced under 1 μm (so called size effect). Therefore, 

more general definition of the size of NS material is as follows: NS materials 

are materials which characteristic properties start to significantly change when 

their dimensions are reduced under 1 μm.[1]    

Compared to other low dimensional NS, 1D NS materials have attracted the 

most interest due to their unique morphology and fascinating properties [2]. 1D 

NS can be synthesized in form of rods, wires, needles, tubes, belts, cables, 

ribbons, fibers and many more. 1D NS have two quantum-confined directions 

but one unconfined available for electrical conduction [3]. In addition, having 

one dimension in scale of micrometers up to millimeters allows 1D NS contact 

the macroscopic world for many physical measurements [2]. Furthermore, 1D 

NS can be used for bottom-up approach to create nanostructures for nano-

science investigation and for nanotechnology application.  

The structure and morphology of 1D NS are directly related to their 

fascinating properties [3]. Due to unique density of electronic states 1D NS are 

expected to exhibit significantly different optical, electrical and magnetic 

properties. In addition, increased surface area and surface to bulk atom ratio, 

defect concentration and distribution, diameter-dependent bandgap, increased 

surface scattering for electrons and phonons are just some of the reasons why 

1D NS differ from their corresponding bulk materials. At the same time, 1D NS 

are large enough to possess local crystal structures that are closely related to 

their bulk counterparts, allowing for theoretical prediction about their properties 

to be made. [3]  

 
 

1.1.2. One-dimensional metal-oxide nanostructures 

Among various materials, metal-oxides (MO) have attracted much research 

interest over the past few decades [2]. MO are ionic compounds that are 

composed of positive metallic and negative oxygen ions and the electrostatic 

interaction between the two results in solid ionic bond. The s-shells of metal-

oxides are completely filled but their d-shells may be incomplete. This means 

that although most MO have good thermal and chemical stability, incomplete  

d-shells give them variety of unique properties. Characteristic properties of MO 

include wide bandgap [4], high dielectric constant [5], reactive electronic 

transition [6], good electrical [7] and optical characteristics as well as super-
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conductivity [8]. Therefore, MO are one of the most fascinating functional 

materials and have been widely exploited in various technological applications 

[2].   

Properties of MO are even more enhanced in 1D form, making 1D metal-

oxide nanostructures (MONS) suitable for wide range of applications such as 

biosensors [9], gas sensors [10], smart windows [11], solar cells [12], photo-

catalyst [13], supercapacitors, photodetectors [14], diodes [15] and transistors 

[16]. Ideally, the 1D MONS used for these applications are expected to be 

identical in shape, uniform in size, perfect in crystalline structure with low 

defect concentration and a consistent chemical composition [2]. However, 

development of synthesis method of 1D MONS for controllable shape, size, 

crystalline structure and chemical composition remains a challenge.  

A number of synthesis methods for 1D MONS have been developed to 

achieve the goal of identical shape, uniform size, perfect crystal, defect free and 

homogenous stoichiometry structured materials [2]. Synthesis techniques can be 

divided into two distinct groups – direct physical deposition and direct chemical 

deposition techniques. The direct physical techniques include thermal evaporation 

[17], template-assisted growth [18] and lithography methods [19]. Chemical 

vapor deposition [20], sol-gel [21] and solvothermal [22] techniques are most 

common direct chemical deposition methods for synthesis of 1D MONS. The 

growth mechanisms of 1D MONS involve physical or chemical reaction, 

nucleation, assembly and crystallization. Various 1D MONS have been 

successfully synthesized, such as zinc- (Zn), titanium- (Ti), aluminum- (Al), 

nickel-, copper-, tungsten-, tin-, bismuth-, vanadium-, and molybdenum oxide [2].  

Zinc oxide (ZnO) can be synthesized with the molecular formulas of ZnO 

and ZnO2 and with two crystal phases – hexagonal and cubic crystals [23,24]. 

The crystal structure of ZnO may possess wurtzite, zinc-blende and rock-salt 

form. Under ambient conditions, hexagonal wurtzite structure is the most stable 

form of ZnO. Due to the noncentral symmetry of wurtzite structure ZnO 

possesses remarkable piezoelectrical properties. In addition, ZnO has a wide 

band gap of 3.37 eV, is transparent to visible light, can be made highly 

conductive by doping, is biosafe and biocompatible [25]. Therefore, 1D ZnO 

NS have potential applications in a number of industries including opto-

electronics, photonics, actuators, and solar cells [26].   

Titanium oxides can be found in numerous chemical forms of TinO2n-1 and 

most common is titanium dioxide (TiO2) [2]. There are many different crystalline 

phases for titanium oxides, including tetragonal, orthorhombic, monoclinic, 

hexagonal, triclinic and rhombohedral. TiO2 may possess rutile (tetragonal), 

anatase (tetragonal) and brookite (orthorhombic) crystalline structure. The TiO2 

structure is composed of octahedral with shared oxygen atoms. The neighboring 

rutile octahedra shares corners along the [110] direction while the anatase phase 

shares along the (001) plane. 1D TiO2 NS have excellent photocatalytic 

properties, large specific surface area, are stable and easy to synthesis. Therefore, 

TiO2 can be used for photocatalytic degradation of pollutants, water splitting, 

solar cells, supercapacitors, lithium-ion batteries, filtration and gas sensors [27].  
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Alumina oxide can be synthesized in various forms, most common is Al2O3 

(alumina) [28]. Alumina can be found in hexagonal α, cubic γ and η, monoclinic 

θ, hexagonal χ, orthorhombic κ and δ crystalline phase. Most common phase is 

α-Al2O3 (corundum), where oxygen cations nearly form a hexagonal closed-

packed structure and the aluminium anions fill two-thirds of the octahedral 

sites. The stable phase of alumina has high strength, high elastic modulus, high 

melting temperature and is chemically stable [29]. Favorable properties of 

alumina allow them to be potentially used as catalysts, microelectronics,  

reinforcing components, optics, fire protection, and energy storage [30].   

 

     

1.2. Structural characterization of one-dimensional  

metal-oxide nanostructures 

Characteristic sizes of 1D MONS are less than half the wavelength of visible 

light which makes it impossible to see the morphology and the structure using 

traditional optical microscopy [2]. Therefore, the primary tools for structural 

characterization of nanostructured materials are electron microscopy, X-ray 

diffraction (XRD) and Raman spectroscopy [2,31–34]. Obtained results help to 

understand the relationship between the mechanical and structural properties 

and allow to associate the variation in mechanical properties to change in the 

structure of 1D MONS. 

Two main methods of electron microscopy are the scanning electron  

microscopy (SEM) and transmission electron microscopy (TEM) [31]. SEM 

enables for fast visualization of the 1D MONS and allows to determine their 

size, shape, uniformity and distribution but lacks atomic resolution and no 

information about the interior of the sample can be obtained. TEM gives further 

information about the morphology of the 1D MONS and enables to study their 

inner structure, e.g. uniformity of crystal structure, nanocrystalline size, atomic 

spacing, size and angel of grain boundaries, presents of defects and contamination 

layers and thickness of layers. At the same time, sample preparation for TEM 

measurements is time consuming and requires substantial skill.   

XRD is based on the interference of X-rays that are reflected from the 

atomic planes of a crystal governed by the Braggs law [35]. XRD is the most 

convenient method to examine the crystal structure of 1D MONS. X-rays are 

relatively easily generated, and a large variety of techniques have been 

developed for measurement and subsequent data analysis. For example, XRD 

allows to extract information about the crystal structure, crystalline phase 

transition, unite cell parameters, crystalline size and internal stresses. 

Single-crystal XRD methods cannot be used in case of 1D MONS as it is 

impossible to conduct measurements on a nanosized single test object using 

conventional measurement equipment [35]. Therefore, powder XRD is mainly 

used. Powder XRD measures the diffraction pattern of the powder made from 

individual 1D MONS and allows for representation of the overall properties of 

the material. As the powder sample is randomly oriented, every plane of the 
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crystal structure will be oriented so that interference condition is satisfied. 

Therefore, each crystal plane is represented in the obtained diffraction pattern. 

Advantages of powder XRD further include simple sample preparation,  

non-destructive analysis and fast measuring process.  

In addition to XRD measurements Raman spectroscopy can be used to 

gather information about the crystal structure of 1D MONS [31]. Raman 

spectroscopy relies on the analysis of inelastic scattering of monochromatic 

light which is characteristic to the studied crystal structure. 

 

 

1.3. Mechanical characterization of individual  

one-dimensional metal-oxide nanostructures 

1.3.1. Methods 

Tensile test 

Tensile test is one of the most common techniques used for mechanical 

characterization of individual 1D MONS [36–42]. Experimental configuration 

of tensile test is as follows: object under testing is fixed at both ends and is 

deformed by applying uniaxial load. During the tensile test, load and the strain 

are simultaneously measured. Knowing the exact cross-section of the test 

object, stress-strain curve is obtained, and the Young’s modulus can be 

calculated from the linear part of the curve. Tensile test also enables to calculate 

the ultimate tensile strength and toughness for oxide materials.  

There are two main methods to conduct tensile test on 1D MONS. The first 

approach involves a nanomanipulation setup inside a SEM and using an AFM 

cantilever as a force sensor (Figure 1) [38,39,41]. One end of the test specimen 

is attached to the force sensing cantilever and the other end to a nano-

manipulator tip or a second stiff AFM cantilever. The test specimen is fixed 

either by focused ion beam (FIB) or electron beam (EB) induced deposition. 

Deformation of the 1D MONS is determined from SEM images, applied force is 

calculated using the deformation and spring constant of the AFM cantilever.  

 

 
 
Figure 1. Tensile test of 1D MONS using AFM cantilever and nanomanipulator tip.  
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Second method relies on specific home-made microelectromechanical systems 

(MEMS) [36,37,40,42]. In MEMS setup thermal, piezoelectric or electrostatic 

actuators and sensors are used to apply uniaxial force and measure the strain. 

Nanomanipulators are used to position the 1D MONS to the test beds and again 

FIB or EB induced deposition is used to fix the test specimens in place. Usually, 

such system requires prior calibration and is used inside electron microscope to 

allow visual feedback of the nanomanipulation process.  

 

Bending test 

Bending test is relatively simple method for mechanical characterization of 1D 

MONS [43–49]. Method relies on the bending of test specimen that is fixed at 

least at one end and with some part freely suspended. During the bending  

process deflection and applied force is measured. Here, AFM cantilever is the 

most used force sensor. Knowing the cross-section and dimensions of the test 

specimen, elastic beam theory is applied to extract the Young’s modulus values. 

Bending strength values can be calculated when the tested material is bent until 

breaking. Bending test can be conducted both inside electron microscope or 

AFM as direct visualization is not necessary required.  

Bending test can be divided into two distinct methods based on the  

measurement configuration. When the 1D MONS is fixed at one end and the 

other end is freely suspended, term cantilever beam bending is used (Figure 2c,-d) 

[43–45]. Test specimens are usually dispersed from solution onto a patterned 

substrate with periodical holes or groves [44,47–49]. Sometimes nano-

manipulation [43] or vertically grown test specimens [45] are used. Mainly AFM 

calibration grids or TEM grids are employed as patterned substrates. In case of a 

test object fixed at both ends and suspended over an opening three-point bending 

scheme is used (Figure 2a,-b) [46–49]. Three-point bending can be performed in 

lateral [47,49] or vertical mode [46,48]. In lateral mode, test specimen is dragged 

laterally at the midpoint, simultaneously measuring applied force and 

displacement. In vertical mode, suspended sample is pushed at the middle. In both 

configurations FIB or EB deposition is used to fix the 1D MONS when adhesion 

between the test specimen and substrate is not sufficient enough.  

 

 
 
Figure 2. Three-point bending (a,b) and cantilever beam bending (c,d) scheme. 
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Nanoindentation test 

Nanoindentation can be considered the most convenient method for 

characterization of 1D MONS due to the simple sample preparation and fast 

measurement procedure [50–52]. Test samples are deposited on a flat and hard 

surface and a sharp tip is used to ident the sample (Figure 3a,-b). AFM is a perfect 

tool to conduct nanoindentation measurements due to the small size of AFM 

cantilever tip and capability to measure force-distance curve (Figure 3c). 

Mechanical properties are calculated from applied load (F), indention depth (δ) 

and tip properties. Hertz model describes the relationship between the elastic 

modulus (E) and force-displacement curve values through the following equation: 

 

 𝐹 =
4

3
𝐸∗𝑅

1
2𝛿

3
2 (1) 

 

where R is the tip radius of AFM cantilever and E
* 

is the reduced Young’s 

modulus which is related to the Young’s modulus of tested specimen by: 

 

 
1

𝐸∗
=
1 − 𝜐𝑇𝑆

2

𝐸𝑇𝑆
+
1 − 𝜐𝐶𝑇

2

𝐸𝐶𝑇
 (2) 

 

where ETS and υTS are the Young’s modulus and Poisson’s ratio of the 1D 

MONS and ECT and υCT are the same quantities for the cantilever tip,  

respectively [53]. Therefore, special care must be taken when selecting 

indention tip as too soft AFM tip will be deformed when pressing into hard 

oxide material which in turn may lead to a significant error in the results.  

 

 

 
Figure 3. Nanoindentation of 1D MONS using AFM cantilever (a, b) and the 

corresponding force-displacement curve. 
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Resonance test 

Another established method for mechanical characterization of individual 1D 

MONS is resonance test [54–56]. In the resonance test, mechanical oscillations 

are induced in a single freestanding test specimen and the natural resonance 

frequency is found. Young’s modulus (E) is calculated from the resonance 

frequency (f) using the following equation: 
 

 𝑓 =
𝛽𝑖
2

2𝜋𝐿2
√
𝐸𝐼

𝑚
 (3) 

 

where L is the length of the freestanding part, I the area moment of inertia and 

m the unit length mass of the test specimen. βi is a constant for the ith harmonic, 

values of the first two harmonics are β1=1.875 and β2=4.694.   

 
 

 
 
Figure 4. Resonance test of 1D MONS using two electrodes.  
 

1D MONS can be exited directly on the substrate, where they were grown or 

picked up and attached to a probe using FIB or EB induced deposition. 

Oscillation of the test specimen can be produced by two methods. First method 

uses two electrodes – test specimen is located on one electrode and second 

electrode is attached to nanomanipulator allowing to approach the specimen 

(Figure 4a) and to induce resonance [54,55]. Alternating voltage is applied 

between two electrodes and frequency is changed until mechanical resonance is 

induced in the test specimen (Figure 4b). Second method involves attachment of 

the test specimen to a probe which in turn is glued to a piezoelectric sheet [56]. 

Mechanical resonance is induced by applying alternative voltage to the piezo-

electric sheet. As resonance test requires real-time visual observation to detect 

resonance, measurement is conducted inside electron microscopy.  
    

Buckling test 

Experimental setup used for tensile test of 1D MONS can also be applied to 

conduct buckling test [41,57]. Opposite to tensile test, test specimen is 

subjected to compressive stresses until a critical buckling force (Fcr) is reached. 

Young’s modulus (E) can be calculated using the Euler’s formula [58]: 
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 𝐹 =
𝑛𝜋2𝐸𝐼

𝐿2
 (4) 

 

where L is the length of the 1D MONS between the fix points and n a constant 

that is defined by the boundary conditions of the fix test specimen. 

 

 

 
 
Figure 5. Buckling test scheme using a nanomanipulator tip and AFM cantilever.  

 

Buckling test is carried out inside electron microscope to allow for precise 

manipulation and visualization. One end of the 1D MONS is fixed to a nano-

manipulator and the other end to an AFM cantilever which acts as a force 

sensor (Figure 5). Nanomanipulator is used to push the test specimen into the 

AFM cantilever, the deflection of the AFM gives the value of the applied load. 

Axial compressive loads lead to buckling and subsequent bending of the test 

specimen until it breaks.    

 

 

1.3.2. General challenges  

The main challenge for mechanical characterization of individual 1D MONS is 

the small size of the specimen which means that conventional macroscopic test 

methods cannot be used [59,60]. Due to the size of the test specimen, challenges 

can be grouped as follows: (1) manipulation and positioning of the specimen for 

the test; (2) clamping of the specimen; (3) force and deformation detection; (4) 

visualization of the measurement process. 

Almost all of the methods used for mechanical characterization of 1D MONS 

rely on the manipulation of individual test specimen from synthesis substrate or 

solution onto the required test bed or configuration [59,60]. Simplest solution is to 

use substrate with numerus test beds and place a drop of solution containing 1D 

MONS onto the substrate [44]. The test specimens are randomly distributed and 

due to the large number of test beds there is a high probability that some 

specimens are in the suitable configuration. This method works well for bending 
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test as substrates with holes or groves are easily manufactured. As discussed 

before, tensile and buckling tests are performed on 1D MONS which are 

clamped between two probes [38,39,41,47]. Here, nanomanipulators are 

required to move and place the test specimen in the suitable test bed. Nano-

manipulation systems usually consist of nanopositioner with a probe that has a 

sharp tip. Nanopositioner is based on multiaxial piezo actuators which allow for 

nanometer precise movement. Nanomanipulation requires direct visual guidance 

and therefore are conducted inside electron microscopes.   

Once the test specimen is in the right configuration for the experiment, next 

crucial step in the measurement procedure is the clamping of the 1D MONS 

[59,60]. As boundary condition can play major role in the determination of the 

mechanical properties, great deal of attention must be paid towards insuring that 

the test specimens are fully fixed [61]. Primary methods of clamping are FIB 

[43] and EB [38] deposition, where precursor is decomposed and deposited by 

the secondary electrodes of the beam. Precursor is usually introduced in gaseous 

or solid form near the deposition site. FIB deposition rates are higher than EB 

but FIB deposition suffers from lower spatial resolution and must be used 

together with SEM.  

Mechanical characterization of 1D MONS involves measurement of applied 

force and subsequent deformation in the nanonewton and nanometer scale, 

respectively [59,60]. MEMS or AFM cantilevers are mostly used to detect such 

small forces [36,41]. Fabrication of MEMS-based testing system is a rather 

complicated task and very accurate calibration procedure is needed for precise 

force detection [36]. At the same time MEMS can be very versatile tool as it 

can also be used to measure deformation at high spatial resolution. AFM  

cantilevers are used either inside AFM, SEM or TEM to measure force during 

deformation of the 1D MONS [41,47]. For high accuracy, it is crucial to 

determine the exact value of the cantilever spring constant and to conduct 

precise calibration. Deformation is measured either using EM images or AFM 

laser signal.   

As mentioned several times before visualization of the measurement is done 

by either electron microscope or AFM [59,60]. Main advantage of AFM is the 

fact that no extra nanomanipulation equipment is necessary [47,50]. AFM 

cantilever acts as a force sensor, nanomanipulator and visualization device.  

Unfortunately, this means that in AFM these tasks cannot be done simultaneously 

and important information about the real-time processes during the test are lost. 

Therefore, electron microscopy is the preferred method meaning that special 

nanomanipulation setups must be built and placed inside high-vacuum conditions 

which again gives rise to a number of challenges [36,40]. Nanomanipulation 

setups inside electron microscopes must be vacuum proof, e.g. materials with 

low rate of outgassing in order not to contaminate the vacuum chamber and the 

sample. Setup must be small enough to fit into the electron microscope and all 

of the wiring must be shielded in order to avoid effecting the electron 

microscope image.      
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1.3.3. Source of errors 

Large discrepancy in the measured mechanical properties is a characteristic to 

1D MONS which can be partly explained by number of errors related to the 

measurement procedure [36,37,40,43]. Main source of errors includes accuracy 

and calibration of the force sensor, determination of test specimen dimensions, 

presence of electron beam (EB), test configuration and method.  

MEMS force sensing systems are usually directly calibrated before  

measurement procedure due to fabrication uncertainties which may result in the 

actual device dimensions being different from design values [37]. Likewise, 

AFM cantilevers require calibration and reliable method for determining the 

normal force constant [62]. There are over dozen different calibration methods, 

including geometric method, forced and thermal oscillation, static loading and 

finite element analysis [63]. Different methods can give uncertainty of up to 

40% in normal force constant values [63]. Therefore, initial mistake in  

calibration procedure or choice of calibration method can lead to substantial 

errors in calculation of mechanical properties values.   

Even higher uncertainty for obtained values can be attributed to errors due to 

the measurement of 1D MONS dimensions [40]. Equations for Young’s modulus 

calculation include specimen length in second or third power and radius in the 

fourth power [58,64]. Dimensions are measured using either AFM or electron 

microscopy, therefore resolution of the measuring device determines directly the 

accuracy. AFM has a high vertical resolution but suffers from low lateral  

resolution which is limited by tip radius and wear. Highest measurement accuracy 

is usually obtained by TEM which at the same time is the most complicated and 

expensive method. Therefore, SEM with high-resolution (down to 1 nm) is 

usually used. In addition to radius and diameter, determination of the cross-

section is also important. Cross-section of the same 1D MONS material can be for 

example circular or hexagon or even any arbitrary shape between the two [36,40]. 

The difference, in calculated area moment of inertia values using either circular or 

hexagonal cross-section for the same measured diameter, is up to 30% (area 

moment of inertia of circular and hexagonal cross-section is approximately 0.79r
4
 

and 0.54r
4
, respectively). Hence, accurate measurement procedure involves 

measuring the exact cross-section of the test specimen.   

In addition, the effect of EB, which is one of the primary tools for  

mechanical characterization, must be considered [65–69]. Bombardment of 

high-energy electrons can lead to the structural change of 1D MONS which 

consequently effects the mechanical properties. Therefore, values obtained for 

the same material but measured using different microscopes can vary. Various EB 

driven effects have been reported in the literature, including enhanced plasticity of 

amorphous silica [65], increased anelasticity of CuO nanowires [66], EB induced 

amorphization of SiC  nanowires [67], and EB driven phase transition of TiO2 [68]. 

Furthermore, EB can cause charging of the substrate, test specimen and/or 

manipulation probe [69]. This can lead to significant increase of adhesion between 

test specimen and substrate or repulsion between manipulation probe and specimen. 
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In turn, this will cause under- or overestimation of the applied force and lead to 

error in calculation of mechanical properties.    

Difference in the test configuration can lead to substantial error in  

measurement result [70,71]. First, assumption of a perfectly fixed test specimen 

must be realized in the experiment [70]. Weakly clamped 1D MONS can lead to 

slipping of the ends and thus to the underestimation of the elastic values. In 

addition, uncertainty related to the fixed points of the test specimen influences 

the determination of the clamping length and again leads to an error in the 

calculation of the elastic values [61]. In the three-point bending configuration, 

the ratio of the suspension length to the specimen diameter should be relatively 

large (approximately 20) to decrease uncertainty of the measurement value [61]. 

Tensile test requires application of uniaxial strain which means that the test 

specimen must be perfectly aligned [71]. Any deviation from uniaxial configuration 

may lead to bending and twisting of the test specimen and subsequently cause a 

significant error in the measurement result.  

Finally, the last factor that should be considered as potential source of error 

is the influence of the test method [38,41]. As discussed before, tensile test 

involves uniaxial deformation of the 1D MONS and the load is uniformly 

distributed over the cross-section [40]. Therefore, tensile test is not sensitive to 

the inhomogeneous nature of 1D MONS which arises from the fact that the 

surface atoms possess different properties compared to the bulk atoms. Mean-

while non-uniform distribution of defects and surface effects can play a major 

role in the experiments, where the mechanical properties of 1D MONS are 

found from bending tests [46,48,49]. Difference in loading modes has led to a 

distinction between tensile modulus and bending modulus [41]. Main difference 

between the test methods is that bending test is more sensitive to surface effects 

and therefore the modulus values can be higher for larger diameter nanowires 

when compared to values measured by tensile test for the same material [41]. 

Core-shell model with stiffened shell is used to explain the differences in 

measured values between the two methods [38,41].      

 

       

1.4. Influence of structure on the mechanical properties of 

one-dimensional metal-oxide nanostructure 

For macroscale materials, it is very well known how the microstructure defines 

the mechanical properties of material [72]. Interatomic forces, chemical bond 

type, strength and direction between atoms, ions and molecules and presents of 

defects are directly related to the mechanical properties of materials like 

elasticity, hardness, yield strength, Young’s modulus, etc. Same principles can 

be applied to nanoscale materials, but as mentioned in section 1.1. extended 

surface and quantum effects make situation more complicated. At the same time, 

the applicability of 1D MONS strongly depends on the capability of preparing 

structures with reproducible properties. Therefore, it is of great importance to 
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investigate the factors that affect the structure and subsequently the mechanical 

properties of 1D MONS.  

In section 1.1.2. it was shown that 1D MONS can be synthesized using 

several fundamentally different techniques and the same material can be 

produced with numerous crystal structures.  Mechanical properties of the same 

material with different growth direction or crystalline structure can have very 

different values. Moreover, just a slight adjustment in growth conditions can 

result in materials with different mechanical properties [40]. Wang et al 

synthesized ZnO nanowires using thermal evaporation. Just by changing the gas 

flow rate they were able to produce nanowires with either circular or hexagonal 

cross-section. Structural characterization showed no difference in crystal 

structure and both samples were single crystalline with hexagonal wurtzite 

structure. At the same time, uniaxial tensile test showed that the Young’s 

modulus of nanowires with circular cross-section were significantly lower than 

for hexagonal nanowires. Similar studies of 1D MONS produced from the same 

precursor but using different synthesis process, could expand the understanding 

of the role of synthesis on the structural and mechanical properties of nano-

structures.    

Synthesized 1D MONS can be subjected to further thermal treatment 

(annealing) which for example can be related to specific application, incorporation 

into composite materials or to improve the mechanical properties. Tan et al 

studied the effect of annealing on the structural and mechanical properties of 

electrospun polymeric nanofibers [73]. Electrospun nanofibers were annealed at 

75°C which was slightly above the crystallization temperature. The mechanical 

properties of as-spun and annealed nanofibers were measured using three-point 

bending test inside AFM. Annealing led to increase of Young’s modulus values 

due to the increase in crystallinity and enhanced intrafibrillar bonding. Further 

studies on metal-oxide nanostructures with well-defined crystal structure could 

offer valuable information on the effect of annealing.    

Defects play an important role in determining the mechanical properties of 

1D NOSM. It is well known that the fracture strength of material is dependent on 

the number of critical defects [74]. He et al measured the diameter dependence of 

fracture strength of ZnO nanowires and determined that with the decrease of 

nanowire diameter the strength was increased [75]. They proposed that this 

effect was related to point defects (oxygen and zinc ion vacancies) as no 

structural defects were observed in TEM studies. The decrease of point defect 

concentration with the decrease in diameter was confirmed by cathodo-

luminescence characterization. Point defects can also affect the Young’s 

modulus values. Theoretical [76,77] and experimental [40] studies have shown 

that increase in point defect (especially vacancies) concentration will lead to 

change in bond energy and length subsequently decreasing the Young’s 

modulus value of the material. Role of defects could be further investigated by 

introducing dopants of different material into the nanostructures.  

Properties of 1D NS can be efficiently modified and improved by coating 

them with a thin layer of oxide material, resulting in a core-shell heterostructure 
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[78,79]. Theoretical studies on core-shell 1D NS have shown that coating can 

also improve the mechanical properties of materials. Ma et al showed that 

thickness of thin SiO2 layer on SiC nanowires can greatly affect the Young’s 

modulus of such core-shell nanowires [80]. Such acute dependence of surface 

layer has led many authors to develop theoretical core-shell models to explain 

the size effect of 1D NS [38,41,54]. Here, homogenous nanostructure is divided 

into core with bulk modulus of the material and shell with effective elastic 

modulus and thickness of few nanometers. The interplay between the two 

modulus determines the overall modulus of the nanostructure. When coating is 

involved in creating core-shell 1D NS, the interface between the core and shell 

material plays an important role. It has been shown that the interface may 

significantly influence the overall plastic response of a core-shell nanowire 

during loading [81] and different strains in the interface can lead to non-linear 

dependence of Young’s modulus on the composition of the core and the shell 

[82]. Unfortunately, there are only few experimental works available on metal-

oxide core-shell nanostructures. Therefore, addition studies are required to 

understand the effect of oxide coating on 1D NS.          
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2. AIMS OF THE STUDY 

The main goal of the present study was to expand the fundamental understanding of 

the relationship between the mechanical properties of one-dimensional metal-

oxide nanostructures and crucial technological parameters like method of synthesis, 

presence of dopants, and thermal treatment.  In order to achieve this goal number 

of objectives were set and detailed structural characterization and complex 

nanomanipulation experiments for mechanical characterization were conducted 

on different materials. List of main objectives was as follows: 

 Assessment of synthesis process influence on the structure and the mechanical 

properties of TiO2 nanofibers. 

 Effect of annealing on the structural and the mechanical properties of Al2O3 

nanofibers. 

 Doping effect on the structural and the mechanical properties ZnO nano-

wires. 

 Determination of the effect of Al2O3 coating on the mechanical properties of 

metal nanowires. 
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3. EXPERIMENTAL 

3.1. Structural characterization of one-dimensional  

metal-oxide nanostructures 

In the present study, structural characterization of 1D MONS was carried out by 

electron microscopy, X-ray diffraction (XRD) and Raman spectroscopy. Two 

different high-resolution scanning electron microscopes (HR-SEMs) were mainly 

used to measure the size, shape, uniformity and distribution of 1D MONS. Helios 

Nanolab 600 (FEI) SEM had a resolution of 0.9 nm and was equipped with 

focused ion beam source and energy-dispersive X-ray spectroscope. Nova 

NanoSEM 450 (FEI) SEM had a resolution limit of 1.4 nm and could be used in 

low-vacuum mode. In addition, Tecnai GF20 (FEI) transmission electron 

microscope (TEM) with line resolution of 0.12 nm was applied for the inner 

structure studies of 1D MONS. 180 kV accelerating voltage was used for 

imaging the characterization of 1D MONS.  

Powder XRD was used to determine the crystal structure of 1D MONS. Two 

different X-ray diffractometers were used – Ultima+ (Rigaku) and D8 Advanced 

(Bruker). For Ultimate+ CuKα radiation at wavelength of 1.5406 Å was used at 

room temperature. Powder XRD patterns were recorded at 2θ from 10° to 80°. 

Scanning rate was set 1° min
-1

 and diffraction pattern was recorded with a step 

width of 0.01°. D8 Advanced diffractometer used digitally and Ni-filtered 

CuKα radiation. Diffraction pattern was scanned at 2θ from 8° to 100° with 

resolution of 0.0122° and counting time of 0.15 s per step. Results of the 

powder XRD measurement were compared against diffraction patterns in the 

crystallography open database and the crystal structure was determined. In case 

of D8 Advanced further analysis was conducted. The diffraction patterns were 

evaluated by Rietveld refinement and Le Bail profile fitting with the software 

Profex [83] and the Rietveld refinement kernel BGMN [84]. This allowed to 

determine the cell parameters of the structure and evaluate the crystallite sizes 

and internal strain.  

Finally, InVia (Renishaw) Raman microscope was used for Raman  

spectroscopy. Samples were excited by a 514 nm laser directly through an 

upright DM LM (Leica) microscope’s objective lens. Backscattered light 

spectrum was collected by InVia spectroscope in the same optical path as the 

incident laser beam. Spectroscope had a grating of 1800 groves/mm and 

spectral resolution of approximately 0.5 cm
-1

.  

 
 

3.2. Mechanical characterization of one-dimensional 

metal-oxide nanostructures 

Mechanical characterization of 1D MONS was carried out by using two distinct 

methods – cantilever beam bending and three-point bending. Two different 

nanomanipulation setups were developed for Young’s modulus and bending 
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strength measurement using cantilever beam bending method inside SEM. Both 

cantilever beam bending and three-point bending techniques were used inside 

an AFM to determine Young’s modulus. SEM-based methods allowed for direct 

observation of the nanomanipulation process including actual contact point 

between probe and individual 1D MONS at every stage of bending test, the 

corresponding profile of the tested object, crack formation and propagation, as 

well as close-up inspection of the freshly fractured area in vacuum. AFM enabled a 

simple setup for nanomanipulation experiments with high force resolution and 

precise measurement of 1D MONS down to 10–20 nm in diameter.   

 

 

3.2.1. Cantilever beam bending inside SEM 

Cantilever beam bending technique is based on bending of a beam with a 

uniform cross-section that is clamped at one end and free at the other end [64]. 

When a point force (F) is loaded at the free end of the beam with the suspension 

length of l, behavior of the beam under bending is described by elastic beam 

theory as follows: 

 

 𝐸𝐼
𝑑2𝜃

𝑑𝑙2
+ 𝐹𝑐𝑜𝑠𝜃 = 0 (5) 

 

where E is the Young’s modulus of the beam, I the area moment of inertia and θ 

is the angle between the tangent of the bent profile and the initial straight 

profile.   

Area moment of inertia for circular, pentagonal and hexagonal cross-section 

are as follows: 

 

 𝐼𝑐𝑖𝑟𝑐 =
𝜋𝑟4

4
 (6) 

 𝐼𝑝𝑒𝑛𝑡 =
1

6

(3 − √5)

(3 + √5)
√256 + 118√5𝑟4 (7) 

 𝐼ℎ𝑒𝑥 =
5√3

16
𝑟4 (8) 

 

where r is the (apparent) radius of the beam.   

Cantilever beam bending was also used to determine the bending strength of the 

1D MONS. Bending strength is the maximum stress that a beam can withstand 

before fracture. In the cantilever beam bending configuration the maximum stress 

(σmax) is given by:   
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 𝜎𝑚𝑎𝑥 = 𝐸𝑟𝜅 (9) 

 

where κ is the curvature of the beam just before breaking.  

 

 

3.2.1.1. Young’s modulus  

Young’s modulus measurements were carried out inside Vega-II SBU (TESCAN) 

SEM using a home-made nanomanipulation setup (Figure 6) [85]. Quartz tuning 

fork (QTF, ELFA) with resonance frequency of 32.768 kHz was used as a force 

sensor (Figure 6b). QTF is a perfect tool for nanoscale force sensing as the 

resonance frequency of the QTF is highly sensitive to the force acting on the 

crystal [86]. AFM cantilever was glued to one of the prongs of the QTF to allow 

manipulation of single 1D MONS (Figure 6c). In turn, QTF was attached to 3D 

piezo nanopositioner (SLC-1720-S, SmarAct) which allowed precise movement 

of the force sensor (Figure 6a). Nanopositioner has two distinct working modes – 

fine and coarse. Fine mode is based on expansion and contraction of the piezo 

element which allows for precise moment of the nanopositioner from few 

nanometers up to 1.5 μm. In coarse mode movement is achieved by series of 

gradual expansions of piezo element followed by abrupt slips achieved via 

sawtooth signal sent to the element. This allows to move the nanopositioner up 

to 12 mm in all three directions. QTF oscillation was excited by applying 

alternating voltage using a lock-in amplifier (SR830, Stanford Research System) 

and recorded by analog-digital converter (NI PCI-6036E, National Instruments). 

QTF was excited in shear mode meaning the AFM cantilever attached to the 

prong was oscillating parallel to the plain of bending/ substrate surface.  

 

 

 
 

Figure 6. Home-made nanomanipulation setup: SmarAct nanopositioner (a), QTF (b) 

with electrical contacts and AFM cantilever glued to the end of one of the prongs (c).  

 

 

QTF isn’t direct force measurement method as only change in resonance 

frequency is obtained from the bending experiment. Calculation of the loading 

force applied during the experiment required further calibration of the force 

sensor. Precalibrated AFM cantilever with spring constant of 0.056 N/m was 
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used to obtain force values. During the calibration process force sensor was used 

to bend the AFM cantilever and simultaneously resonance amplitude signal was 

recorded. Using the spring constant of the AFM cantilever relationship between 

the amplitude and the force was determined for the force sensor. From this, 

force applied during the experiment was calculated.    

Prior to Young’s modulus measurements radius and the suspension length of 

suitable 1D MONS were measured inside one of the HR-SEM described in 

section 3.1.1. Next, the sample was placed inside TESCAN SEM and Young’s 

modulus measurements were conducted by in-plane bending of the 1D MONS 

using the nanomanipulation setup described previously. Video of the SEM 

images of the bending experiment was simultaneously recorded. Young’s 

modulus was calculated by numerically fitting actual bent profile of the 1D 

MONS from experiment with equation (5) using corresponding force sensor 

value, suspension length and radius of the test object. Numerical fitting was 

performed for different degrees of bending to obtain the most reliable result.  

 

               

3.2.1.2. Bending strength  

Bending strength measurements were performed inside Helios HR-SEM using 

commercially available nanopositioner (MM3A-EM, Kleindiek). Nanomanipulation 

system inside HR-SEM lacked force sensing capability but allowed for more 

accurate imaging of the bending process, crack formation and breaking of the 1D 

MONS. Kleindiek nanopositioner works in polar coordinate system and composes 

of three piezoelements. Corse mode allows for working range of 100 cm
3
 and fine 

mode sub-nanometer resolution. Again, AFM cantilever (ATEC-CONT) was 

attached to home-made probe holder of the nanopositioner to allow bending of 

individual 1D MONS.  

 

 

 
 
Figure 7. Bending strength measurement of Al2O3 nanofibers using AFM cantilever. 

Curvature just before breaking (c) is used to calculate the value [87].  
 

 

During bending strength experiment, first HR-SEM image of suitable 1D 

MONS was recorded which allowed to measure the radius and the suspended 

length of the test object. Next, 1D MONS was gradually bent using fine mode 

of nanomanipulator until the test object broke (Figure 7). Simultaneously, series 
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of SEM images or video was recorded of the bending experiment. Bending 

strength values were calculated using equation (9). Curvature of the 1D MONS 

was obtained from the SEM images just before the breaking (Figure 7c) and the 

Young’s modulus value obtained from previous measurements was used.  

 

   

3.2.1.3. Fatigue  

In addition to bending strength measurements, Kleindiek nanopositioner allows for 

fatigue measurements of 1D MONS using the oscillation mode. Both the amplitude 

and the frequency of the oscillation can be changed to suite the measurement. 

Experiment was performed by first making a contact between the test object and tip 

of the nanomanipulator and then the oscillation mode was turned on. Next, 

oscillation amplitude was increased until the 1D MONS was bent close to the 

yield point. Amplitude of the oscillation was measured from the HR-SEM 

images. Fatigue test was performed up to 1 million cycles or until the test object 

broke.  

 

3.2.1.4. Weibull statistics 

Weibull statistics was implemented to quantitively compare uniformity of  

mechanical properties of 1D MONS [74,88]. The method is widely used for 

representation of material’s strength distribution which is usually governed by the 

statistical distribution of critical defects. Weibull statistics give the cumulative 

probability distribution of fractures PS at the maximum bending stress (bending 

strength) σmax for a sample as follows: 

 

 𝑃𝑆 = 1 − exp⁡[− (
𝜎𝑚𝑎𝑥

𝜎0
)
𝑚

] (10) 

 

where σ0 is the bending strength at which 63% of the samples will break. m is 

the Weibull modulus which is a dimensionless parameter used to describe 

variation in the measured strength values. Higher m value corresponds to a 

steeper slope in the Weibull plot and indicates lower deviation in the bending 

strength values.  
 

 

3.2.2. Bending methods inside AFM 

Young’s modulus calculation using three-point bending method inside AFM is 

based on elastic beam theory [89]. In three-point bending configuration, elastic 

beam is fixed at both ends and suspended over an opening (Figure 8a). If a point 

force F is applied at the middle of the beam (length L) the force-displacement 

relationship is as follows: 
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 𝐹 =
192𝐼𝐸

𝐿3
𝛿 (11) 

 

where E is the Young’s modulus, I is the area moment of inertia and δ  

displacement of the beam at the middle. In terms of Young’s modulus: 

 

 𝐸 =
𝑘𝐵𝐿

3

192𝐼
 (12) 

 

where kB=F/δ is the stiffness of the beam. This relationship is true only for 

linear elastic regime and small displacements. If we also consider the tensile 

strain of the beam then the Young’s modulus can be found by [90]: 

 

 𝐸 =
𝑘𝐵𝐿

3

192𝐼(1 +
𝐴
24𝐼

𝛿2)
 (13) 

 

where A is the cross-section area of the beam.  

For cantilever beam bending configuration the force-displacement relationship 

becomes much simpler and is given by the following equation: 

 

 𝐸 =
𝑘𝐵𝐿

3

3𝐼
𝛿 (14) 

 

AFM-based Young’s modulus measurements were performed by Dimension 

Edge AFM (Bruker) under ambient conditions using tapping-mode cantilevers 

(PPP-NCHR, Nanosensors). First, HR-SEM was used to select and measure the 

radius and suspensions length of suitable 1D MONS either in three-point 

bending or cantilevered beam bending configuration. Series of SEM images 

with different magnifications were taken which allowed to locate the selected 

1D MONS in AFM. Built-in optical microscope was used to move the tip of the 

AFM to right location and then a low magnification (usually 10x10 μm) images 

were taken to ensure proper tip position. Next, higher magnification (between 

1x1 μm to 3x3 μm, depending on the size of the test object) images of the 

suitable 1D MONS were recorded. Tip of the AFM cantilever was placed 

approximately at the center or at the end of the 1D MONS for either three-point 

bending or cantilever beam bending configuration, respectively. Several force-

displacement curves were taken at different displacements using built-in software. 

The extent of the displacement depended on diameter and suspension length of 

the test object. 
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Figure 8. SEM images of ZnO nanowire in three-point bending configuration (a) and 

the decoupled force-displacement curve obtained by AFM (b) [91].  

 

 

Raw AFM data of the built-in software contained only the z-position (in nm) of 

the AFM cantilever holder and relative change of the laser signal (in volts) 

reflected from the tip to the photodiode. Calibration of the AFM cantilever, 

which consisted of determining sensitivity and normal force constant of the 

cantilever, was required to obtain real force-displacement values (Figure 8b). 

Sensitivity of the cantilever, e.g. how large deflection of the cantilever (in nm) 

produces a drop of 1 V of laser signal, was obtained by measuring force-

displacement curve on a hard surface, where indentation of the tip into the 

material can be neglected. Sensitivity was used to decouple raw AFM data into 

the corresponding deformation of the AFM cantilever and the test object. 

Normal force constant of the cantilever used in the measurement was calculated 

using the geometry of the cantilever measured by HR-SEM [62]. Forced applied 

during the bending experiment was calculated from the normal force constant and 

deformation of the AFM cantilever. Elastic regime, e.g. liner part of the force-

displacement curve, was taken into account for Young’s modulus calculations. 

Values obtained in the experiments were inserted into equations (13) or (14) to 

obtain Young’s modulus values.   

 

 

3.2.3. Sample preparation 

Mechanical characterization of individual 1D MONS using different bending 

methods requires structured substrate with grooves and holes. In the present study 

two different patterned substrates were used – TEM grids (1500 mesh copper 

grid, Agar Scientific, Figure 9a,-b) and silicon substrates with inverse pyramids 

(Figure 9c,-d). Silicon substrates were prepared by nanosphere lithography [92]. 

No additional steps were made to fix 1D MONS to the substrate since the 
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adhesion between two interfaces was sufficient to prevent any slipping [92]. 

Ultrasonic treatment was used to break up and disperse the 1D MONS in the 

solution. Drop-casting was used to place samples from solution onto the 

patterned substrates.  

 

 

 
 

Figure 9. TEM grid (a-b) and silicon substrate with inverted pyramids (c-d).  
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4. RESULTS AND DISCUSSION 

4.1. Synthesis process influence on the mechanical 

properties of TiO2 nanofibers (publication I) 

Aim of this section was to find out if the same synthesis methods with two 

different approaches could produce materials with comparable structural and 

mechanical properties. For this purpose, TiO2 nanofibers (NFs) were produced 

by needle and needleless electrospinning process. Needle electrospinning method  

is a laboratory scale process, which suffers from low production rate, while 

needleless electrospinning is more suitable for industrial scale production [93]. 

Both techniques are characterized by high degree of control over the spinning 

condition. The same precursor was used for two electrospinning processes to 

exclude any other factor that could influence the properties of the TiO2  

NFs. Structural and mechanical properties were characterized using Raman  

spectroscopy, XRD, TEM, SEM and in situ SEM nanomechanical testing.  

 

 

4.1.1. Preparation of TiO2 nanofibers 

Precursor of TiO2 for electrospinning methods were made by mixing 0.64 ml of 

titanium tetraisopropoxide with 1.2 ml of acetic acid and 1.2 ml of absolute 

ethanol and then stirred for 1 h. Final mixture was obtained by adding the 

solution to 3 ml of absolute ethanol that contained 0.18 g of polyvinyl-pyrroli-

done. Needle electrospinning process was conducted by home-made setup using 

23-gauge stainless steel needle connected to a high-voltage power supply (LNC 

30000-2pos, Heinzinger). The feeding rate 1 μl/min for the solution was 

controlled with a syringe pump (Multi-Phaser NE-500, New Era). Electrospinning 

was conducted in ambient air atmosphere using aluminum foil as collector substrate 

placed 15 cm from the needle tip. In needleless electrospinning process TiO2 NF 

mats were produced by commercially available electrospinning equipment 

(Nanospider Lab 200, Elmarco). Synthesis was performed at room temperature 

using pike spinning electrode with diameter of 1 cm and length of 15 cm. DC 

voltage during electrospinning was varied from 65 to 70 kV. For both techniques 

obtained nanofiber mats were dried at room temperature in ambient atmosphere 

for 12 h and then annealed at 500°C for 3 h.  

 

 

4.1.2. Structural properties of electrospun TiO2 nanofibers      

Crystal phase of nanofibers were characterized by powder XRD and Raman 

analysis described in detail in section 3.1. Raman spectra of annealed electro-

spun NFs (Figure 10a) produced by two techniques revealed six characteristic 

Raman-active modes A1g+2B1g+3Eg corresponding to anatase phase [94] with 

following allowed bands: 144 cm
-1

 (Eg), 197 cm
-1

 (Eg), 399 cm
-1

 (B1g), 513 cm
-1
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(A1g), 519 cm
-1

 (B1g) and 639 cm
-1
 (Eg). Anatase crystal structure was also clearly 

demonstrated on the powder XRD spectra (Figure 10b) collected by Ultima+ 

diffractometer.     

 

 

 
 

Figure 10. The Raman spectrum of anatase TiO2 electrospun NFs obtained by needle 

(black line) and needleless (red line) electrospinning process (a). The powder XRD 

pattern of the electrospun NFs produced by needle electrospinning (b).  

 

Nova HR-SEM was used to determine the size and morphology of the electro-

spun TiO2 NFs. Both electrospinning techniques yielded uniform bead-free 

nanofibers. On average, needle electrospinning process produced NFs with 

larger diameter (median value of 129 nm) compared to needleless electro-

spinning (median 103 nm). TEM inspection of individual TiO2 NFs revealed 

polycrystalline morphology and absence of internal defects like voids and 

cracks (Figure 11). NFs consisted of randomly oriented nanocrystals with size 

in range of 10–30 nm.    

 

 

 
 

Figure 11. TEM images of TiO2 NFs produced by needle (a-b) and needless (c-d) 

technique.  
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4.1.3. Mechanical characterization of  

electrospun TiO2 nanofibers 

Mechanical characterization electrospun TiO2 NFs was carried out by cantilever 

beam bending method inside SEM described in section 3.2.1. Individual test 

samples were obtained by placing electrospun TiO2 NF mats in ethanol and 

treated for 3 h in ultrasonic bath. TEM grids were used as suitable substrates for 

all the mechanical experiments. Young’s modulus measurements were carried 

out on 10 needle and 17 needleless electrospun TiO2 NFs with radius between 

101 to 223.5 nm and suspended length of few micrometers. Measurement 

results are depicted in Figure 12. Median Young’s modulus values of two  

different samples were found to be 92±12 GPa and 95±19 GPa for the needle 

and needleless techniques, respectively. Thus, both electrospinning techniques 

produce NFs with nearly the same elastic properties. Obtained results are  

considerably higher than previously reported values [95–97]. Higher values of 

Young’s modulus can be explained by difference in synthesis methods and 

conditions that may result in TiO2 NFs with different microstructure. In particular, 

our NFs may have higher density (less pores and inner voids) due to probably 

better conditions for solvent evaporation, longer annealing time and higher 

temperature and less impurities.   

 

 

 
 

Figure 12. Young’s modulus (a) and bending strength (b) values versus radius of needle 

and needleless electrospun TiO2 NFs. 

 

Bending strength tests were performed on 22 needle and 24 needleless TiO2 

NFs with radius between 58.9 and 295.9 nm. Bending strength was determined 

by Eq. (9) using median Young’s modulus value presented before. Median 

bending strength for needle and needleless electrospun TiO2 NFs was found to 

be 2.7±0.8 GPa and 3.1±0.6 GPa, respectively (Figure 12b). Obtained results again 

indicate that both electrospinning techniques produce nanofibers with very similar 

mechanical properties.  It can be seen from Figure 12b that bending strength values 

are considerably more scattered in comparison to Young’s modulus values. This 
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situation is typical for nanostructures since in contrast to Young’s modulus, 

strength is usually determined by the presence of the critical structural defects 

[79]. Distribution of defects in nanostructures is non-uniform and can vary from 

NF to NF. Median bending strength found in our experiments is significantly 

higher than 1.4 GPa measured previously by tensile test [95]. This is expectable 

since in tensile test strain uniformly is distributed along the fiber and therefore 

probability of the presence of the critical defect is higher than in bending test, 

where critical defects should be in close proximity to the most strained area.  

Finally, Weibull statistics discussed in section 3.2.1.4 was implemented to 

quantitatively compare uniformity of the bending strength values of TiO2 NFs. 

Using Eq. (10) Weibull probability distribution was plotted, and Weibull modulus 

extracted. Modulus values of 4.55 and 2.75 for needle and needless electrospun 

TiO2 NFs were found, respectively. This result suggests TiO2 NFs produced by 

needle electrospinning are more uniform in microstructure and mechanical 

behavior. Difference in mechanical behavior may be attributed to the micro-

structural peculiarities (surface defects, cracks and pores) which may arise due to 

the fact that solution jets are generated from open solution surface in needleless 

electrospinning, as well as peculiarities of the electrospinning technological 

equipment (electrode), the applied voltage and the spinning direction [98].   

 

    

4.2. Effect of annealing on the crystal structure and 

mechanical properties of Al2O3 nanofibers (publication II) 

In this section effect of annealing on the crystal structure and mechanical properties 

of Al2O3 NFs were investigated. Commercially available alumina NFs were 

characterized before and after annealing at 1400°C. This temperature is common 

sintering temperature required for densification of ceramics [99] and was chosen 

since one of the most promising application of alumina NFs is being reinforcement 

material in ceramic matrix compounds [100]. Structural characterization of alumina 

NFs was carried out by SEM, TEM and powder XRD, mechanical properties were 

obtained from SEM-based nanomanipulation experiments.  

 
 

4.2.1. Preparation of alumina nanofiber samples 

The Al2O3 NFs were purchased from MemPro Ceramics and had diameter 

between few tens to few hundreds of nanometers (average 156 nm) and lengths 

over 100 μm. NF mats were annealed at 1400°C in air for 1 h using an alumina 

tube furnace (HTRH, Nabertherm). Individual test specimens were obtained by 

placing very low concentration (0.3 mg/ml) of NF mats in isopropyl alcohol and 

then sonicating them for 45–100 min in an ultrasonic bath. Drop of the solution 

was placed on TEM grids for mechanical characterization.  
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4.2.2. Structural characterization of Al2O3 nanofibers 

Crystalline structure of Al2O3 NFs was determined using powder XRD and the 

patterns were collected by Ultima+ diffractometer. The XRD patterns of the 

untreated and annealed alumina NFs are presented in Figure 13. All of the broad 

diffraction peaks of the untreated NFs (Figure 13b) can be indexed as cubic  

γ-Al2O3 (COD No. 2015530). The XRD pattern of the annealed nanofibers 

(Figure 13a) shows strong and sharp peaks due to the hexagonal α-Al2O3 phase 

(COD No. 1000032). The XRD analysis indicates that the phase transition of γ-

alumina to α-alumina occurs below 1400°C which is consistent with the pre-

viously reported results [101,102].     

 

 

 
 

Figure 13. XRD patterns of the α-alumina (a) and the γ-alumina (b) NFs with their 

characteristic peaks.  

 

 

Nova HR-SEM inspection of untreated and annealed Al2O3 NFs revealed no 

considerable change in the average diameter between two samples. However, 

the diameters of the annealed fibers were less uniform. TEM measurements of 

the untreated alumina NFs (Figure 14a-b) revealed a polycrystalline structure, 

with nanocrystals in the range of a few nanometers to 20 nm. The annealed NFs 

exhibited a monocrystalline structure with irregular internal voids (Figure 14c-d). 

The development of the unusual microstructure during thermal treatment may 

be ascribed to a change of density which lead to inner strain and the subsequent 
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formation of voids [103]. Interestingly, even after sonication, some fraction of 

the annealed Al2O3 NFs remained connected in the form of branched structures. 

Close-up SEM and TEM inspections of intersecting NFs (Figure 15) revealed no 

boundaries at the junction, indicating complete monocrystalline interfusion 

caused by annealing. Thinning of the alumina NF was often observed near an 

intersection which can be explained by the softening of the material and diffusion 

of the atoms. Although the melting point of Mempro alumina NFs is above 

2032°C, intersecting NFs were previously demonstrated to soften and form 

interfiber bonds at lower temperatures starting from approximately 1000°C 

[104].     

 

 

 
 
Figure 14. TEM images of the untreated (a-b) and annealed (c-d) alumina nanofibers.  

 

 
 

Figure 15. SEM and TEM images of the intersecting annealed Al2O3 NFs.  

 

4.2.3. Mechanical characterization of Al2O3 nanofibers  

Mechanical characterization of untreated and annealed alumina NFs was 

performed using cantilever beam bending method described in section 3.2.1. 

Measurements of Young’s modulus were conducted on 18 untreated and 12 
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annealed alumina NFs with radius between 60 nm and 129 nm. The median 

Young’s modulus values were found to be 143±38 GPa and 245±35 GPa for 

untreated and annealed Al2O3 NFs, respectively (Figure 16a). These values are 

approximately magnitude higher than previously reported values for alumina 

NFs [105,106]. The results can be explained by the difference in the synthesis 

methods which resulted in nanofibers with larger diameter and different crystal 

structure. Moreover, obtained values in this study are much closer to the 

Young’s modulus of bulk alumina (370 GPa). Higher Young’s modulus value 

for annealed NFs is expected as the higher crystallinity of the α-phase leads to 

improvement in the mechanical properties  [73].      
 

 

 
 
Figure 16. Young’s modulus (a) and bending strength (b) values of the untreated and 

annealed Al2O3 nanofibers.  

 

Bending strength tests were performed according to method described in section 

3.2.1.2. on 18 untreated and 18 annealed Al2O3 NFs with radii between 38 nm 

to 90 nm. The bending strength values were calculated via Eq. (9) using the 

previously determined median Young's modulus values and the radius of the 

nanofiber measured form the HR-SEM image. The median bending strength 

value for the annealed Al2O3 was two-times higher than that for untreated 

nanofibers: 11.3±2.3 GPa and 5.3±1 GPa for the annealed and untreated cases, 

respectively (Figure 16b). Bending strength values were again used to calculate 

Weibull distribution probability and Weibull modulus were extracted. The 

values of Weibull modulus for untreated and annealed alumina NFs were 4.27 

and 3.76, respectively. This result suggests that although annealed Al2O3 NFs 

possessed much higher Young’s modulus and bending strength values, there is 

no considerable difference in the mechanical behavior of the two samples. 

Separate bending tests were also conducted on interfused Al2O3 NFs. No 

sliding or breaking at the intersection of the NFs was observed, confirming that 

the annealed NFs are strongly fused together. In total, 10 alumina NFs 

protruding from branched structures were tested and a medium bending strength 

value of 13.1 ± 4.1 GPa was found. This bending strength value is even slightly 
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higher than the value obtained for individual annealed alumina NFs which can be 

explained by the higher density of the material near the joint. The entire branched 

structure demonstrated a dampening effect which undergoes compression or 

tension as a single NF is bent. Observed behavior indicates that the stresses are 

delocalized and distributed more evenly, thereby allowing the entire structure to 

withstand higher loads and deformations. 

Finally, fatigue tests were performed on 3 untreated and 3 annelid Al2O3 NFs 

with diameter between 47 to 67 nm according to measurement setup depicted in 

section 3.2.1.3. The single fatigue test lasted for 17 min with an oscillation 

frequency of 1000 Hz was used which resulted in more than 1 million bending 

cycles. All of the tested fibers passed the fatigue test without failure and 

demonstrated no visible signs of fracture or residual deformation.  

 

 

4.3. Influence of Co doping on the structural and 

mechanical properties of ZnO nanowires (publication III) 

Goal of the current section was to determine the effect of doping on the structure 

and mechanical properties of 1D MONS. Zinc oxide (ZnO) nanowires (NWs) 

were chosen due to the well-defined crystal structure and their remarkable 

physical properties and numerous promising applications (see section 1.1.2.). In 

addition, ZnO NWs are one of the most intensively studied nanostructured 

materials. Physical properties of ZnO can be efficiently modified by doping 

with transition metals, one of the most suitable dopants being cobalt (Co) [107]. 

Moderate concentrations of Co does not disturb the growth of ZnO NWs since 

Co has a similar cation radius to Zn and the same oxidation state resulting in an 

isovalent substitution of Zn in ZnO lattice [108]. Pure and Co-doped ZnO NWs 

were grown in similar conditions to exclude any influence of synthesis process on 

the properties of the NWs. Structural properties of the NWs were characterized by 

powder XRD, SEM and TEM. The mechanical characterization included three-

point bending test made with AFM and cantilever beam bending tests 

performed inside SEM.  

 

 

4.3.1. Preparation of ZnO and Co-doped ZnO nanowires 

ZnO and Co-doped ZnO NWs were synthesized using solvothermal method by 

mixing zinc acetate dihydrate Zn(CH3CO2)2‧2H2O 0.1 M and 0.5 M NaOH 

solution in absolute ethanol. For Co-doped NWs a corresponding amount of 

Zn(CH3CO2)2‧2H2O was replaced with Co(CH3CO2)2‧4H2O to obtain Zn1-

xCoxO, where x=0.025, 0.050, 0.075, 0.100, 0.150 and 0.200. The diameter of 

the NWs depends on the duration of the solvothermal process, therefore to 

obtain ZnO NWs with different diameters three different processing times were 

used: 24 h, 72 h and 150 h. Samples for powder XRD were ground manually in 

acetone and subsequently dispersed on a zero-background sample holder. Single 
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NW for mechanical characterization was obtained by sonication in an ultrasonic 

bath for 5–10 min. The dispersed NWs were then drop-casted onto silicon 

substrate with inversed pyramids.     

 

 

4.3.2. Structural characterization of ZnO and 

 Co-doped ZnO nanowires 

Crystal structure and unit cell dimensions of ZnO and Co-doped ZnO NWs 

were determined using D8 Advance diffractometer. All samples were found to 

contain phase-pure (Zn1-xCox)O with XRD peaks positions matching the 

positions of the zincite reference structure (Figure 17). The incorporation of Co 

resulted in changes of the relative peak intensities, for example a reduction of 

the 002 peak at 34.42 °2θ, minor shifts of the diffraction peaks due to the 

distortions of the unit cell, as well as in the distortions of the peak’s shapes. The 

wurtzite lattice topology was preserved at all Co concentrations and up to 20% 

of Co could be incorporated in the zincite crystal structure without phase 

separation. Distorted peak shapes indicated the presence of complex lattice 

distortions. At 20% Co a drastic loss of XRD peak intensity and increased peaks 

width illustrated that the crystal growth of the zincite structure was inhibited, 

resulting in a significant reduction of the mean crystallite size. Le Bail profile 

(described in section 3.1.) was fitted to determine the unit cell dimensions. 

Increase of Co concentration led to decrease of c-axis length (from 0.5208 to 

0.5202 nm) and increase of a-axis length (from 0.3250 to 0.3256 nm).  

 

 
 
Figure 17. XRD patterns for ZnO NWs with different Co doping percentage. 



42 

Helios HR-SEM images of the pure ZnO NWs revealed a uniform morphology, 

smooth facets and a well-pronounced hexagonal cross-section (Figure 18a) 

which is typical for wurtzite ZnO grown in [0001] direction. The NW diameters 

ranged from few tens to few hundreds of nanometers and lengths up to few 

micrometers. A similar morphology was revealed for Co-doped ZnO NWs with 

moderate Co doping concentrations (Figure 18b). Starting from 7.5% Co 

content numerous defects (mostly dislocations) were observed on the surface of 

NWs and the diameters were less uniform with steep steps (Figure 18c). At 

even higher Co concentration facets of NWs were less pronounced and cross-

section became more rounded (Figure 18d). 

 

 

 
 
Figure 18. HR-SEM images of ZnO NWs with 0% (a), 5% (b), 7.5%(c), and 15%(d) of 

Co. 
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TEM images of pure (Figure 19a,-c) and 5% Co-doped (Fig. Figure 19b,-c) ZnO 

NWs confirmed the observations made in HR-SEM. Growth direction was 

revealed by measuring the interplanar distance for both set of samples. Interplanar 

distance was about 2.8 Å which corresponds to the [01–10] planes of hexagonal 

ZnO. [01–10] planes are perpendicular to the [0001] planes indicating that both 

set of samples had hexagonal wurtzite structure with growth direction of [0001]. 

In addition, TEM images revealed a highly crystalline structure for both sets of 

samples (Figure 19c-d). This confirms that the Co atoms were uniformly 

incorporated into the ZnO lattice. 

 

 

 
 
Figure 19. TEM images of pure (a,c) and 5% Co-doped ZnO NWs (b,d). 

 

4.3.3. Mechanical properties of ZnO and  

Co-doped ZnO nanowires 

Mechanical characterization was conducted by comparing the Young’s modulus 

and bending strength values of pure and 5% Co-doped ZnO NWs. 5% Co-doped 

ZnO NWs was chosen due to the inhomogeneous morphology and presents of 

structural defects at higher concentrations of doping which would lead to 

numerous errors in determination of mechanical properties. Young’s modulus 
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was determined using three-point bending configuration inside AFM described 

in section 3.2.2. Altogether 22 pure and 25 Co-doped ZnO NWs with diameters 

between 20–59 nm and 21–151 nm were measured. Young’s modulus values vs 

diameter for pure and 5% Co-doped ZnO NWs are plotted on Figure 20. The 

diameter dependent behavior of the Young's modulus was evident for pure ZnO 

NWs below 40 nm. For larger diameters, the average value was approximately 

120 GPa which is slightly lower than for bulk ZnO (144 GPa). The obtained 

results are close to several previously measured values of Young's modulus 

values of ZnO NWs [38,40,54].  

Comparing the Young’s modulus values of pure and 5% Co-doped ZnO 

NWs with similar diameters (between 20 to 40 nm) revealed that doping 

reduced the value by about a third. This result is contradictory to previous 

study, where it was found that doping with Indium (In) lead to an increase in 

Young’s modulus values of ZnO NWs [109]. Possible explanation to the 

difference in observed effect on mechanical properties include difference in 

doping material, synthesis process and growth direction. In cation is larger than 

Zn cation and therefore increases the volume of the unit cell and induces 

additional stresses. Synthesis process was varied to produce In-doped ZnO NWs 

as opposed to our case, where no changes were made. In addition, In-doped 

ZnO NWs exhibited a different growth direction compared to pure ZnO NWs,  

[-1010] and [0001], respectively. Finally, the reported Young’s modulus values 

of pure ZnO NWs were much lower (58GPa) than in most of the reliable studies 

on ZnO NWs which may indicate low quality of the NWs. Decrease of Young’s 

modulus due to Co doping can be explained by the increase of point defects. 

Isovalent doping of Co is expected to cause single point defects. Previous 

experimental [40] and theoretical [76,77] studies have demonstrated that 

increased concentration of point defects can affect the mechanical properties of 

NWs including the decrease of Young’s modulus values.     

 

 

 
 
Figure 20. Young’s modulus and bending strength values of pure (left) and 5% Co-

doped (right) ZnO NWs. 
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Bending strength tests were performed inside HR-SEM using cantilever beam 

bending test described in section 3.2.1.2. Calculation of bending strength 

requires the knowledge of exact Young’s modulus value of the tested material. 

Therefore, polynomial curve was fitted to the experimentally measured Young’s 

modulus values due to their diameter dependent nature. The equation of the 

fitted curve was used to find the Young’s modulus value for each NW diameter 

used in the bending strength measurement. In total 59 pure ZnO NWs with 

diameters ranging from 20 to 61 nm and 21 Co-doped NWs with diameter 

between 31 and 105 were measured. Again, clear sized dependence was revealed 

with the effect becoming prominent below 40 nm and 80 nm for pure and  

Co-doped ZnO NWs, respectively (Figure 20). The bending strength values for 

pure ZnO NWs with the diameter higher than 40 nm were close to previously 

reported values of 7.7 GPa [39] and 7 GPa [110]. Diameter dependence of 

bending strength values was due to the change in the point defect concentration 

[75]. The measured values in this study for both set of samples were closed to the 

theoretical strength which is known to be approximately Young’s modulus value 

divided by ten based on the atomic bonding consideration [111]. Therefore, NWs 

were of high quality with low concentration of major structural defects and 

addition of moderate concentrations of Co did not introduce addition critical 

defects.       

 

     

4.4. Effect of Al2O3 coating on the mechanical properties of 

Au and Ag nanowires (publication IV) 

In this section, effect of oxide coating on the mechanical properties of one-

dimensional nanostructures was studied. Silver (Ag) and gold (Au) nanowires 

were chosen as core material due to their unique structure, well-known  

properties and wide range of potential application. Properties of these NWs can 

be efficiently modified by coating them with a thin layer of oxide coating, 

resulting in novel metal-oxide core-shell NWs [112,113]. Theoretical studies of 

core-shell nanostructures have predicted number of interesting effects, for 

example the core-shell interface may significantly influence the overall plastic 

response or lead to non-linear dependence of Young’s modulus on the 

composition of the core-shell NWs [81,82]. In the current study, atomic layer 

deposition (ALD) was used to coat the metallic NWs with thin layer of Al2O3. 

ALD allowed for precise deposition with uniform coating thickness. Core-shell 

NWs were characterized using HR-SEM and TEM and the mechanical properties 

were measured using AFM- and SEM-based nanomanipulation methods.  
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4.4.1. Preparation of core-shell nanowires 

Commercially available metallic NWs were used in the present study. Ag NWs 

were purchased form Blue Nano (USA) and Au NWs from Smart Materials 

(Latvia). NWs were deposited from solution onto two types of substrates: TEM 

grids for cantilever beam bending inside HR-SEM and silicon substrate with 

inverted pyramids for AFM-based bending experiments. All samples were 

heated to 200°C for 5 min to remove possible solvent and surfactant residues. 

Next, samples were placed inside a home-built ALD reactor for low-temperature 

coating with Al2O3. Coating of metallic NWs was carried out at 150°C by 

applying 100 cycles of Al(CH3)3 and H2O as precursors. Precursors were kept at 

room temperature and carried into the reaction zone separately by dry inert gas 

(N2). Each deposition cycle consisted of 3 s metal precursor supply followed by 

2 s inert gas purge, 5 s oxygen precursor supply and 5 s purge. During coating 

process gas pressure ranged from 230–240 Pa in the reaction zone.  

 

 

4.4.2. Structural characterization of core-shell nanowires 

Structural characterization of individual uncoated and alumina coated metallic  

NWs was performed by Helios HR-SEM and TEM. Uncoated Ag and Au NWs 

were straight and uniform with a well-pronounced pentagonal cross-section and 

diameters ranging from tens to several hundred nanometers. The NWs preserved 

their pentagonal geometry and quality during the coating process. The HR-SEM 

and TEM images demonstrated that the coating was relatively smooth and uniform 

(Figure 21a,-b) and with an amorphous structure (Figure 21c). The alumina shell 

gave a good electron contrast to the Ag and Au core, enabling reliable estimation of 

the coating thickness from the images. In addition, AFM images of several Ag and 

Au NWs before and after coating were taken to obtain additional information about 

the coating thickness. The methods were consistent with each other and coating 

thickness value of approximately 16 nm was determined.     

 

 

 
 
Figure 21. HR-SEM image of Au/Al2O3 NWs (a) and TEM images of Ag/Al2O3 NWs 

(b-c).  
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4.4.3. Mechanical characterization of core-shell nanowires 

Measurement of Young’s modulus and bending strength values of uncoated and 

alumina coated Au NWs was performed using AFM-based three-point bending 

and cantilever beam bending methods described in section 3.2.2. Au NWs were 

chosen because of the similar mechanical and structural properties between Ag 

and Au and since the mechanical properties of pentagonal Au NWs have not been 

previously investigated. The results of the measurements revealed a noticeable 

increase in Young’s modulus of the core-shell NWs due to the alumina coating. 

Young’s modulus values as a function of diameter for uncoated and coated Au 

NWs can be seen in Figure 21a. Comparing the two curves shows that on average 

NWs with alumina coating have 30–50 GPa higher Young’s modulus values. 

Also, it was noticed that the values increase as the diameter is decreased. In case 

of core-shell NWs, this dependence is due to the increase contribution of the 

stiffer coating with constant thickness in addition to the general size effect. The 

approximate Young’s modulus value of the alumina coating was deduced 

through simple mathematical consideration using the average Young’s modulus 

values of core-shell and uncoated Au NWs. The calculated Young’s modulus of 

alumina coating was 160±30 GPa which is consistent with literature data (150–

182 GPa) for similarly produced amorphous ALD alumina coatings [114]. In 

addition, AFM force curves and SEM images of the broken NWs revealed a 

brittle nature for the alumina coating (Figure 23).    

 

 

 
 

Figure 22. Young’s modulus (a) and bending strength (b) values of pure Au and 

Au/Al2O3 NWs. 

 

In contrast to Young’s modulus values, the difference in strength between the 

coated and the uncoated NWs was much higher (Figure 21b). Median yield strength 

of alumina coated and uncoated Au NWs were 7.4 and 1.4 GPa, respectively. In 

addition, it was observed that the coating had a protective effect on the core 

material, allowing the Au NWs to tolerate higher degrees of deformation. A 

possible explanation of the increased fracture resistance of the core was that the 
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Figure 23. Alumina coated Au NWs before (a,d) and after (b,e) bending test inside 

AFM and corresponding force-displacement curves (c,f).  

 

Suspended NWs in cantilever configuration were bent inside HR-SEM to 

investigate the influence of the electron beam (EB) on the response of the NWs 

to bending deformation. Uncoated Ag and Au NWs behaved purely elastically 

until plastic deformation occurred, irrespective of the presence of the EB. 

Alumina coated NWs slowly (over several minutes) restored their initial straight 

profiles when they were bent close to the plastic yield point of the core under EB 

radiation. The restoration dynamics composed of two regimes: fast linear 

followed by exponential decay. If the EM was switched off during the restoration 

stage, shape restoration ceased, and the NW profile was “frozen” at the given 

curvature. A soon as the beam was switched on again, shape restoration resumed. 

In addition, shape restoration effect was strongly dependent on deformation rate. 

Rapidly deformed core-shell NWs exhibited purely elastic behavior regardless of 

EB state and parameters. At lower deformation rates or provided that the NWs 

were kept in a bent state for several seconds, slow shape restoration was observed. 

When NWs were bent beyond the yield point of the core, initial straight profile 

was not achieved. In total, 17 Ag/Al2O3 and five Au/Al2O3 were bent and shape 

restoration was observed for all of them even when bent multiple times.    

alumina shell confined the metal core of the NW and might have prevented  

the nucleation of defects at the core-shell interface and intrinsic structural 

transformation, such as kinking or twinning observed during deformation [115]. 

Alternatively, creation of dislocation networks at the core/shell interface may act as 

sources for formation of new dislocations [116]. When dislocation sources in the 

coating are operational, dislocation pile-ups occur at the interface, exerting back 

stress upon the dislocation source. The back stress from the dislocation pile-ups 

leads to an elevated flow stress making the metal core stronger.  
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Figure 24. Cantilever beam bending scheme under EB radiation (a). Bent Ag/Al2O3 

NW was held for 30 s (a) and when released a slow restoration of the initial profile took 

place (d). Corresponding restoration dynamic (b).  

 

The influence of EB parameters on NW behavior was evaluated by bending the 

same core-shell NW at different EB voltages, probe currents, scan rates, and 

magnifications. It was found both EB voltage and scan rate had no significant 

effect on the restoration dynamics. From this we can conclude that at all of the 

voltages used (5–15 kV) the electrons had sufficient energy to induce changes 

in the material. The impact of the current and magnification was considerable. 

At higher currents, the restoration was faster which can be explained by the 

higher number of electrons passing through the shell per time unit. Similarly, 

higher magnification means that NW occupies a larger fraction of the SEM 

images and therefore is exposed to higher number of electrons per on image 

resulting in faster restoration.   

Based on the results, shape restoration process can be understood as EB 

induced structural relaxation of the shell followed by elastic core driven 

restoration. EB has enough energy to break Al-O bond, create oxygen vacancies 

and subsequently cause the rearrangement of atoms in the amorphous shell [65]. 
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This means that the shell undergoes transition from an elastic to a stress-free 

plastic deformation during the bending process. When the external force is 

removed, new equilibrium state is determined by the interplay between 

restoring elastically bent core and resting relaxed shell. This is followed by a 

slow EB-driven restoration process, where again stresses created in the shell are 

relaxed by rearrangement of atoms. Closer to the initial straight profile, the less 

energy remains in the deformed core the smaller the amount of restoration. 

This kind of dynamics of shape restoration resemble the behavior of visco-

elastic material. Therefore, the overall response of the core-shell system can be 

alternatively described as an interplay between the elasticity of core and the EB-

induced viscosity of the shell. Term viscosity in this case is abstract, as the 

phenomenon is more complexed, but allows for quantitative description of the 

process. Finite element method (FEM) was used to calculate effective viscosity 

of the shell using real experimental values. FEM simulation resulted in viscosity 

values between 10
11

–10
13

 Pa‧s, depending on EB current and magnification.  
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5. SUMMARY 

In the present thesis, detailed structural and mechanical characterization of one-

dimensional metal-oxide nanostructures (1D MONS) was carried out. The main 

goal was to determine the underlying relationship between the mechanical and 

structural properties. In order to achieve this goal, different factors which  

affect the structure of 1D MONS were systematically studied. Structural  

characterization was carried out by electron microscopy, X-ray diffraction 

(XRD) and Raman spectroscopy. Two different bending tests were used for 

mechanical characterization – cantilever beam bending and three-point bending. 

The mechanical characterization was carried out either by nanomanipulation 

setups inside scanning electron microscope (SEM) or atomic force microscope 

(AFM). The main activities and result were as follows. 

TiO2 nanofibers were produced using the same precursor but different  

electrospinning technique to see how slight difference in synthesis process can 

affect the structural and mechanical properties of 1D MONS. Structural  

characterization revealed similar polycrystalline structure for needle and needless 

electrospinning. For the first time, comparative study of the mechanical properties 

of TiO2 nanofibers produced by different techniques was carried out using 

cantilever beam bending inside SEM. Both Young’s modulus and bending 

strength measurements yielded very similar results for the two techniques.  

However, Weibull analysis suggested that TiO2 nanofibers produced by needle 

electrospinning were more uniform in microstructure and mechanical behavior.        

The effect of annealing on 1D MONS was determined by comparing the 

structural and mechanical properties of Al2O3 nanofibers before and after 

heating at 1400°C for 1 h. The structural characterization revealed a phase 

transition from polycrystalline γ-Al2O3 to monocrystalline α-Al2O3 due to the 

annealing. Mechanical properties before and after annealing Al2O3 nanofibers 

were measured using cantilever beam bending method inside SEM. Compared 

to previous results, more reliable Young’s modulus values were obtained for 

Al2O3 nanofibers. Phase transition of Al2O3 nanofibers increased the Young’s 

modulus and bending strength values. Novel branched structure with superior 

mechanical properties was observed for annealed samples due to fusion of 

intersecting nanofibers.     

The role of defects on the structural and mechanical properties of 1D MONS 

was determined by comparing pure ZnO nanowires to Co-doped ZnO nano-

wires. In order to eliminate influence of synthesis process, the nanowires were 

produced using the same synthesis method and the doped samples were  

obtained only by changing the precursor content. Structural characterization 

revealed that up to 20% Co could be incorporated into ZnO crystal structure 

without phase separation and minimal effect on the crystal lattice. At the same 

time, change in nanowire morphology was observed for samples starting from 

7.5% Co content. For the first time, comparative mechanical characterization of 

pure and doped 1D MONS produced by similar growth conditions was carried 
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out using AFM- and SEM-based bending methods. Measurements revealed that 

doping by Co decreased the mechanical properties of ZnO nanowires due to 

increase of point defects.  

Effect of oxide coating on 1D NS was determined by studying the mechanical 

properties of Al2O3 coated Au and Ag nanowires. Atomic layer deposition was 

used to coat the metallic nanowires and the mechanical characterization was 

carried out by AFM- and SEM-based nanomanipulation experiments. Electron 

microscopy revealed that the alumina coating was smooth and uniform and with 

an amorphous structure. Mechanical characterization using AFM showed that 

the coating protected the core material from fracture and plastic yield, allowing 

it to withstand higher deformations and stresses compared to uncoated nano-

wires. In addition, bend tests inside SEM revealed that electron beam can 

induce reversible elastic-to-plastic transition in Ag/Al2O3 and Au/Al2O3 nano-

wires.            

The results of the present thesis show how intertwined the mechanical and 

structural properties of 1D MONS are and which different factors related to 

structure can influence the mechanical response. In the present study, only some 

of the key factors and materials have been discussed. Further studies are 

required in order to obtain 1D MONS with predictable properties and thereby 

expand the applicability.              
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6. SUMMARY IN ESTONIAN 

Ühedimensionaalsete metalloksiid nanostruktuuride 

struktuuritundlikud mehaanilised omadused 

Käesolevas doktoritöös uuriti erinevaid ühedimensionaalseid metalloksiid nano-

struktuure (1D MONS-e). Töö peamiseks eesmärgiks oli leida seos nende struktuuri 

eripärade ja mehaaniliste omaduste vahel. Selleks uuriti süstemaatiliselt 

erinevaid 1D MONS-ide struktuuri mõjutavaid tegureid – valmistamismeetod, 

kuumutamine, defektid ja oksiidikihiga katmine. Struktuuri uurimiseks kasutati 

elektronmikroskoopiat, röntgendifraktsiooni (XRD-i) ja Raman spektroskoopiat. 

Mehaaniliste omaduste mõõtmiseks rakendati kahte erinevat paindekatset – 

konsooltala ja kolme punkti paindekatset. Katsed teostati nanomanipulatsiooni 

süsteemi abil skaneerivas elektronmikroskoopis (SEM-is) või aatomjõu- 

mikroskoobis (AFM-is). Töö peamised tulemused olid järgnevad. 

Leidmaks, millist mõju avaldab 1D MONS-i sünteesiprotsessi muutmine 

nende struktuurile ja mehaanilistele omadustele, valmistati TiO2 nanofiibrid 

kasutades sama lähteainet aga kahte erinevat elektroketramise meetodit – nõelaga 

ja nõelata. Võrreldes kahe meetodi abil valmistatud nanofiibrite struktuuri leiti, 

et mõlemal on sarnane polükristallne struktuur. Kasutades konsooltala paindekatset 

SEM-is, teostati esmakordselt võrdlev mehaaniliste omaduste mõõtmine kahel 

erineval moel valmistatud TiO2 nanofiibritega. Mõõtmiste tulemusena leiti, et 

erineval moel valmistatud nanofiibrite Youngi mooduli ja paindetugevuse 

väärtused olid väga sarnased. Samal ajal näitas aga Weibulli statistika, et nõelaga 

valmistatud TiO2 nanofiibrid mikrostruktuur ja mehaanilised omadused olid 

ühtlasemad.   

Selleks, et uurida kuumutamise mõju 1D MONS-i struktuurile ja mehaanilistele 

omadustele, võrreldi Al2O3 nanofiibreid enne ja pärast kuumutamist 1400°C-il. 

Leiti, et kuumutamisel toimub nanofiibrites faasisiire polükristallilisest γ-Al2O3 

monokristalliliseks α-Al2O3. Sarnaselt TiO2 kasutati ka siinkohal mehaaniliste 

omaduste määramiseks konsooltala paindekatset SEM-is. Mõõtmiste tulemusena 

leiti, et faasisiire suurendab Al2O3 nanofiibrite Youngi moodulit ja paindetugevust. 

Lisaks moodustus kuumutamise käigus nanofiibritest uudne parenenud 

mehaaniliste omadustega kärgstruktuur. 

Defektide mõju uurimiseks võrreldi ZnO nanotraatide mehaanilisi ja 

struktuurseid omadusi koobaltiga (Co) dopeeritud ZnO nanotraatidega. Välistamaks 

sünteesiprotsessi mõju, valmistati mõlemat tüüpi nanotraadid sama meetodi abil. 

Dopeeritud nanotraatide valmistamiseks muudeti vaid lähteainete koostist. 

Uurides dopeeritud nanotraatide struktuuri leiti, et kuni 20% ZnO on võimalik 

Co asendada ilma, et toimuks faasieraldust ning märkimisväärset muutust ZnO 

kristallstruktuuris. Autori teada on tegu esmakordse samal sünteesimeetodil 

valmistatud dopeerimata ja dopeeritud 1D MONS mehaaniliste omaduste 

võrdlemisega. Mõõtmisteks kasutati nii konsooltala kui ka kolme punkti painde-

katseid, mis viidi läbi AFM-is ja SEM-is. Katsete tulemusel leiti, et Co 
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dopeerimine vähendab ZnO Youngi mooduli ja paindetugevuse väärtusi punkt-

defektide kontsentratsiooni suurenemise tõttu.  

Leidmaks, millist mõju omab oksiidikate ühedimensionaalsele nano- 

struktuurile, uuriti Al2O3 kaetud Au ja Ag nanotraatide mehaanilisi omadusi. 

Metallnanotraatide katmiseks kasutati aatomkihtsadestamist ning mehaanilisi 

omadusi mõõdeti taaskord AFM-is ja SEM-is. Elektronmikroskoobi piltidelt leiti, 

et Al2O3 kiht oli ühtlane ja amorfse struktuuriga. Mõõtes AFM-iga mehaanilisi 

omadusi näidati, et oksiidne kate (kest) kaitses kaetud materjali (tuuma) purunemise 

eest ja suurendas kõvadust, mistõttu talusid vastavad tuum-kest struktuurid 

suuremat deformatsiooni ja pinget võrreldes katmata nanotraatidega. Lisaks  

leiti SEM-is tehtud paindekatsete käigus, et elektronkiir põhjustab tuum- 

kest nanotraatides pööratavat üleminekut elastsest deformatsioonist plastseks  

deformatsiooniks. 

Käesoleva doktoritöö tulemused näitavad, kuivõrd seotud on 1D MONS-ide 

mehaanilised ja struktuursed omadused ning millised struktuuriga seotud 

asjaolud võivad mõjutada materjali mehaanilisi omadusi. Antud töö käigus jõuti 

uurida vaid mõnda levinud materjali ja neid mõjutavaid võtmetegureid. Autori 

hinnangul vajab antud valdkond pikemat süvitsi uurimist. Edasine teadustöö on 

vajalik, et valmistada sihipäraste kindlate mehaaniliste ja struktuursete omadustega 

ühedimensionaalseid metalloksiid nanostruktuure, seeläbi võimaldades neid 

kasutada erinevates rakendustes.   
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