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PREFACE 

The conventional industry is undergoing a dramatic change towards an 
innovative, high-tech, knowledge-based grounds. Increasing competition on the 
global market constantly demands for materials with advanced properties and 
producing technology. Advanced microscopy and characterization technologies 
at the nanoscale may help not only to understand, but also to design and control 
the properties of nanomaterials. [1] 

The most common way to design materials with advanced properties is to 
combine two or more known materials with desired characteristics into one 
structure. One widespread approach of combining different materials is to mix 
them together making so called “composite material” where one or more phases 
of one material (filler or reinforcement agent) dispersed in another (matrix) 
material. As a result enhanced mechanical properties, increased thermal and 
electrical conductivity, reduction of the overall production costs, etc. can be 
achieved [2]. 

One of the most common types of composite materials is ceramic matrix 
composites (CMCs). CMCs have been developed to overcome intrinsic brittleness 
and mechanical unreliability of monolithic ceramics, which are otherwise 
attractive for their high stiffness and strength. In addition to mechanical effects, 
the reinforcing agent may contribute to other properties such as electric 
conductivity, thermal expansion coefficient, hardness and thermal shock 
resistance [3], [4]. On the other hand the ceramic matrix could protect filler 
components from corrosion and act as a thermal and electrical insulator [5], [6]. 

Another way of combining two different materials is to coat one structure 
with thin layer of another, whereas at least one of them can be multi-component 
(composite). Multi-component coatings have become important in developing 
coatings with functional properties and are widely demanded by hi-tech industry 
in key applications such as protective, antireflection, flexible and transparent 
electrodes, antibacterial coatings and sensors [7][8]. The combination of these 
properties makes CMCs and multi component ceramic coatings very attractive 
functional and structural materials for a variety of applications.  

To overcome intrinsic brittleness of CMC materials and multi component 
ceramic coatings the reinforcing agent should be tougher than the matrix. Size 
and shape of the filler particles are also of great importance in making 
composite materials and multi-component coatings. Depending on applications 
filler particles may have various geometries from spherical to long fibres and 
even layers, but the size in most cases is restricted to nanoscale at least in one 
spatial direction. Micro- and macro particles can also give certain benefits, 
however they act as a stress concentrators, causing decrease in strain to failure, 
strength and toughness. Moreover, macroscopic materials themselves have 
many defects and dislocations that severely compromise their mechanical 
performance. Nanostructures, in contrast, have little or no defects over their 
entire extent resulting in exceptional mechanical and other properties. [9] 
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Typical examples of materials used as nanofillers are e.g. ceramic nanofibers, 
nanowires and carbon nanotubes (CNT). This naturally leads to conclusion, that 
development of nanocomposites and nanostructured coatings are more relevant 
and preferable research directions in modern material science. 

The particular aim of this thesis is related to elaboration of ceramic 
nanocomposites and functional coatings with desired properties by sol-gel 
method. Sol-gel is chosen since in contrast to conventional ceramic materials 
synthesis methods, in sol-gel process reactants are mixed together at molecular 
level due to the synthesis conditions enabling to decrease synthesis temperatures 
and prepare homogeneous and pure multi component systems. In particular, the 
thesis describes the synthesis of TiC-ZrC, TiC/CNT and AgNW/TiO2 nano-
composites precursors. The problems of dispersion and thermal stability of filler 
material are treated. Moreover, the thesis reports mechanical characterisation of 
individual nanofillers like Al2O3 nanofibers and AgNW using advanced experi-
mental set-up installed inside a scanning electron microscope. Development and 
construction of experimental equipment are also involved. For convenience, 
synergy between different topics of the thesis is schematically shown in figure 
below.  
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Figure A. Schema of connection between the thesis topics 
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1. LITERATURE OVERWIEW 

1.1. Carbide matrix composites 

During recent decades researchers have paid great attention to new materials 
that are stable at extreme environmental conditions as candidates for 
technological applications like supersonic flight and rocket propulsion. Ultra 
High Temperature Ceramics (UHTCs), based on carbides, nitrides, and borides 
of some transition metals have received a lot of attention in this field. These 
materials are promising candidates for thermal protection system due to their 
excellent and unique combination of high melting point, good thermal-shock 
resistance and high hardness [10]. Brittleness and poor oxidation resistance of 
carbides make them unreliable for usage in important construction details. In 
order to overcome the restrictive properties the development has moved in 
direction of multicomponent carbides (carbide matrix composites). Recent 
research shows that carbon fibres, carbon nanotubes (CNTs) and other carbide 
or refractory metals reinforced carbide matrix composites can prevent inherent 
brittleness [11] [12] [13]. Elaboration of carbide matrix composites with 
functional properties like low thermal expansion coefficient, desired tribological 
performance and energy efficient synthesis methods is of increasing importance 
for new commercial applications like brake disks and pads, clutches, calibration 
plates or furnace charging devices [14]. 
 

1.1.1. Transition metal carbides 

Carbides are a compound of carbon and other elements with a smaller or the 
same electronegativity. Carbides that are formed by transition metals of IVB 
group (titanium zirconium and hafnium) are called IVB group metal carbides. 
These carbides are sometimes referred as refractory carbides, which means that 
the carbides have a melting point greater than 1800 °C and a high degree of 
chemical stability [15]. The refractory properties of carbides are caused by 
strong metal-to-carbon and metal-to-metal bonds [16]. In this research project 
of TiC, ZrC and their compounds (TiC-ZrC) were in focus of the investigation. 
Titanium carbide (TiC) and zirconium carbide (ZrC) have same face centered 
cubic (f c c) crystal structure and have similar properties and characteristics 
[16]. In the (f c c) crystal structure the titanium and zirconium atoms are 
situated in a face-centered cubic close-packed arrangement with the octahedral 
interstitial sites being occupied by carbon atoms (Figure 1) [17].  
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Figure 1. Face centered cubic crystal structure of TiC and ZrC. Blue ball stands for 
carbon atom and yellow one is for a metal atom 

  
These carbides have extreme hardness, strength and high melting points. They 
are brittle, which make titanium and zirconium carbides typical ceramic 
materials [18]. Physical and mechanical properties of these carbides are 
summarised in Table 1 and 2. It must be noted that there is some variation of 
carbide properties in the literature. These variations can be caused by non-
stoichiometries in tested phases; the purity of tested phases is sometimes 
unclear. The values given in Table 1. stand for composition of the closest to the 
exact stoichiometry. Titanium and zirconium oxides are insulators but the 
corresponding carbides have lower electrical resistivity and belong to 
semiconductors [19]. In addition to high melting points of TiC and ZrC, they 
have high thermal stability and good chemical resistance. TiC is resistant to 
most acids, for except of HNO3 and HF that can attack it. ZrC is not as 
chemically resistant as TiC, since cold HNO3 and cold mixture of H2SO4 and 
H3PO4.can dissolve it. Both TiC and ZrC can be heated in inert environment to 
their melting point without decomposing [15].  
 
Tabel 1. Structural, physical and thermal properties of TiC and ZrC [15] 

Com-
pound 

Lattice 
structure 

Lattice 
parameter 

(Å) 

Density 
(g/cm3)

Melting 
point  
(°C) 

Thermal 
con-

ductivity 
at 20 °C 
(W/m-K)

Thermal 
expansion 
at 20 °C 

(x10–6/°C )

Electrical 
resistivity 
at 20 °C 

(µΩ · cm) 

TiC cubic 4.328 4.90 3067 21.0 7.4 68 

ZrC cubic 4.698 6.59 3420 20.5 6.7 43 

 
Due to their specific properties carbides are important materials for industry. 
Carbides are traditionally used as cutting tools, abrasives, wear and corrosion 
applications [15][16][20]. During the last decade, transition metal carbides and 
composites have found use in new promising fields such as electrode materials 
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for low temperature fuel cells [21]. The catalytic properties of transition metal 
carbides are similar to those of noble metals (Pt, Pd, Rh and Ru) for some 
chemical and electrochemical reactions, including oxidation of hydrogen, CO, 
alcohols, and reduction of oxygen. Transition metal carbides like TiC have also 
metallic electrical conductivity and good microwave absorption with a minimum 
reflection loss which makes them suitable for use as counter-electrodes in dye 
sensitized solar cells [22] and electromagnetic wave absorption [23]. ZrC has 
been considered for nuclear fuel applications because attractive properties for 
ZrC as a nuclear fuel material include high melting point above 3500 K (for 
near-stoichiometric compositions), generally good resistance to fission products 
attack, high thermal conductivity at very high temperatures, and low neutron 
absorption cross-section [24]. 
 

1.1.2. TiC-ZrC compounds 

Low fracture toughness of single transition metal carbides is a limiting factor 
for its applications [19], [25] [26]. To overcome the low fracture toughness of 
carbides, refractory metals like molybdenum as a binder metal [13];[27] and/or 
toughening compounds such as tetragonal zirconia (t-ZrO2) that undergo phase 
transformation from its tetragonal polymorph into monoclinic one, are added 
[28], [29]. Mixed carbides have been also considered as attractive materials due 
to their enhanced properties originated from the complementary effects of each 
single metal carbide [21]. Moreover two phase compounds with fine grain size 
could exhibit “superplasticity”.[30] 

Superplasticity refers to an ability of polycrystalline solids to exhibit 
exceptionally large elongation under tension. Superplasticity commonly explained 
as grain boundary sliding at elevated temperatures. The essential mechanism of 
superplasticity is the accommodation process of grain boundary sliding so that 
the polycrystalline materials can be stretched extensively without fracture. The 
application of superplasticity makes it possible to fabricate ceramic components 
by superplastic forming (SPF).[31] 

Theoretical calculations have shown that TiC and ZrC with similar cubic 
crystal structure can form binary compounds and solid solutions with different 
properties than that of single phase materials. It is theoretically expected that the 
physical and mechanical properties of TiC-ZrC compound could be altered by 
varying the TiC and ZrC concentrations in the compound. [32]. The different 
ionic radii of Ti and Zr atoms make it difficult to obtain a completely solid 
solution at a wide range of composition and temperatures. To obtain solid 
solution high sintering temperatures and suitable concentration of TiC and ZrC 
are required [33]. 

The mechanical properties of TiC, ZrC, and TixZrx–1C solid solutions and 
binary compound are summarised in Table 2. to compare the changes in 
mechanical properties. In Table 2 some properties of TiC-ZrC compounds are 
not shown because these compounds are not yet studied so precisely. Recent 
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research [25] has demonstrated that TiC can be used as a reinforcing agent to 
improve fracture toughness and reduce the sintering temperature of ZrC. The 
highest fracture toughness 6.3 MPa·m 1/2 was achieved for binary compound 
composition of TiC0.3-ZrC0.7 (mole concentrations). Another research group 
[34] has presented a solid solution with similar concentration TiC0.3-ZrC0.7 
(mole concentrations) having similar fracture toughness 6.2 MPa·m1/2 compared 
to the binary compound.  
 
Table 2. Mechanical properties and sintering methods of TiC, ZrC and their compounds 

Compod Nmber 
of 

phases 

Young’s 
modulus 

(GPa) 

Vickers 
hardness 
(HV1) 
(GPa) 

Fracture 
touhgness 

(MPa · m1/2)

Sintering 
properties 

Reference 

TiC 
one 
phase 

410–510 28–35 3.6–3.8 – [15],[16] 

ZrC 
one 
phase 

350–440 29.9 3 – [15],[16] 

TiC0.7-ZrC0.3 
two 
phase 

360 24 5.5 Spark plasma 
sintering at 
1800 °C, 
pressure  
50 MPa,  
for 5 min 

[34] TiC0.5-ZrC0.5 
two 
phase 

390 22.5 5.5 

TiC0.3-ZrC0.7 
one 
phase 

395 20 6.2 

TiC0.7-ZrC0.3 
two 
phase  

21.7 5.26 
Hot pressed at 
1900 °C and 
21MPa,  
for 1 hour 

[35] TiC0.5-ZrC0.5 
two 
phase 

 22.2 5.19 

TiC0.3-ZrC0.7 two 
phase 

 21.8 5.27 

TiC0.24-ZrCx0.76 
one 
phase  

22.1 3.54 

Spark plasma 
sintering 
between 
1750–1850 °C 
for 300 s, 
uniaxial 
pressure of 40 
MPa 

[19] 

TiC0.63-ZrC0.37 
two 
phase  

21.5 5.8 Mechanically 
pressed at  
20 Mpa and 
sinterd at 
1900 °C  
fo r 30 m 

[25] TiC0.5-ZrC0.5 
two 
phase 

 23.6 5.0 

TiC0.3-ZrC0.7 two 
phase 

 20.4 6.3 
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The summary table of mechanical properties shows increasing of fracture 
toughness of TiC-ZrC solid solutions and binary compound at all range of 
compositions and sintering methods comparing to pure TiC and ZrC. The 
fracture toughness increase can be explained by grain boundary pinning by the 
intergranular structure [34]. Varying concentrations of TiC and ZrC do not 
demonstrate considerable changes in mechanical properties. Correspondingly 
structural and composition analysis of these compounds has shown that in case 
of titanium concentration of 0.3–0.7 two phase compounds are achieved and 
close to the end of phase diagram ZrC and TiC single phase solid (TiZrC2) 
solutions are formed.  

The production of these materials as solid solutions or binary compound may 
lead to ability to tailor the nanostructure of these materials to further improvement 
of mechanical properties. The studies showed that these compounds may offer 
an alternative way to improve mechanical properties without additional fibres, 
CNTs or whiskers. 

 

1.1.3. Synthesis methods of TiC, ZrC and TiC-ZrC 

Unlike oxides which can be produced from raw materials found in the nature, 
the refractory carbides generally do not exist in the natural state. The synthesis 
of refractory carbides is costly and time consuming because these materials are 
high stability, chemical inertness and a general tendency to decompose upon 
melting [15]. Various synthesis methods enable producing refractory carbides, 
like nano-, micro-powders by carbothermal reduction [36] [37], sol-gel [18] 
[38] and self-propagating high-temperature synthesis [39]; dense bodies by sin-
tering, pressure sintering and spark plasma sintering [40], [41],[42]; fibres/ 
whisker by sol-gel [43][44][45], coatings by chemical-vapour deposition (CVD) 
[46] [47], physical-vapour deposition (PVD) [48] [49] and thermal spray [50].  

In this section let us out synthesis methods that are commonly used to 
synthesis TiC, ZrC and their compounds powders. The most common methods 
to synthesis transition-metal carbides (TiC, ZrC) powders are reaction of metal 
(Me = Ti, Zr) or metal oxide (MeOx = TiO2, ZrO2) and carbon (C) in the form of 
powders and in inert or reducing atmosphere (Equation 1 and 2.). These 
reactions take place in the temperature range of 1500 °C to 2400 °C and the 
reaction times can range from 10 to 24 h, depending on the metal [15] [36]. 

  
 Me + C → MeC  (1) 
 
 MeOn+ (n+1)C → MeC + nCO  (2) 
 
To get fine size and stoichiometric carbide powders it is necessary to mill 
primary powders before annealing. Another method to synthesize the carbides is 
high-energy milling of metal oxide with graphite which reduces crystallite size 
to achieve almost amorphous powders exhibiting quite low transition 



17 
 

temperature around 1300–1500 oC [25], [51]. The previous methods are energy 
and time consuming and a final product suffers from impurities and is 
inhomogeneous because the powders are mixed together on a relatively coarse 
scale (e.g., micro-scale) and attrition of milling media increase concentration of 
the impurities [52]. 

Self-propagating high-temperature synthesis (SHS) is widely used techno-
logy to synthesize refactor carbides. In this method, the chemical and phase 
compositions of the synthesis products can be easily controlled and are low 
energy and time consuming [53]. In the process of SHS the reaction take place 
with metal oxide (TiO2 or ZrO2) and carbon. In order to activate this recession is 
necessary to add a reducing agent (Ra = Mg) [39] (Equation 3). These reactants 
interact in two stages: firstly the reduction of parent metal oxide and secondly 
interaction of the reduced metal with carbon to form the refractory carbide [54]. 
Result of self-propagating high-temperature synthesis is an intermediate product 
including metal carbide and an oxide of reducing metal. The oxide of reducing 
metal is uniformly distributed over the reaction product. Further treatment of the 
synthesis product by acid-washing is needed to remove oxide of reducing metal 
and to get pure carbide powder.[39] 
 
  MeOn + C + nRa → MeC + nRaO  (3) 
 
The sol-gel process is very flexible, it is suitable method to synthesize a wide 
variety of ceramic materials, most commonly is used in synthesis of metal oxide 
but it is also suitable method for metal carbides and nitrites [18][55][56]. 
Titanium and zirconium polymeric precursors are prepared from metalorganic 
compounds, usually titanium and zirconium alkoxides and additional reactant 
for increasing carbon concentration in the polymer precursor [57][58]. During 
the pyrolysis and carbothermal reduction carbide polymeric precursors can be 
easily converted into carbide [59]. In the metal carbide polymeric precursors 
reactants are homogeneously distributed at molecular level. That reduces the 
kinetic barriers between the developed metal oxide and the carbon particles 
created in pyrolysis of a metal alkoxide polymer precursor. The increased contact 
area of the nanograins results in carbothermal reduction between the metal 
oxide and carbon particles at lower temperature and shorter time as compared to 
conventional carbide synthesis methods. Moreover, the use of molecular pre-
cursors and the control of the synthesis conditions are described in section 1.5.3. 
 

1.1.4. Sintering of TiC, ZrC and TiC-ZrC 

Due to the high melting point of refectory carbides it is necessary to use heat 
treatment to convert carbide powders into a dense solid. The compacted 
products of refectory carbides are produced by powder metallurgy technology 
where firstly powder is pressed to the required shape and then sintered at high 
temperatures (1900–2700 °C) [15], [40]. Required shape green bodies are 
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heated to a temperature that is 0.5 – 0.9 of melting point and atomic diffusion in 
the solid facilitates joining of the powder particles and reducing of porosity 
[60]. A small amount (2–10%) of binder agent such as cobalt, nickel and 
molybdenum are added to carbide powders to reduce sintering temperature [27], 
[61]. This method is referred to as liquid-phase sintering where binder agent 
wets carbide particles and fill pores at sintering temperature. For efficient and 
rapid liquid-phase the carbide phase should be at least slightly soluble in the 
liquid phase to enhance liquid atomic diffusion and mass transport [62]. 

In some case previous sintering methods do not give desired density and 
mechanical properties are not so suitable for applications [13]. To get higher 
density and fine grain size can be achieved by adding external pressure during 
sintering. This method is referred to as a pressure sintering [60]. For refractory 
carbides is most commonly used a hot pressing which is one of the pressure 
sintering method. During sintering of TiC and ZrC carbide at temperature of 
2000 oC the powders are pressed at 30 MPa to get a dense body [63] [64]. 

For the densification of refractory carbides one can use also spark plasma 
sintering method (SPS). SPS is an effective technique for preparing dense 
refractory carbides and other ceramics materials. During SPS, the rapid and 
thorough heat distribution along the specimen generated from the high-
frequency transformation and dispersion of the spark. Joule heat makes it 
possible to densify the materials at a low temperature (around 1800 °C) and in a 
short time [41] [42]. 
 

 
Figure 2. Scheme of spark plasma sintering setup [65] 
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1.2. Ceramic matrix CNT and fibres composites 

Ceramic matrix composites (CMCs) have been developed to overcome ceramic 
material brittleness and to tune other mechanical properties. In addition to 
mechanical properties, the reinforcing phase may alter more properties such as 
electrical conductivity, thermal expansion, hardness and thermal shock resistance 
[66]. 

Wide range of reinforcing agents has been considered for designing ceramic 
materials with unique and desired properties. In particular, carbon nanotubes 
(CNTs) and oxide fibre have been considered to improve fracture toughness of 
ceramics [67],[68]. The key issue to produce CNTs and fibre based composites 
is distribution of reinforcing agent in matrix material. The individual nanotube 
or fibre should be distributed uniformly throughout the matrix and well-separated 
from each other. The presence of agglomerates can act as defects leading to 
stress concentration and premature failures. CNTs and fibres tend to agglom-
erate into bundles by van der Waals forces due to their relatively high surface 
areas and their high aspect ratios [66]. Another important aspect is strong 
interfacial bonding of the reinforcing agents with the host matrix components to 
have an efficient load transfer from host matrix to reinforcing agents. By 
achieving that, it is possible to obtain high performance materials with multi-
functional properties [69]. 

The surface of reinforcing agent is often modified, either by direct func-
tionalization or by the use of surfactants, in order to add stability in a given 
solvent or to improve compatibility with a given matrix. Commonly for activa-
tion of CNTs surface is realized in harsh conditions such as chemical oxidation 
by strong acids such as HNO3, H2SO4 and KMnO4. Chemical oxidation is an 
effective way to increase the solubility and chemical reactivity but such treat-
ment can cause defects on the CNT surface structure which leads to reduction of 
mechanical and electrical properties [70]. In order to avoid damaging of CNT 
surface it is good to use polymeric surfactants like polyvinylpyrrolidone (PVP) 
or PMMA[71]. Q. Y. Tang et al. demonstrated that use of the PVP as surfactant 
gives stable dispersion of CNTs for two months [72].  

If the reinforcing agent dispersion is sufficient then it will be mixed with a 
conventional ceramic powder, a colloidal ceramic suspension or sol-gel pre-
cursor to obtain composite. Up to now, sol-gel method has been widely used to 
fabricate CNT/ceramic composites because it makes possible to create intimate 
dispersion of the CNTs in inorganic matrices, as well as a good adhesion of the 
host matrix to CNT, when a proper surfactant is used. The advantages of sol-gel 
for conventional powders processing are that ball milling is not necessary to 
mixing CNTs in ceramic matrix. Ball milling could damage CNTs, and shorter 
CNTs could be a less efficient reinforcement or induce an undesirable effect on 
physical properties of CNTs ceramic matrix composites [66] [67] [73]. 

Inbaraj et al. [74] has prepared high purity alumina and MWCNT composites 
by an aqueous sol–gel processing route with a hardness of 2150 ± 20 (Kg/mm2) 
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and a fracture toughness of 5.5 ± 0.2 MPa m1/2. C. Zhang et al. [75] showed a 
possibility to use polymeric glue between SWCNT and sol of titania, alumina 
and silicon to fabrication ceramic oxide-coated SWNT composites by sol-gel 
method. 

Fracture toughness of ceramics can also be increased with use of metal oxide 
nanofibres as reinforcement. B.N. Dudkin et al. [76] described synthesis of 
corundum matrix ceramic composite reinforced with surface modified alumina 
nanofibres. The mechanical characterization showed that alumina nanofibers 
have positive effect on the strength and fracture toughness of the matrix. The 
bending strength of the composite reinforced with modified alumina nanofibres 
was twice that of the composite reinforced with unmodified nanofibres. 
 

 

Figure 3. Illustrative images of Al2O3-0.35%wt CNT composite 
 
 

1.3. Functional multisystem ceramic coatings 

Development of nanostructured ceramic coatings has become an important 
research area mainly due to the interesting chemical and physical properties of 
nanoscale materials. Nanostructured coatings with enhanced functional and 
mechanical properties are demanded in high-tech industry in key applications 
such as protective, antireflection, medicine, flexible and transparent electrodes, 
and antibacterial coatings [7][8]. 

Generally, scratch resistant nanostructured ceramic coatings are used to 
protect a soft plastic or metal substrate from abrasion [77]. In order to ensure 
maximal protection, coatings should have good corrosion and wear resistance, 
low friction and high value of hardness. In addition coating should rub against 
other surfaces without a liquid lubricant. So they should be self-lubricating to 
guarantee long life time of protection [78]. The self-lubricating coatings are 
very attractive for biological and space applications. D. M. Martinez et al. [79] 
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have studied Ti-Zr-C-H coatings as potential candidates for protective layers for 
biocompatible applications. The constituting elements were selected due to their 
proven good biocompatibility at the macroscale. It was proposed that  
Ti-Zr-C coating is surrounded with soft hydrogenated amorphous carbon matrix 
which reduces hardness and elastic modulus. Moreover, these films exhibit low 
friction coefficients due to the amorphous matrix with lubricating properties. 

It is well known that structural factors can affect significant functional pro-
perties of coatings, including the size, specific surface area, pore volume, pore 
structure, crystalline phase, and the exposed surface facets. For example TiO2 
nanoparticles can be used for the photocatalytic effect [80], [81] UV-absorbing 
properties [82], and anatase TiO2 coatings for biocide properties [83], and silver 
nanowires (AgNW) as transparent conducting material [84]. 

Under UV irradiation the TiO2 polycrystalline coatings become highly 
hydrophilic and highly oleophilic. Such highly amphiphilic surfaces could be 
used in windows antifogging and self-cleaning applications. In addition to the 
amphiphilic surfaces R. Wang et al. [80] demonstrated that ultraviolet irradiation 
from sunlight is sufficient to maintain the amphiphilic surface, so that hydrophilic 
or oleophilic contaminants on the surfaces can easily removed by rain. 

An effective method to enhance titania photocatalytic and other properties is 
to dope it with anions or cations. Metal doping like cobalt has long been known 
to be one of the most effective ways to change the electronic band structure of 
TiO2, and consequently, to improve its visible light sensitivity as well as 
increase its photocatalytic activity under UV irradiation. Among other dopants, 
Ag has got much attention for this purpose [85], [86]. O. Akhavan [86] has 
showed Ag doped TiO2 thin coatings have excellent photocatalysis, long lasting 
antibacterial properties and appropriate for biomedical and antibacterial 
applications. 

One of the main applications for functional multisystem ceramic coatings is 
flexible and transparent electrodes. Contacting metal oxide coatings such as 
aluminium dope zinc oxide and indium tin oxide (ITO) have found a use as 
transparent conductors in touch screens, solar cells and organic light emitting 
diodes.[87] Nowadays researches have focused on searching for alternative 
material for ITO which is mostly used as transparent electrode. The brittle 
nature of the ITO coatings makes its use difficult on flexible substrates and 
sputtering process of ITO would damages organic optoelectronic device. 
Recently AgNWs have been attracted interest as a transparent conducting 
material based on random AgNW network. It is a promising material for trans-
parent electrode because it can lower network resistance (∼9.7Ω/sq) and can 
have high transmittance (∼89% at 550 nm). The latter is defined as the fraction 
of light able to pass through the open spaces between the nanowire network 
[84], [88]. The AgNWs also have outstanding elastic properties which is 
making it promising materials for flexible transparent electrodes. S. Vlassov et. 
al [89] have demonstrated that AgNWs have high fatigue resistance and can be 
bent elastically multiple times to significant curvatures without failure. A. Kim 
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et. al [84] have developed ZnO/AgNW/ZnO composite electrode which demon-
strated good thermal and mechanical stabilities as well as a high conductivity 
and good transparency. Cu(In,Ga)(S,Se)2 (CIGSSe) thin film solar cells 
incorporating this composite electrode exhibited a 20% increase of the power 
conversion efficiency compared to a conventional sputtered indium tin oxide-
based CIGSSe solar cell. 
 

 
Figure 4. Illustrative scheme of ZnO/Ag nanowire/ZnO composite electrode for thin 
film solar cells [84] 

 
 
Although these excellent properties of AgNWs it has some drawbacks for 
replacement of ITO based electrodes. The AgNW can be exposed to air and 
temperature approximately at 200 °C. The AgNWs network would suffer from 
local oxidation and melting which affects the conductivity of the network. 
Coating of AgNWs network with thin oxide layer could potentially protect them 
from the corrosion [90]. Moreover, it was recently demonstrated that TiO2 
shells increase thermal stability of individual AgNWs [6].  

In this work protection of random AgNW network by thin TiO2 coatings is 
discussed. One of the widely used methods for preparing TiO2 coatings is sol-
gel processing which make possible to design desired structural, electrical and 
photocatalytical properties. The sol-gel process for synthesis of TiO2 is 
described in details in section 1.5. 
 
 

1.4. Mechanical characterization  
of reinforcement agent 

In order to successfully utilize the advantages of nanofillers and to maximize 
the overall effect on properties of nanocomposite or nanocoating, it is important 
to carefully choose the appropriate filler material. Therefore, studies of indi-
vidual nanostructures via fine nanoscale experiments made with top-level 
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modern scientific equipment [91], [92] are necessary for deeper understanding 
of dependence of the nanostructure properties on composition, structure, size, 
geometry and conditions. Knowledge gained in nanoscale experiments will give 
ability to tune the properties of the nanostructures at production and synthesis 
stage to meet the particular needs of the final composite product. Methods 
employed for mechanical characterization of CNT, nanofibre’s, fibres and 
whiskers, typically include nanoidentation, three point bending test or tensile 
test.[9] [93] 

Common tool used for mechanical testing and manipulation of individual 
nanostructures is atomic force microscopes (AFM) due to high force resolution. 
Z. Zhao et al. [94] and P. Zhang et al.[95] were measured the elastic modulus of 
a single alumina nanofiber using the three-point bending method by contact mode 
AFM. Both research groups have shown that elastic modulus of nanofibers is 
much lower than of the commercial alumina fibres which is beneficial when 
they are subjected to mechanical contact stress during their service lifetime. E. 
Wong et al. [96] were measured elastic properties and mechanical strength of 
SiC nanorods and MWCNT deposited on low friction substrate (MoS2) using 
AFM lateral force regime. The MWCNTs were about two times as stiff as the 
SiC nanorods. Continued bending of the SiC nanorods ultimately led to fracture, 
whereas the MWCNTs exhibited an interesting elastic buckling process. 

AFM methods have certain limitations. AFM can be used either for 
visualisation or for measurements, but not both at the same time. It means, that 
first image of the investigated object should be taken, then measurement is 
performed, and the image is taken again to see the results of the measurements. 
Therefore, a measurement with AFM is time-consuming and there is no real-
time visual feedback concerning the behaviour of the investigated object during 
testing. It means that information on crack formation and propagation, changes 
in diameter etc is absent. Only indirect conclusions can be drawn on the basis of 
the shape of the force curves. Additionally, typically AFM experiments are 
made in ambient conditions, meaning that a considerable amount of water is 
present on all surfaces under investigation, complicating the interpretation of 
forces [97]. 

To overcome above-mentioned problem measurement set-up should be 
installed inside electron microscope. Such configuration provides direct real-
time observation of the dynamic events as they are progressing and qualitative 
information about the mechanism of the motion and deformation. Technically in 
situ experiments can be realized by installing piezo positioners and scanners 
equipped with a sharp probe into electron microscope. E.g. Zhu et al. [98] 
performed in situ tensile tests of AgNWs inside SEM. NW were fixed between 
the nanomanipulator tip and AFM cantilever and then pulled until failure. 
Young’s modulus, yield strength, and ultimate strength were calculated from 
the deflection of the AFM cantilever with known spring constant. The measure-
ments shows that young’s modulus, yield strength, and ultimate tensile strength 
all increased as the NW diameter decreased.  
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Nanomechanical testing can also be carried out by a nanoindenter inside 
SEM. This kind of set-up has been applied to measure the nanomechanical load 
frames performed by micro-cantilever beam experiments on bio-inspired 
composites [99]. The FIB micro-milling setup was used to cut out the 
rectangular micro-cantilever beam from bulk composite. An indenter equipped 
with a 5-μm radius 60-degree conospherical diamond indenter probe was used 
for mechanical characterisation of cantilever beam. This research provided 
evidence that the oriented nanoclay tablets embedded in the polymer matrix of 
the nanocomposite deflect the trajectory of propagating cracks and the tensile 
stress in the cantilever beam reached 430 MPa. 

It is also important to point out, that different measurement techniques may 
give different values of mechanical characteristics. The effect of the different 
measurement techniques on the measured values of the Young’s modulus were 
demonstrated by Rohlig et al. [100] for ZnO NWs and Polyakov et al. [92] for 
SiO2 NTs by comparing bending test, three point pending test, tensile and 
compressive strain. The differences up to approximately 40% were demonstrated. 
These investigations point out that for better understanding of material’s 
behaviour under different loading conditions important for the particular 
applications it is necessary to use different measurement techniques to get 
information about certain properties. 
 

 
Figure 5. Schematics of different variations of mechanical testing of 1D nanostructures 
a) beam bending b) nanoindentation and c) three point beam pending. 
 
In spite of obvious advantages in situ SEM experiments have certain limitations 
and peculiarities that should be taken into account. Electron beam (e-beam) 
irradiation can cause significant charging of poorly conducting materials that 
may influence the interaction between investigated object and the tip. Moreover 
radiation defects can occur and affect the determination of mechanical pro-
perties. Zheng et al. [101] have shown a moderately intense electron beam 
(10−2 A/cm2) in transmission electron microscope (TEM) causing radiation 
defects in silica NWs which can be induced enabling significant superplastic 
elongations > 200 % in tensile tests. They also report the quantitative 
comparison of the load-displacement responses without and with the e-beam, 
revealing dramatic difference in the flow stress. Vlassov et al [5] demonstrated 
electron beam induced viscoelasticity and shape restoration effect in Ag/SiO2 
core-shell nanowires. One more e-beam related problem is assisted carbon 
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deposition. High energy electrons can decompose hydrocarbons molecules, which 
are present in the vacuum chamber and amorphous carbon can be deposited on 
the areas exposed to electron beam for prolonged periods. Amount of deposited 
carbon depends on the vacuum level, e-beam energy, the presence of hydro-
carbon inside the chamber and exposition time. [102] 

Another limitation that should be taken into account when planning an 
experiment inside SEM is associated with the resolution of electron microscope. 
First, typical scanning rate of the electron beam is limited to a few Hz, therefore 
only relatively slow processes can be visualized. Resolution and signal intensity 
are reversely proportional to scanning speed. Visible dimensions of the 
nanostructures at magnification close to the resolution limit are sensitive to 
brightness/contrast settings of a microscope. It can be problematic to identify 
the exact shape of the NW cross section, for example, to distinguish between 
square and slightly rectangular cross sections or estimate degree of hexagon or 
pentagon distortions.[102] 

  
 

1.5. Sol – gel method 

1.5.1. Introduction of sol-gel method 

Sol-gel technology is a versatile technology, making it possible to produce a 
wide variety of materials and to provide existing materials with novel properties. 
The sol-gel method is a widely used technique for producing metal oxide 
powders, aerogels, xerogels, films and fibres with controlled parameters [103] 
[104]. Particularly, the sol-gel process has become a very popular fabrication 
method in industries, according the American Ceramic Society market analysis 
the global market for sol-gel products reached $1.4 billion in 2011 and it will 
further grow to $2.2 billion by 2017 [105]. The sol-gel technology has received 
so much scientific and technological attention because it has many advantages 
compared to conventional powder processing methods. Lower temperatures are 
required for material processing. Homogeneous and pure multi-component 
systems can easily be obtained by mixing the molecular precursor solutions 
[106]. This technology provides the ability to control molecular-scale mixing 
and the ability to form the M1–O–M2 bonds (where M1 and M2 denote two 
different cations) to synthesis multi-component metal oxides and carbides 
[107], [108]. In some particular cases the sol-gel method could cause drawbacks 
which are connected to proceeding condition, most problematic issues are gel 
drying, aging, environment humidity and temperature. All these previous issues 
could affect reproducibility of products. 
 
 
 
 



26 
 

1.5.2. Synthesis of transition metal oxide by sol-gel 

The most used molecular precursors are metal alkoxides which have high purity 
compared to mined raw materials. All metals form corresponding alkoxides and 
they have general formula 4: 
 
 M-(OR)n  (4) 
 
where M is the metal and R is an alkyl group and x is the valence state of the 
material [109]. Metal alkoxides are very reactive toward nucleophilic reagents 
such as water. This high chemical reactivity is due to the low electronegativity 
of the metal and render metal atom susceptible to nucleophilic attack. The metal 
alkoxide should be handled with great care due to the high chemical reactivity 
of metal alkoxide with water. To avoid a spontaneous reaction between the 
metal alkoxide and water, the humidity should be controlled or stabilized by an 
acid or basic.[110] 

The present overview is focused on the synthesis of transistion metal oxide 
thin films (e.g. titanium dioxide) by sol-gel process. The transistion metal 
alkoxide are less durable to hydrolysis, condensation and other nuchleophilic 
reactions than silicon alkoxides which are the most commonly used precursor in 
sol-gel processes. The lower electronegativity of transistion metals causes them 
to be more electrophilic and have higer reactivity.[111] 

The basic idea of the synthesis of metal oxides by sol-gel process is hydrolysis 
and polycondensation of metal alkoxides or other molecular precursors. Firstly 
the hydrolysis of metal alkoxide takes place and a reactive metal hydroxo group 
M-(OH)n is generated due to nucleophilic substitution of alkoxy groups by 
water (Eq. 5). The mechanism involves nucleophilic addition followed by 
proton transfer [104]. 
 
 M-(OR)n + nH-OH → M-(OH)n + nR-OH  (5) 
 
Polycondensation of metal alkoxides will start as soon as hydroxo groups are 
generated and depending on the chemical reaction condition, three competitive 
mechanisms have to be considered: alcoxolation, oxolation and olation. During 
the polycondensation, hydrolysed precursor can react either with alkoxy 
precursor (alcoxolation Eq. 6) or with other hydrolysed precursors (oxolation 
Eq. 7). In addition, bridging hydroxo groups can be formed through the elimina-
tion of a solvent molecule, this kind of reactions is called olation (Eq. 8, 9). This 
reaction occurs when the full coordination of the metal atom is not satisfied in 
the alkoxide. The latter can be either H2O or R-OH depending on the water 
concentration in the medium. In result of the three condensation mechanisms 
oligo- and polymeric chains (-M-O-)n are formed and this leads to the formation 
of a 3D network. The dominating condensation mechanism depends on the 
reaction conditions (pH, water/alkoxide ratio, temperature, concentration of 
metal alkoxide) and precursor alkoxides. [104] [110]  
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Alcoxolation 
 M-OH + M-OR → M-O-M + R-OH  (6) 

 
Oxolation 

 M-OH + M-OH → M-O-M + H-OH  (7) 
 

Olation 
 M-OH + M → M-O-M + R-OH  (8) 
  
 M-OH + M → M-O-M + H-OH  (9) 
 
The hydrolysis and polycondensation mechanism are more detail described by 
J. Livage [110]. 

Hydrolysis and polycondensation of titanium alkoxides (Ti(OR)4) flows as 
described above. The hydrolysis of titanium alkoxides is fast, 90% of alkoxy 
groups are hydrolysed after 1000s and polycondensation starts immediately 
after approximately 25 to 50% of the alkoxy groups are hydrolysed [112]. The 
hydrolysis of titanium alkoxides starts with the protonation of a negatively 
charged alkoxide oxygen atom which results in releasing an alcohol molecule. 
The reaction times for titanium alkoxides hydrolysis are in the order of 
magnitude of milliseconds and in case of zirconium alkoxides microseconds 
[113]. The product of polycondensation of titanium alkoxides is never 100% 
titanium oxide, there are some amount of Ti-OH and Ti-OR groups. B. Yoldas 
[114] has shown in his research that the titanium oxide content varies from 
~70% to over 90% pending of starting titanium alkoxides (Ti(OC2H5)4, 
Ti(OC3H7)4 and Ti(OC4H9)4) and water concentration. In sol-gel process it is 
very important to control the hydrolysis of metal alkoxides and polycon-
densation to produce a homogeneous metal oxide network. Therefore it is 
essential to use chelating reagents such as diols, basics, acids or diketonate 
compounds to modify the metal alkoxides. In most cases, the modification takes 
place following a proton-assisted SN1 reaction mechanism [106], [113]. A.O 
Aroyinbo et al. [115] have reported that the grain size of TiO2 increases from 
about 40 nm to 450 nm with increasing pH from acidic to base. It is due to the 
fact that an average Milliken charge of hydrogen atoms around the titanium 
coordinated complexes at low pH is much more than at high pH. The complexes 
will be separated well because of the repulsive force at low pH which results in 
a slow and discrete disposition of the complexes on the performed nuclei, which 
leads to forming small nanocrystallites. At higher pH values, the titanium 
coordinated complexes could not be separated well due to a smaller repulsive 
force and this results in a fast disposition, which leads to the grain size increase. 
V. Kessler et al. have deeply studied the chemical modification of metal 
alkoxides by carboxylic acids, β-diketones. In their research “New insight in the 
role of modifying ligands in the sol-gel processing of metal alkoxide precursors: 
A possibility to approach new classes of materials” [113] they have disproven 
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the former explanation of the modification of metal alkoxides with chelating 
ligands. Formerly the chemical modification of metal alkoxides with different 
chelating ligands is explained as follows: the chelating ligands not changing 
significantly the charge distribution in the molecules but they are blocking the 
coordination sites of the metal atoms, and shielding the metal atoms from 
polycondensation by non-hydrolysable and thus not removable ligands. 
V. Kessler et al. have explained it differently: The whole process of sol 
formation is thus directed not by kinetics of hydrolysis and polycondensation, 
but by the self-assembly of ligands. The modifying ligands are forming the 
particles of sols through their interaction with the solvents and can stabilize 
dispersions in essentially the same way as surfactants. The formed hydrated 
oxides are hydrophilic, which means that the polar solvents are favouring the 
direct and non-polar ones-inverted micellar self-assembly. The chemical 
modification does not lead to decreased rate of hydrolysis and polycondensation 
reactions, however, it does really result in slowing down or even preventing the 
gelation and, especially, the uncontrolled precipitation on addition of water. 

During a gelation process the formation of 3D-network of sol particles will 
occur. The gelation process begins with interaction of the particles in sol with 
each other and forms clusters which aggregate until 3D-network, also called gel, 
is formed. The interaction can occur either via hydrogen bonding or via 
coalescence with formation of M–O–M bridges [116]. The aggregation of 
particles can take place in two ways. At smaller hydrolysis ratios or/and in the 
presence of chelating ligands strongly interacting with the solvent, the primary 
particles form aggregates that have a possibility to develop common surface 
with strong interaction towards the solvent. At high hydrolysis ratios and in the 
absence of heteroligands, the particles aggregate through the volume of the 
solvent forming dense gels or precipitates [116] [117].  

The 3D-network can be dried in various conditions leading to forming a 
xerogel with residual porosity. During drying the solvent is removed from the 
pores and due to the capillary pressure increase the network shrinks. After 
drying the xerogel volume was reduced compared to the volume of the wet 
network [118]. Further heating of the xerogel in controlled conditions allows 
obtaining the desired metal oxides phases. The desired phases are usually lower 
than the ones required by solid-state processes. [119]. 
 

1.5.3. Synthesis of metal carbides precursor by sol-gel method 

The sol–gel process has been examined as a cost-effective alternative for 
classically used powder processing methods to synthesise metal carbides to 
reduce the carbothermal reaction temperature. The sol-gel process is used for 
the synthesis of metal carbide precursor materials before carbothermal 
reduction. As for the synthesis of metal oxides by sol-gel, the metal carbide pre-
cursor is prepared according to the metal alkoxide polycondensation mechanism 
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which goes through a gelling stage followed by drying and consolidation. [15] 
[106]  

To synthesise metal carbide precursor gel by sol-gel method the metal 
alkoxide polycondensation is carried out by a transesterification of the OR 
groups in metal alkoxide M-(OR)n by adding ligands which act as bridging 
ligands. Usually diols or other chemicals are used as bridging ligands which 
having two or more reactive OH groups [120], [121]. The transesterification 
(Eq. 10) followed by polycondensation (Eq. 11) of M-(OR)n is showed in 
sequent equation:  
 
 M-(OR)n + HO-X-OH → (OR)n-1-M-O-X-OH + ROH  (10) 
 
 (OR)n–1-M-O-X-OH → -[ O-M(OR)n–2-O-X-]m- + ROH  (11) 
 
The transesterification process is necessary to increase the carbon content of 
carbon in precursor gel for carbothermal reduction to synthesise stoichiometry 
metal carbides.[57] The carbon content of the precursor gel depends on the 
bridging ligands, H. Press et al. [59] have studied the different bridging ligands 
like diols, dihydroxybenzenes, dihydroxycarboxylic acids and saccharose as 
bridging ligands for synthesising TiC and ZrC. The use of different bridging 
ligands results in polycondensation yielding either spinnable viscous solutions 
or elastic gels and for stoichiometric carbon content it is suitable use 
dihydroxybenzenes or saccharose as bridging ligands. Sometimes the secondary 
carbon sources (bridging ligands) adding in metal carbide polymeric precursor 
is not needed. M.D. Sacks et al. [122] . have synthesised HfC using a single 
source precursor.  

As described in previous section, polycondensation the synthesis of metal 
oxides by sol-gel method results in wet gel. This needs to be dried and further 
heated to reduce the xerogel precursor to metal carbide and metal oxide. The 
heat treatment for oxide gel precursor and carbide gel precursor is described in 
next section. 
 

1.5.4. Heat treatment of synthesised gel precursor 

Both the metal oxide and carbide xerogel precursors need to be heat treated in 
order to remove organic residues and transfer the metal oxides or carbides to 
desired crystalline phases. 

For oxides this further heat treatment is called annealing. Majority of 
xerogels are amorphous and porous after drying. During annealing the surface 
energy decreases and the pores collapse. Viscous flow of the material results in 
a dense structure. Crystalline material annealing involves diffusion and is a 
slower process than viscous flow and needs higher temperatures. It is important 
to densify the xerogel at lower temperatures and then carry out the crystal-
lization at higher temperatures. [118] 
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In case of titania xerogel precursors crystalline phase is achieved by sin-
tering at relatively high temperatures in air. Anatase phase typically appears 
after thermal treatment at 400 °C and transits to rutile crystal phase at 
approximately 800 °C. [85] [123] [124] 

The main difference between heat treatment of metal oxide and metal 
carbide precursors is that the metal carbide heat treatment is carried out in an 
inert atmosphere. To get pure metal oxides it is necessary to remove all organic 
residues from the precursor but in case of metal carbides it is important to 
convert organic residues to carbon. This needs to be done to reduce metal 
oxides to metal carbide. Heat treatment of metal carbide precursor xerogel can 
be divided in two parts: pyrolysis and carbothermal reduction. The xerogel 
precursors were heated up to 800 °C during the pyrolysis of TiC and ZrC and 
the precursor decomposes into rutile TiO2, tetragonal ZrO2 and amorphous 
carbon. [125], [126]. Carbothermal reduction of TiO2, ZrO2 and amorphous 
carbon to corresponding metal carbides starts when the Gibbs free energy 
becomes negative during heat treatment. C.R. Rambo et. al. [127] calculation 
shows that Gibbs free energy becomes negative for TiC at 1050 °C and for ZrC 
1350 °C, at atmospheric pressure. V. G. Sevastyanov et al. [125] have shown 
that the reduction of carbon begins at lower temperatures, for TiC at 950 °C and 
ZrO2 at 1050 °C, at pressure of 1 × 10–4 MPa. These results are in good agree-
ment with the temperatures of the Gibbs free energy calculation at fixed 
pressure of 1 × 10–4 MPa. Previous discussion shows that the reaction tem-
perature decreases with the system pressure decrease. MeC are easily formed in 
vacuum for CO can easily leave from the material. Therefore, the reduction of 
MeC in vacuum is easier than at atmospheric pressure. [37], [52] 
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2. AIM OF THESIS 

Goal of the work described in the thesis was elaboration of ceramic-matrix 
composites and functional coatings with desired properties by combining 
advantages of sol-gel technique and nanostructured fillers. To achieve this goal 
a number of tasks were assigned, which include issues of synthesis, processing 
and characterization of the materials under investigation. All activities are 
interconnected and reinforce each other.  

 
The main objectives are listed below: 

 Synthesis of TiC-ZrC composites by combination of sol-gel method and 
process of carbothermal reduction, and mechanical characterization of the 
composites produced. 

 Development and characterization of TiC/MWCNT composites by sol-gel 
method and carbothermal reduction.  

 Benchmark applicability of commercially available (MemPro Ceramics) 
alumina nanofibers as a promising reinforcement material in CMCs. 

 Benchmark applicability of AgNWs for flexible composite coatings. 
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3. MATERIALS AND METHODS 

3.1. Synthesis of TiC-ZrC and  
TiC/MWCNT (papers I, II, V, VII) 

In the present work the combination of sol-gel and carbothermal reduction 
methods was used to elaborate the method of synthesis of TiC-ZrC and 
TiC/MWCNT composite powders. Sol-gel method was used to synthesize 
polymeric xerogel precursors of TiC-ZrC and TiC/MWCNT composite. The 
xerogel precursors were prepared from commercially available chemicals: 
titanium (IV) n-butoxide, Ti(OC4H9), (99+%, Alfa-Aesar or Sigma-Aldrich, 
reagent grade), zirconium (IV) n-butoxid, Zr(OC4H9), (80%, in butanol, Sigma-
Aldrich) as the metal sources. Acetylacetone C5H8O2 (acac) (≥99.0%, Sigma-
Aldrich) was used as chelating ligands to reduce reactivity of the metal 
alkoxides. Benzene-1,4-diol C6H6O2 (Hy) (≥99.0%, Sigma-Aldrich) was used as 
the carbon source and n-butanol C4H9OH (>99%, Aldrich) was used as a 
solvent. For the preparation of TiC-ZrC precursor reagents molar ratio were 
respectively (Ti;Zr;acac;Hy) 1:1:4:1. The chemicals were used as received for 
except of n-butanol that was further purified by distillation over CaH2 to remove 
all water. The TiC-ZrC and TiC/MWCNT polymeric precursor sol was 
synthesized under argon (Ar) flow in a three- neck flask to prevent a premature 
gelation of a metal alkoxide. As the first step of preparation of the polymeric 
precursor Ti(OC4H9)4 and Zr(OC4H9)4, were dissolved in 2 ml butanol. Then 
acac was dropped to the solution heated to 50 °C and stirred for 30 min. The 
next step was increasing the temperature of the solutions up to 80 °C and addition 
of dissolved 0.5 mol benzene-1,4-diol in 2 ml butanol. The solution turned deep 
red and was further heated up to a reaction temperature (125 °C) and held there 
for 2 h. Afterwards, the solvent was evaporated at this temperature. Evaporation 
of solvent from polymeric precursor sol led to a neat exrogels precursor, which 
was then pyrolysed and finally carbothermally reduced. 

For the synthesis TiC/MWCNT, MWCNTs were dispersed in 1-butanol 
using polyvinylpyrrolidone (PVP) as a surfactant. The molar ratio of surfactant/ 
MWCNTs was 10:1. Three solutions were made: 0.5%wt, 1wt%, 3wt% 
MWCNTs (weight percentage derived from carbide’s final mass). All solutions 
were treated with an ultrasonic probe (UP 200S, amplitude 50%, cycle 0.5) for 
three hours. Precursor reagents molar ratio for the synthesis of TiC were 
respectively (Ti;Hy) 1:0.5 and followed same synthesis steps like described for 
TiC-ZrC precursors. In this case adding acac was not necessary because titanium 
(IV) n-butoxide is less reactive than zirconium (IV) n-butoxid. The MWCNT 
dispersion was added to the titanium (IV) n-butoxide solution before carbon 
source. After adding MWCNT dispersion followed by an ultrasonic treatment 
with an ultrasonic bath (Elmasonic P 30H, power 70%, frequency 37 kHz) for 
one hour to disperse MWCNT homogeneously in the titanium alkoxide 
solution. The overall synthesis process is illustrated in Figure 6. 
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Figure 6. Flow charts of synthesis of TiC-ZrC and TiC/MWCNT precursor by sol-gel 
method. 
 
The exrogels were first pyrolyzed in graphite boats using an alumina tube 
furnace (Nabertherm HTRH) at 900 °C in argon for 1 h. The pyrolysed TiC-ZrC 
and TiC/MWCNT precursors were carbothermally reduced correspondingly at 
1600 °C and 1350 oC in vacuum of 7–8·10 –2 mbar in a furnace (WEBB 107) 
for 1 h. The powder mixture of TiC-ZrC was consolidated by spark plasma 
sintering (SPS) using FCT HP D25/2 equipment.  

The TiC-ZrC powder was spark plasma sintered in vacuum (8 Pa) under 
100 MPa uniaxial pressure at 2000 °C for 6.5 min. The heating rate was 
adjusted to 100 °C/min up to 1200 °C and 50 °C/min henceforth. In order to 
remove residual organic chemicals from the powders coming from sol-gel 
process degassing was carried out for 2 min at 450 °C, while the pressure was 
kept relatively low (31 MPa) for easy removal of gases trapped within the pores. 
After reaching 1200 °C, the pressure was increased to its maximum value 
(100 MPa) and kept constant until the end of the dwell period. The densification 
curve for the ZrC-TiC powder compacts is presented in Figure 7. More details 
about synthesis of ZrC-TiC and TiC/MWCNT are given in section 4.1. 
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Figure 7. The densification curve for ZrC-TiC powder mixture. [V] 
 
 

3.2. Synthesis of titania coatings  
on AgNWs network (paper IV) 

TiO2-coated AgNWs network was synthesised by spin coating technique in the 
framework of sol-gel method. Three different TiO2 precursors were prepared: 
with HCl as catalyst, with HNO3 as catalyst, and without any catalyst. General 
preparation procedure was similar for all three cases. The sol precursor was 
obtained by a partial hydrolysis and condensation of titanium (IV) butoxide 
with water, and using ethanol as a solvent. The molar ratio of water to 
titanium(IV) butoxide was 0.5 and the molar ratio of the catalyst to titanium(IV) 
butoxide was 0.05. Water and ethanol were removed by rotator evaporator 
(Büchi R-114) to decelerate the hydrolysis and condensation reaction of the sol 
precursor, and the concentrated sol was dissolved in hexane (10 mass%). The 
solution was kept overnight before deposition of titania coating onto AgNW 
network. AgNWs network was prepared by depositing a droplet of AgNWs-
containing ethanol solution (Blue Nano, 1 mg/mL) onto silicon (100) substrates 
(10 mm x 10 mm) by spin coating at 1000 r/min for 60 s. Samples with AgNW 
networks were dried at 120 °C for a few minutes to remove the solvent. TiO2 
precursors were spun at 3000 r/min for 60 s onto the AgNWs network to form 
TiO2 sol layer. After drying the samples were annealed from room temperatures 
to 600 oC in air atmosphere to burn out organic residue and turn amorphous 
TiO2 layer into crystalline form. 
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3.3. Annealing of alumina nanofibers and 
 AgNW sample preparation for mechanical 

characterisation (papers III, V) 

Al2O3 nanofibres were purchased from Mempro and had diameters in the range 
from one hundred to few hundreds (nm) with average diameter of 156 nm and 
fibres length over 100 µm. An in situ SEM nanomanipulation and measurement 
setup was used to measure mechanical properties and monitor the response of 
individual Al2O3 nanofibres to external loading before and after annealing at 
1400 oC. Al2O3 fibres were annealed at 1400 °C in air for 1 h, using an alumina 
tube furnace (Nabertherm HTRH). The ramping rate was 200 °C/h. Prior to the 
measurements the heat treated and untreated fibres were mixed in isopropyl 
alcohol and sonicated for 45–100 minutes in sonication bath. In order to 
guarantee individually dispersed nanofibers, the dispersion with very low con-
centration of 0.3mg/ml was prepared. Immediately after ultrasonic treatment, 
drop of dispersed solution containing alumina nanofibers was deposited on a 
TEM grid (1500 mesh copper grid, Agar Scientific) so that some fraction of 
single nanofibers were half-suspended over the mesh holes. Adhesion between 
the surfaces of nanofibers and copper TEM grid was sufficient to fix one end of 
a nanofiber to the substrate.  

AgNWs solution in ethanol was purchased from Blue Nano and the NWs had 
diameters in the range from tens to a few hundreds of nanometers with the 
average diameter of 120 nm. A standard silicon calibration grating (TGX series, 
Mikromasch) was used as a substrate. The grating comprised of 1 mm deep 
square holes with 3 mm pitch. AgNWs were deposited on the grating from the 
solution so that some NWs were half-suspended over the holes. [89]  
 
 

3.4. Sample characterization 

An infrared spectrometer (Spectrum BX II FT-IR spectrophotometer, Perkin 
Elmer) was used to monitor reactions occurring during the ZrC-TiC polymeric 
precursor preparation. Scanning electron microscopy (FEI Helios 600) is used 
for characterization of the crystalline phases of TiC-ZrC, TiC/MWCNT com-
posite powders, titania films and Al2O3 fibres, their size, structure and topo-
graphy. SEM is equipped with an energy dispersive x-ray (EDX) detector 
(Oxford Instruments) and an option of focused ion beam (FIB). Mechanical 
characterization of individual nanofibers and nanowires nanostructures were 
also carried out inside SEM. Mechanical characterization experiments are 
described in more details in section 3.5. 

The crystalline phases of all samples were examined by measuring X-ray 
powder diffraction (XRD) patterns and Raman spectra of samples at room 
temperature. The determination of the crystalline phase by X-ray diffractometer 
(Rigaku SmartLab) with Cu Kα radiation at wavelength of 1.5406 Å and from 
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2θ-20° to 80° with a step width of 0.01. Quantitative Rietveld analysis was per-
formed on the data using the AXES 2.1B program. Crystallite size τ of the 
samples has been evaluated by Scherrer’s formula [128], 
 

 ߬ = ௄ఒఉ௖௢௦ఏ	 (12) 

 
where λ is wavelength (0.15406 Å) of X-rays used, K is a dimensionless shape 
factor with typical value of about 0.9, but varies with the actual shape of the 
crystallite, β is broadening of diffraction line measured at half of its maximum 
intensity (in radian), and θ is Bragg’s diffraction angle. 

Raman spectra were recorded by spectrometer (Reinshaw micro-Raman) 
setup equipped with 514 nm continuous mode argon ion laser and the spectral 
resolution of approximately 1.5 cm–1. 

Specimen density was measured by the means of Archimedes method with 
distilled water as an immersing medium. The bulk Vickers hardness was 
estimated with Indentec 5030 SKV at the load of 98.1 N applied for 15 s 
according to ISO6507. 
 
 

3.5. Mechanical characterization of individual  
1D nanostructures (papers: III, VI) 

Cantilevered beam bending technique was used for mechanical characterization 
of individual Al2O3 and AgNWs. The method implies in-plane bending of a 
half-suspended object. As a result, Young’s modulus and bending strength were 
found in both samples using two different manipulation systems inside SEM. 
First, Young’s modulus of alumina nanofibers were measured by 3D nano-
manipulator (SLC-1720-S, SmarAct) equipped with self-made force sensor 
inside SEM (Vega-II SBU, TES-CAN) [97]. The force sensor is made by gluing 
an AFM cantilever with a sharp tip (Nanosensor ATEC-CONT cantilevers  
C = 0.2 N m–1) to one prong of a commercially available quartz tuning fork 
(QTF). The sharp tip is tilted about 15° relative to the cantilever, providing 
visibility of the tip inside SEM [89]. During measurements, QTF was excited to 
its resonance frequency and the oscillation amplitude signal from it was amplified 
by lock-in amplifier (SR830, Stanford Research Systems) and recorded through 
an ADC-DAC card (National Instruments). SEM image of an individual 
alumina nanofiber during cantilevered beam bending and the corresponding 
QTF signal were simultaneously recorded. After experiments on both nanofiber 
samples with the same force sensor, similar bending experiment was conducted 
on an AFM cantilever with known spring constant. This calibration experiment 
allowed to extract force data from recorded QTF signal [89] [III]. 

Bending strength of nanostructure was determent in HRSEM (Helios 
Nanolab 600, FEI). Bending of individual nanofibers and nanowire was done 
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by polar coordinate nanomanipulator (MM3A-EM, Kleindiek) equipped with 
AFM probe. Each investigate object was gradually bent until breaking, while 
SEM images were simultaneously taken. Elastic beam theory was applied to 
calculate Young’s modulus and bending strength from the results of the 
cantilevered beam bending experiments [129]. The equation for bending profile 
can be written in relation to Young’s modulus (E) of a bent elastic beam with 
area moment of inertia I and loaded at its end by a point force F as follows: 
 

 EI
ௗమఏௗ௟మ + ܨ cos ߠ = 0 (13) 

 
where l is the natural axis of the beam and θ is the angle between the tangent of 
the bent profile and the initial profile of the beam. Moment of inertia for an 
object of circular cross-section (e.g. nanofiber) I is expressed as: 
 

ܫ  = ௖௜௥௖ܫ = గௗర଺ସ 	 (14) 

 
where d is the diameter of the object. Experimental data was used to 
numerically fit the profile curve given by Eq. 13 to nanofiber profile from the 
SEM image. The value of Young’s modulus was extracted as described in more 
details in [130]. Maximum stress in a bent beam before fracture (bending 
strength, σst) can be found as: 
 

௦௧ߪ  = ா఑ௗଶ 	 (15) 

 
where κ is the curvature at which the bent beam fractures [131]. 

 
Fatigue tests on single alumina nanofibers and AgNW were performed using 
oscillation function of the Kleindiek nanomanipulator, where both relative 
amplitude and frequency can be changed. To avoid breaking the nanofiber and 
nanowires special care was taken while choosing the appropriate amplitude. The 
tip of the manipulator was brought into contact with the Al2O3 fiber and the 
oscillation amplitude was gradually increased until the magnitude of the 
nanofiber deflection was slightly less than usually required for breaking a 
nanofiber. In case of AgNW, oscillation amplitude was increased to the value 
close to the maximal deformation prior the plastic yield [89]. 
 

3.5.1. Development of experimental set-up 

As previously referred two different manipulation set-ups for mechanical 
characterisation was used, which makes measurements more complicate and 
time consuming. Most critical issue of smaract-based system it is not suitable to 
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use in HRSEM since it is not UHV compatible and contains magnetic parts, 
which cause distortions of the image. Therefore smaract is used only in low-
resolution SEM, limiting the choice of investigated materials to those with 
diameters not much less than 100 nm. Kleindiek manipulator uses polar 
coordinates, which adds complicity to operation. In particular retaining the height 
is difficult and a small mistake could ruin the sample or a sharp probe. Moreover, 
due to technical restrictions, Kleindiek is not equipped with force sensor. 
Therefore, to make mechanical characterisation more accurate and less time 
consuming a new HRSEM manipulation setup was designed and constructed.  

General recommendation for nanomanipulation set-up is ease of sample 
change and user friendly operation. Developing of the nanomanipulation set-up 
for an electron microscope is more complicated because of the specific require-
ments for the materials and components. No magnetic components should be 
used in close proximity to the electron beam to avoid distortions of the image. 
Both samples and probes should have sufficient electrical conductivity to 
exclude charging effect. Manipulator details should be vacuum compatible, and 
detail surface should be of high processing quality, and details design should 
exclude closed volumes to minimize degasing and accelerate vacuum pumping. 
In order to minimize a thermal drift most parts of the manipulation system 
should have similar thermal expansion coefficients. In our case titanium was 
used because the body of commercially available piezoscanners was made from 
titanium. [102]  

During designing new set-up, it was taken into account that the set-up should 
provide both coarse positioning (mm range) and precise (nm range) motion of 
the probe relative to the substrate. The combination of coarse and precise 
positioning gives a wide scanning area which enables placing more or bigger 
samples inside SEM. The coarse and fine motion setups are separated for 
stability and precision. The coarse movements are realized by using x-y table 
with precise screws, which are jointed with a stepper motors and controlled by a 
computer. For the precise positioning attocube modular X, Y and Z piezo-
scanners, which are easy to assemble and guarantee linear motion in Cartesian 
coordinates, are used. The assembly drawing of a designed nanomanipulation 
platform is shown in Figure. 8. 
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Figure 8. Constructed new nanomanipulator set-up for mechanical characterization. 
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4. RESULTS AND DISCUSSIONS 

4.1. Synthesis of TiC – ZrC composite (papers I, II, V) 

The combination of sol-gel method and carbothermal reduction was used for the 
first time for the synthesis of pure and homogeneous TiC-ZrC composite to 
improve the toughness of transition metal carbides and to reduce the synthesis 
temperature. In order to synthesize stoichiometric TiC-ZrC powders by the 
combined sol-gel and carbothermal reduction method, a molar ratio of carbon/ 
metal oxides must be 3:1 according to the chemical equation: 
 
 ZrO2(s)+TiO2(s)+6C(s) = ZrC(s)+TiC(s)+4CO(g)  (16) 
 
Different TiC-ZrC polymeric precursors were prepared by varying the molar 
ratio of Ti(OC4H9)4-Zr(OC4H9)4/benzene-1,4-diol in the range of ~1:0.4 to 
~1:0.95. These polymeric precursors were pyrolysed at 800 °C under argon 
flow. During the pyrolysis, the polymeric precursors decompose to metal oxide 
and amorphous carbon. Content of amorphous carbon in the pyrolysed 
precursor was determined by oxidative combustion in air, resulting in pure 
metal oxide left after burning of the amorphous carbon. The molar ratio of 
TiO2-ZrO2/carbon was calculated for different TiC-ZrC polymeric precursors. 
The results of the calculations revealed that the TiC-ZrC polymeric precursor 
with molar ratio of 1:0.5 metal alkoxides/benzene-1,4-diol gives the stoichio-
metric molar ratio for carbon/metal oxides. 

An infrared spectrometer was used to monitor reactions occurring during the 
TiC-ZrC polymeric precursor preparation to understand metal chelate formation, 
transesterification and polycondensation reactions. Infrared spectroscopy was 
performed on the liquid precursors and dried precursors with KBr pellets. 
Liquid samples were pasted between the KBr windows. Solid samples were 
mixed with KBr powder and pressed into thin pellets.  

In Figure 9. (a, b) the IR spectra of Ti(OC4H9)4 and, Zr(OC4H9)4 solutions in 
butanol shows the absorption bands at 1463 cm–1 and 1378 cm–1 due to C – H2 
and C – H3 interactions as well as, peaks at 1154 cm–1 to 1020 cm–1 and at 
600 cm–1 to 550 cm–1 assigned to Ti-O-C and Zr-O-C, interactions [132] [133]. 
Transesterification took place when acac was added into Ti(OC4H9)4 and 
Zr(OC4H9) solution, as a chelating ligand and acac2Ti(OC4H9)2, acac2Zr(OC4H9)2 
were formed. IR spectra in Figure 10. at 1590 cm–1 and 1530 cm–1 due to C=O 
and C=C in acac groups bonded to Ti and Zr [59] [58]. The second reaction, 
polycondensation, occured when carbon source benzene-1,4-diol was added to 
Ti and Zr alkoxide solution, where benzene-1,4-diol behaved as a bridging 
ligand. Benzene-1,4-diol was chosen as the bridging ligand to give an optimal 
stoichiometric carbon/metal ratio [59]. The solution turned deep red upon 
addition of benzene-1,4-diol. No remarkable changes occurred immediately in 
the IR spectra in Figure. 10.b after the addition of benzene-1,4-diol.   
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Figure 9. IR spectras of a) Ti(OC4H9)4 ,b) Zr(OC4H9) and c) Ti(OC4H9)4+Zr(OC4H9)4 
solution in butanol. [V] 

Figure 10. IR spectras of the TiC-ZrC polymeric precursor a) acac2Ti(OC4H9)2, and 
acac2Zr(OC4H9)2 solution in butanol; b) acac2Ti(OC4H9)2, and acac2Zr(OC4H9)2 solution 
in butanol after adding benzene-1,4-diol; c) acac2Ti(OC4H9)2, and acac2Zr(OC4H9)2 
solution in butanol after 80 min added Hydroquinone C6H6O2; d) dried TiC-ZrC 
polymeric precursor. [V] 

 
The reaction of the polymerisation requires higher temperatures compared to 
transesterification, and starts at 125 °C. Changes in the IR spectra occurred after 
an increase in the temperature up to the reaction temperature and holding at the 
reaction temperature for 80 min. Bands at 1745 cm–1 and 1720 cm–1 were 
assigned to C=O stretch that are typical for pure acac appearing in Figure 10.c 
[37]. Moreover, the absorption bands at 1495 cm–1 and 1240 cm–1 were assigned 
to benzene-1,4-diol bonded to Ti and Zr [122],[57]. Changes in IR spectra 
indicate that during the polymerisation some amount of the acac was substituted 
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by a hydroxyl group of benzene-1,4-diol. Heating of the solution up to reaction 
temperature resulted in solvent evaporation leading to concentrated solution 
and, finally, to the neat precursors. IR spectra of the neat precursor in Figure 
10.d shows only the strong absorption bands at 1495 cm–1 and 1240 cm–1 which 
were assigned to benzene-1,4-diol bonded to Ti and Zr. Absence of the pure 
acac absorption bands in IR spectra indicates that it was probably removed from 
the precursor by evaporation. The IR measurement conformed that carbon con-
centration in polymeric precursor depends on the quantity of benzene-1,4-diol 
and the rate of polycondensation reaction. 

To reduce carbide precursor to carbides powders it is necessary to carry out 
the energy consuming carbothermal reduction reactions at relatively high 
temperatures 1600-2000 °C in inert atmosphere. For optimizing the carbo-
thermal reduction parameters, i.e. to lower the reduction temperatures, I 
clarified the mechanism of carbothermal reduction of TiC-ZrC polymeric 
precursor in argon and vacuum environments at different reaction temperatures. 
To study carbothermal reduction process of the TiC-ZrC powders XRD analysis 
was carried out on the samples reduced at temperatures of 800 o C, 1100 o C, 
1300 o C and 1500 o C in argon and vacuum. Figure 11. shows XRD patterns of 
samples annealed in argon and vacuum at different temperatures.  
 

 
Figure 11. X-ray diffraction patterns of a) ZrC-TiC polymeric precursor reduced in 
argon; b) ZrC-TiC polymeric precursor reduced in vacuum. [II] 
 
XRD results for the heat treated sample at 800 oC in argon and vacuum are 
similar and show strong and broad diffraction peaks at 2θ: 30.24°, 35,48°, 
50,65°, 60,22° pointing the fine tetragonal zirconia (t-ZrO2) crystallites (ICDD 
No.: 01-079-1764). The XRD analysis detected no peaks corresponding to 
titania phases. This may be due to extremely fine TiO2 crystallites that can be 
hardly detected by XRD or very low volume fraction of TiO2 that cannot produce 
XRD peaks that are discernible above the background signal. The broad dif-
fraction peaks can also indicate the presence of titanium and zirconium binary 
oxides (Ti0,5Zr0,5O2) according to (OCD No. 96-100-8791). These board 
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diffraction peaks make it difficult to accurately identify a phase since Raman 
spectroscopy was used to clarify this sample composition. Fig. 12 shows Raman 
spectrum of the sample of the ZrC-TiC polymeric precursor pyrolysed at 800 oC 
in vacuum. In the spectrum two strong peaks at approximately 1340 cm–1 and 
1590 cm–1 are clearly recognized. These peaks can be associated with the A1g 
and E2g vibrational modes of carbon [134]. The spectrum shows also five broad 
peaks at approximately 153, 288, 340, 421, 640, and 767 cm–1. These peaks are 
comparable to the reported Raman spectra of titanium and zirconium binary 
oxides (TiO2-ZrO2) in the literature [135], [136]. Therefore, one can conclude 
that sample of the ZrC-TiC precursor pyrolysed at 800 oC consists of TiO2-ZrO2 

mixed oxides and amorphous carbon. XRD patterns do not show any carbon 
peaks because amorphous carbon have no diffraction peaks. 
 

 
Figure 12. Raman spectrum of ZrC-TiC precursor heated at 800 oC in vacuum [I] 
 
The XRD patterns show differences for the samples heat treated at above 
800 oC in argon and in vacuum environments Figure 11. The mean difference at 
1100 oC is that in the vacuum heat treated sample the pattern shows weak TiC 
diffraction peaks (ICDD No.: 00-900-8747). Meanwhile in argon heat treated 
samples intensity of t-ZrO2 peaks is increased that may indicate transformation 
of some amount of t-ZrO2 to monoclinic zirconia (m-ZrO2) (ICDD No.: 01-081-
1314). However, TiC peaks appear in the heat treated samples in argon at 
1300 oC. The formation of ZrC particles is noticed in the sample treated at 1300 
oC in vacuum and in the samples treated at 1500 oC in argon according to 
(ICDD No.: 01-077-7214). Heat treatment at 1500 oC in both cases resulted in 
development of ZrC and TiC predominant phases but still containing small 
amount of ZrO2 phases. However, XRD pattern for the heat treated sample at 
1500 oC in vacuum shows that intensity of ZrO2 phases is lower than that for the 
sample treated in argon. The XRD analysis has shown that the carbothermal 
reduction of the binary solid carbide mixture (ZrC-TiC) polymeric precursor 
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started in vacuum at lower temperature (1100 oC) than in argon environment. 
The temperature of reaction between metal oxide and amorphous carbon 
particles (Eq. 19) decreases when the system pressure decreases [37]. Therefore, 
the preparation of metal carbide in vacuum is easier than that at atmospheric 
pressure. In vacuum the CO gas is ejected faster during carbothermal reduction 
and carbides forms more easily than in argon. Therefore, in order to reduce the 
residue of ZrO2 to ZrC a subsequent carbothermal reduction at 1600 °C in 
vacuum was carried out. By 1600 °C, two major phases are detected by XRD 
cubic zirconium carbide with a lattice parameter of 4.657 Å and titanium 
carbide with a lattice parameter of 4.342 Å. However, the XRD pattern (Figure 
13) of the samples carbothermally reduced at 1600 °C in vacuum still detects 
the very weak peaks of monoclinic ZrO2 and indicates the blended compounds 
consisting of pure TiC, ZrC phase and 2.2 wt% of monoclinic ZrO2 phase. The 
grain size analysis gives the powder mean grain size of 133 nm +/– 32 nm. It 
indicates a high level of particles agglomeration with the agglomerate sizes 
ranged between 1 and 5 µm. The crystallite size of the samples reduced at 
1600 °C has been evaluated by Scherrer’s relation and found to be 50 nm for 
TiC, 26 nm for ZrC and 63 nm for m-ZrO2, respectively. 
 

 

Figure 13. a) XRD pattern of the precursor powders carbothermallt reduced at 1600 ºC 
and b) XRD pattern of the sintered ZrTiC2 solid solution. [V] 
 
For densification the synthesised TiC-ZrC powder to a bulk solid specimen, the 
powder is first pressed (20 MPa) to the required shape and secondly sintered at 
1700 °C for 25 min. The density measurements by Archimedes technique 
resulted in 4.2 g/cm3 which indicate its high porosity. SEM images of the 
porous specimen are shown in Figure 14. The previous attempts to sinter the 
samples at higher temperatures with the above-described sintering setup have 
failed. Taking into account the fact that TiC-ZrC system forms a miscibility gap 
at around 2000 ºC, the SPS method was used and sintering temperature was 
adjusted to 2000 ºC for development of the stable single-phase solid solution of 
TiZrC2. Because the temperature of sintering was high enough for 
decomposition of carbides, the process of consolidation took place in the single-
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phase region. The XRD pattern shows a single-phase material, cubic ZrTiC2 
(ICDD No. 01-077-7207) (Fig. 12), with the lattice parameter of 4.547 Å. 
However, it should be mentioned that insignificant amount of free carbon in 
graphite polymorph was also detected. 
 

 
Figure 14. SEM Images of porous TiC-ZrC specimen sintered at 1700 °C. 
 
Hardness and indentation fracture toughness were found to be HV5 = 2244 ± 64 
and 3.2 ± 0.7 MPa m1/2, respectively. The calculated Young modulus was  
342 ± 33 GPa. As the calculation of fracture toughness was based on determina-
tion of crack patterns, i.e. according to Palmqvist crack mode, the specimen was 
thoroughly polished with 1 µm diamond paste. The bulk density of the material, 
measured by Archimedes technique, was 5.965 g/cm3. Because of uncertainties 
in the composition, the theoretical density was not calculated for the solid 
solution. However, image analysis suggests around 2 % of residual porosity that 
may be slightly overestimated due to chipping around existing pores or voids 
during polishing. The micrograph displayed in Fig. 15. shows the fracture mode 
operating in the material. At room temperature, the fracture of transition metal 
carbides and their alloys is usually considered as brittle intergranular fracture 
with crack propagation mechanism described by Griffith’s theory of fracture. 
However, the ZrTiC2 solid solution exhibits a mixed fracture mode with inter- 
and intra-granular cracking together with plastic grooving. The fracture surface 
contains a large number of structural elements, which indicate the plasticity in 
micro-volumes of the material.  
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Figure 15. Photo of TiZrC2 specimen by SPS b) SEM image of ZrTiC2 fracture surface. 
[V] 

 
In our case the sample is made by sintering at 2000 ºC resulting in TiZrC2 
single-phase material and exhibits mechanical properties comparable with other 
similar materials as shown in Table 2 on page 6. This comparison shows that by 
combined sol-gel and carbothermal reduction method it is possible to synthesize 
TiC-ZrC powders for fabrications single-phase carbides. 
 
 

4.2. Syntesis of TiC/MWCNT composites powders  

In order to elaborate MWCNT reinforced CMC to improve transition metal 
carbide toughness it is necessary to solve three critical issues: 1) homogeneous 
dispersion of CNTs in the matrix, 2) optimization of the interfacial bonding 
between CNTs and adjacent matrix and 3) development of novel consolidation 
methods that do not damage the CNTs. It is crucial that the carbon nanotubes 
are homogeneously dispersed in the matrix system, while presence of agglom-
erates can act as a point defect and lead to dispersion failure [66]. In this section 
synthesis of TiC/MWCNT composites by combined sol-gel and carbothermal 
reduction method is described. The most critical issues of this topic are 
MWCNT resistance to carbothermal reduction and achieving homogeneous 
dispersion of MWCNT. TiC was chosen as matrix material because the 
synthesis temperatures are lower than for ZrC as shown in the previous section. 

Samples with three different concentrations of MWCNT wt% (0.5%, 1%, 
3%) were prepared to clarify morphology and distribution of the MWCNTs in 
TiC matrix. PVP was used as surfactant following Q.Y. Tang et al. [72]. They 
have shown that PVP gives a stable CNT dispersion for at least two months. 
PVP forms a reversed micelle around a CNT, the molecular chain of the PVP is 
adsorbed and wrapped on the CNTs randomly and ultrasonic treatment provides 
strong shearing forces between CNTs. CNTs covered with such polymers could 
react with polycondensate titanium (IV) butoxide by benzene-1,4-diol, and CNT 
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surface has been coated with TiC precursor. One possible way to form such 
coating is through hydrogen bonding interaction between a carbonyl group of 
PVP chains and the hydroxyl group. This results from the polycondensation 
reaction of titanium (IV) butoxide [137], [138]. Thus the PVP behaves as 
polymer glue between MWCNT and TiC carbide precursors, as illustrated in 
Figure 16. 
 

 
Figure 16. Schematic illustration of the process of preparation of TiC/MWCNT 
precursor. 
 
The MWCNT/TiC composites were prepared by carbothermal reduction at 
1350 ºC from polymeric precursor. X-ray spectroscopy was used to characterize 
the composition of MWCNT/TiC composites. Figure 17. shows XRD pattern of 
TiC with different concentrations of MWCNT, where they all exhibit 
characteristic diffraction peaks of TiC (ICDD No.: 00-900-8747) at 2θ = 35°, 
41°, 60°, 72° and 76° . XRD spectrum of the sample with 1% nanotubes is the 
only that shows weak and board diffraction peaks of rutile and anatase phase of 
TiO2 at 2θ: 25°, 27° and 54°. The TiO2 presence is due to combustion of the 
sample in air after carbothermal reduction, which resulted in oxidation of small 
TiC particles to TiO2. 

Raman spectroscopy was used to find out whether the sample contains 
multiwalled carbon nanotubes. The results were compared with the literature 
data [139], [140] and the spectrum of commercial TiC (Pacific Particulate 
Materials Ltd, 99,7%). Raman spectroscopy enabled to distinguish between 
carbon nanotubes and other carbon allotropes. In the Raman spectrum of carbon 
there are three characteristic peaks at about 1350 cm–1, 1590 cm–1 and 2700 cm–

1. The width, intensity and Raman shift of these peaks depended on the structure 
of carbon. The peak at 1350 cm–1, called D peak, indicates the defectiveness and 
structure of graphitic materials. G- peak, at about 1590 cm–1, is assigned to in-
plane vibration of the C–C bond [141]. The band at 2700 cm–1 is an overtone of 
the D band and called G’ band. G’ band is an intrinsic property of the nanotube 
and graphite, and present even in defect-free nanotubes for which the D band is 
completely absent.[142] The ID/IG ratio shows a disorder in nanotube structure 
and is a good indicator of the quality of nanotubes. 
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Figure 17. XRD pattern of TiC/MWCNT composite powders synthesized by 
carbothermal reduction. 
 
Raman spectra of the samples were measured in the range of 100–3200 cm–1 

from multiple locations on each sample to evaluate its homogeneity. The laser 
excitation intensity of Raman spectrometer was decreased to avoid damaging of 
MWCNTs. The peaks of different samples are not notably shifted, but their 
intensities and widths vary. The variations in peak widths and intensities of 
samples can be caused by the irregular position of the particles on the glass 
substrate [139]. It may also indicate that powders are not so homogeneous and 
pure. In Figure 18. at 150 cm–1, 260 cm–1, 420 cm–1 and 605 cm–1 there are 
broad peaks, which are due to the disorder induced by carbon vacancies [143]. 
Stoichiometric TiC cannot be characterized by Raman spectroscopy because it 
is not Raman active [139]. The characteristic bands of nanoscale carbon (G and 
D) can be seen in both Raman spectra, the commercial sample and the syn-
thesized one in Figure18. (a, b), which indicate that the samples contain excess 
carbon. The XRD analysis does not show a noticeable amount of carbon, 
because there is no peak characteristic to carbon. In the Raman spectra of 
TiC/MWCNT samples in Figure18.d,e,f the D and G peak intensities are 
increased and G’-band appears in the spectra, which indicates the existence of 
MWCNT in the samples. By comparing the Raman spectra of pure CNTs in 
Figure 18.c and TiC/MWCNT samples in Figure 18d,e,f, it can be seen that D 
band intensity has increased which indicates that the number of defects in 
MWCNTs has increased during the sample preparation. At first sight it can be 
concluded that during the synthesis of TiC/MWCNT composites MWCNTs are 
damaged. It should be taken into account that samples in Figure 18.d,e,f may 
contain excess nano-carbon like the sample of pure TiC in Figure 18b. The 
Raman active bands of carbon and MWCNTs are combined in the spectrum and 
thus do not describe the quality of nanotubes. The variety of intensities and 
widths of Raman active bands also complicate the characterization. 
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Unfortunately no reliable information about the samples can be acquired from 
the spectra.  

SEM was employed for structural characterization of TiC/MWCNT com-
posite powders. SEM images of TiC with three different concentrations of 
MWCNT wt% (0,5% 1%, 3%) composite powders are shown in Figure 19. As 
one can see, SEM characterization confirms that MWCNTs are present in TiC 
powders after carbothermal reduction in all samples. At low concentration of 
MWCNTs they are well-distributed in matrix and there are only few nanotube 
aggregates Figure 19.b,c.  

 

 

Figure 18. Raman spectra of: (a ) commercial TiC; (b ) TiC; (c ) MWCNT; (d) TiC / 
0.5% MWCNT composite; (e ) TiC / 1% MWCNT composite; (f ) TiC / 3% MWCNT 
composite. 
 
Due to lightness of CNTs mass 3% of carbon nanotubes in the matrix is relatively 
high and nanotubes are agglomerated Figure 19.d. In Figure 19.a the overview 
of typical structural and morphological composition of TiC and TiC/MWCNT 
powders is presented. The grain size of the powders typically varied from 300 
nm to 500 nm and some grains are agglomerated to form bigger particles with 
size ranging from 1µm to 3µm.  

EDX measurements were carried out to evaluate concentration of the excess 
carbon in synthesized samples. The EDX measurements of the same samples 
confirmed the results of Raman’s characterization and showed that all samples 
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contained a small amount of excess carbon. The calculation based on the EDX 
results demonstrates that pure TiC sample contained 1% wt, TiC/0,5%MWCNT 
contained 1,8% wt and TiC/3% MWCNT contained 2,8 % wt of excess carbon. 
The TiC/1%MWCNT sample did not contain excess carbon but did contain a 
small amount of oxygen because of the combustion. The characterization of the 
samples shows that the combination of sol-gel method and carbothermal 
reduction is a promising method to synthesize carbon nanotubes reinforced 
carbide composites. The synthesis process of TiC and TiC/MWCNT composite 
has to be optimized to avoid formation of excess carbon. 
 

 

Figure 19. SEM images of a) typical TiC and TiC/MWCNT powders  
b) TiC/0.5%MWCNT, c) TiC/1%MWCNT, d) TiC/3%MWCNT. 

 
 

4.3. Mechanical characterization of annealed  
Al2O3 nanofibers (paper VI) 

Metal oxides nanofibers would be a very attractive reinforcement material in all 
sorts of composite materials, but especially in UHTCs matrix composites where 
polymer fibers, carbon fibers and MWCNT could be damaged due to high pro-
cessing temperatures. Alumina nanofibers are a potential composite reinforce-
ment agent due to high strength and elastic modulus, low thermal conductivity 
and chemical stableness [144]. The nanofibers should withstand the high tem-
perature in processing of CMCs without significant alteration in morphology/ 
structure or mechanical properties. Coupled thermal analysis on commercially 
available alumina nanofibers showed substantial change in surface morphology 
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and phase at 20–1480 °C [145]. Alumina fibers have taken in form of more 
agglomerated/partially sintered cell shape with small pores (∼50–200 nm) 
between them. This kind of structure change may give drawbacks during 
preparation of CMCs. In order to prevent faults during preparation of CMCs 
that are caused by decomposition of reinforcement agent it is crucial to reveal 
changes of structural and mechanical properties of alumina nanofibers before 
and after heat treatment. This section describes applicability of commercially 
available (MemPro Ceramics) alumina nanofibers as a reinforcement material 
in CMCs like metal carbides or oxides composites. In situ cantilevered beam 
bending technique is used for mechanical testing (described in section 3.5.) of 
untreated and annealed nanofibreas at 1400 ºC.  
SEM was employed for structural characterization of untreated and annealed 
alumina nanofibers. SEM images of untreated and annealed alumina nanofibers 
before and after dispersing are shown on Figure 20. No change in nanofiber dia-
meter was observed after the annealing. After dispersing the fibre mat decom-
posed to individual nanofiber with length up to 5 μm. Average length of indi-
vidual annealed nanofibers was smaller which could be explained by apparent 
fusion of intersecting nanofibers. As can be seen in Figure 20d, many of the 
intersecting nanofibers stayed together after dispersion forming a branch-like 
structure. Although melting point of Mempro alumina nanofibers is above 
2032 °C it has been shown that intersecting nanofibers soften and form 
interfiber bonds at lower temperatures [146]. This effect could be advantageous 
for preparation of CMCs and may lead the better interfacial bonding between 
fibres and matrix material. These interfacial bondings prevent sliding out fibres 
from matrix under load and results in higher toughness of material. 

  

 
Figure 20. SEM images of untreated (a,c) and annealed (b,d) alumina nanofibers before 
and after dispersing. [VI] 



52 
 

Crystal phase of untreated and annealed alumina nanofibers were determined 
using XRD. XRD patterns for both samples are presented on Figure 21. All the 
broad diffraction peaks on the XRD pattern (b) of untreated nanofibers can be 
identified as cubic γ – Al2O3 (OCD No. 2015530). The XRD pattern of annealed 
nanofibers (a) shows strong and sharp peaks due to hexagonal α – Al2O3 phase 
(OCD No. 1000032). The XRD analysis indicates that the phase transition of  
γ-alumina to α-alumina takes place below 1400 °C which is consistent with the 
previously reported results [147],[148]. 
 

 
Figure 21. XRD patterns of the α-alumina (a) and the γ-alumina (b) nanofibers with 
their characteristic peaks. [VI] 
 
The beam bending tests were performed to evaluate mechanical properties of 
Al2O3 nanofibers. Measurement of Young’s modulus was conducted on 18 
untreated and 12 annealed alumina nanofibers with radii between 57.9 nm and 
129.0 nm. Median Young’s modulus value for untreated nanofibers was found 
to be 143±38 GPa. Experiments on annealed nanofibers showed almost twice as 
high Young’s modulus values with the median value being 245±35 GPa. Both 
these values are lower compared to reported Young’s modulus for bulk alumina 
(370 GPa) [149]. Lower values for oxide nanofibers produced by electro-
spinning can be explained by effect of crystal orientation, diffusional creep at 
room temperature and neglected shear deformation [150]. Higher Young’s 
modulus values for annealed nanofibers compared to untreated nanofibers may 
be caused by higher crystallinity of α-phase that lead to improvement in 
mechanical properties [151]. The increase of crystallinity can be seen from the 
XRD patterns on Figure 21, where the α-phase has sharp peaks as opposed to 
wide and low intensity peaks of the γ-phase. 

Similarly to Young’s modulus measurements, bending strength test was 
carried out on untreated and annealed alumina nanofibers. In both cases 18 
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nanofibers with radius between 37.8 nm to 89.8 nm were bent until they broke. 
Median bending strength value for annealed nanofibers was two times higher 
than for untreated nanofibers being 11.3±2.3 GPa and 5.3±1 GPa. Untreated and 
annealed nanofibers deformed elastically until suddenly broken Figure 22. 
Elastic deformation was especially evident in restoration of initial shape after 
the AFM tip slipped while bending the nanofiber to a considerable deformation. 
This is a common behaviour for oxide materials, which are known to be brittle 
materials. Fatigue test have shown that alumina nanofibers can be bent over 1 
million cycles without visible signs of deformation or fracture. 
 

 
Figure 22. Bending strength test on annealed alumina nanofiber. AFM tip is first brought 
into contact with nanofiber (a) and then gradually bent (b–c) until it breaks (d). [VI] 
 
Based on mechanical and structural characterization one can conclude that 
commercially available (MemPro Ceramics) alumina nanofibers are suitable for 
fabrication of CMCs temperature up to 1400 ºC. In order to assess MemPro 
Ceramics alumina nanofibers as reinforcement in ceramic matrix further 
experiments with specific matrix material and conditions are required. 
 
 

4.4. Preparation of titania and  
Ag NW random network functional  

coatings by sol – gel method (papers III, IV) 

As described in section 1.3. AgNW is a promising material for flexible trans-
parent electrodes and nanoelectromechanical systems (NEMS) due to their 
excellent electrical and thermal conductivity, perfect structure, and ease of 
synthesis. Besides the electrical and optical properties, mechanical charac-
teristics are also of a great importance for performance of the named systems. In 
particular, NWs should withstand numerous repetitive deformations. Therefore 
elasticity, plasticity, fatigue and fracture of AgNWs need to be characterised. 
However, such NEMS and electrodes may fail due to corrosion of AgNWs 
exposed to ambient conditions, which adversely affects the conductivity of 
AgNW network [152]. Another reason of failure of such systems is instability 
of AgNWs at elevated temperatures caused, e.g. by electrical current [88]. 
Coating of AgNWs network with thin oxide layer could protect them from the 
corrosion and enhance the thermal stability [90] [6]. To develop reliable flexible 
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transparent electrodes and NEMS) based on AgNW it is important to 
understand interactions between AgNW and protective coatings. This section 
describes mechanical properties of AgNWs by in situ cantilevered beam-
bending technique. It is also shown that interaction between AgNW and 
protective oxide layer may cause undesirable effects. In addition, I have demon-
strated the electron beam-induced growth of silver nanowhiskers observed in 
real-time in SEM on the surface of a TiO2 layer that covers AgNWs network. 
The growth conditions are systematically revealed and possible growth mechan-
isms are discussed. 

Mechanical measurements of AgNW are performed inside SEM which 
enables real-time visualization of NW behaviour during the measurements and 
fine control over the experiment. The experimental details are described in 
section 3.5. The beam bending tests were performed on NWs with diameters 
ranging from 76 nm to 211 nm. The measurements show that AgNWs have two 
typical deformation regions elastic and plastic. It was also confirmed separately 
on several NWs that within the elastic region the NW restores the undeformed 
state upon removal of the external force. Even the strongly bent NW has no 
signs of fracture, and the deformation seems to be purely plastic, indicating 
significant difference of AgNW behaviour in pure bending conditions in 
comparison to “super elastic behaviour followed by unexpected brittle failure” 
[98] and limited plasticity [153] reported in three point bending and tensile tests 
respectively. Nevertheless about one third of the NWs broke during the bending 
test. The broken end still remained partly attached to the rest of the NW in all of 
the cases of fracture, which is not typical for purely brittle fracture. Moreover, 
very small, but nonzero force is still detectable after fracture, which may 
indicate the presence of a small neck connecting two parts of the NW [89]. For 
calculation of mechanical properties the experimental data of the force curves 
and NW profiles from the SEM images were fitted to the equilibrium profile of 
elastic beam calculated [130].  
 

 
Figure 23. Distribution of Young modulus for set of 20 nanofibers [III] 
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Young moduli of NWs ranged from 39 GPa to 150 GPa with the median of 
90 GPa, which is only slightly higher than the bulk value 83 GPa [154] of silver 
and is close to Young’s moduli obtained by other methods for similar diameters. 
The median average yield strength value of NWs was of 4.8 GPa [89]. 
Literature data on the yield strength of AgNWs measured in pure bending tests 
is absent. In tensile test for the similar diameters Zhu et al. obtained a yield 
strength of approximately 1 GPa, which is two orders of magnitude higher than 
the bulk value (55 MPa) [154] and approaches the theoretical strength (3.5 GPa) 
of Ag in the <110> direction [155]. Based on mechanical tests it can be 
concluded that AgNWs can be bent elastically multiple times without fracture 
and therefore are suitable for NEMS applications. [III] 

To develop protective layer on AgNW random network, the AgNW random 
network were deposited on silica substrate and covered with titania precursor by 
spin coating technique. To study the thermal stability of AgNW random 
network was coated partial hydrolysed and condensed titania precursor. 
Samples were annealed in a furnace (Nabertherm HTR70-150/13) for 30 min at 
5 different temperatures: 200 °C, 300 ºC, 400 ºC, 500 ºC, and 600 ºC. Ramping 
rate was 1.7 C/min. Typical SEM images of the samples annealed at different 
temperatures are given in Figure 24. For the sample annealed at 200 ºC for 30 
min, cracks formed in TiO2 layer at the places above AgNWs (Figure 24a). 
Moreover, AgNWs were partly decomposed leaving wire-shaped patterns inside 
TiO2 layer. At 300 ºC the decomposition of AgNW was more pronounced and 
silver atoms diffused into the TiO2 layer resulting in fine particles of silver 
formed onto the surface and inside the TiO2 layer (Fig. 24b). At 400 ºC most of 
AgNWs were decomposed (Figure 24.c). The annealing at 500 ºC and 600 ºC 
resulted in complete decomposition of all AgNWs (Figure 24.d). 

In the process of SEM characterization of the sample annealed at 400 ºC an 
intensive spontaneous growth of Ag whiskers from the TiO2 layer was observed. 
The growth was activated by electron beam focused on the area of interest. The 
growth was observed mostly from the areas where AgNWs were clearly visible 
below the TiO2 film (Figure 25.). Some whiskers grew also in vicinity of 
AgNWs and at the areas where AgNWs were decomposed. Diameters of 
whiskers varied from a few (nm) to several hundred (nm). Most of the whiskers 
had circular cross-section, while some whiskers possessed irregular geometry 
(Figyre 25.b). At the electron beam parameters of 10 kV voltage and 0.34 nA 
current the growth rate was up to several tens of (nm/s). An average growth 
time until the growth termination was approximately 30 s. Variation of the 
electron beam parameters (voltage from 5 kV to 30 kV and current from 5.4 pA 
to 5.5 nA) had no noticeable effect on the growth. 
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Figure 24. SEM image of AgNW network on silicon substrate covered with TiO2 layer 
annealed at (a) 200 ºC, (b) 300 ºC, (c) 400 ºC and (d) 600 ºC. [IV] 
 

 
Figure 25. SEM images of electron beam induced growth of Ag whiskers from the TiO2 
coated AgNWs network annealed at 400ºC for 30 min, typical whiskers (a) and irregular 
whiskers (b). [IV] 
 
In order to investigate the mechanism of Ag whiskers growth more precisely, 
the second annealing series at 400 ºC for 5, 10, 30, 60 and 180 min were carried 
out. For the sample annealed for 5 min some AgNWs were partly decomposed 
and Ag diffused into the TiO2 layer Figure 26.a. No whiskers growth was 
observed. For the sample annealed for 10 min the growth of a few single 
whiskers was observed Figure 26.b. On the samples annealed for 30 Figure 26.c 
and 60 min the whisker growth was intensive. After annealing for 180 min all 
AgNWs were decomposed and no whiskers were observed Figure 26.d. 
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Figure 26. SEM image of AgNW network on silicon substrate covered with TiO2 layer 
annealed at 400 ºC for various times (a) 5 min, (b) 10 min (c) 30 min and (d) 180 min. [IV] 
 
In addition, dependence of the whiskers growth on TiO2 layer thickness was 
investigated. It was found that the whiskers appear when the coating thickness 
ranges from 50 to 200 nm. For thinner and thicker coatings no growth was 
observed. Aging experiments were carried out as following. Two samples were 
kept at ambient conditions for half year and were characterized in SEM once 
per week. Every time the whiskers growth was observed. 
   

 

Figure 27. GIXRD patterns of the Ag NWs network on silicon substrate covered with 
TiO2 layer and annealed at different temperatures. [IV] 
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For structural characterization of samples X-ray spectroscopy was used. The 
GIXRD patterns of the samples annealed at different temperatures are presented 
in Figure 27. Below 400 ºC only silver reflexes are seen at 2θ values of 38.3º, 
44.1º, 64.4ºand 77.5º [128], [156] No TiO2 reflexes are seen indicating absence 
of crystalline phase. Starting from 400 ºC reflexes at 25.4º, 38.4º, 48.2º, 53.9º, 
55.2º, 62.8º, 68.9º, 70.5º, and 77.5º start to appear that are corresponding to 
TiO2 anatase phase [83] and indicating the crystallisation of TiO2. According to 
Debye–Scherrer’s formula an average TiO2 crystallite size increased from 
15 nm for 400 ºC to 20 nm for 600 ºC. Silver reflexes are still present even after 
annealing the sample at 600 ºC for 30 min, indicating that silver particles are 
distributed in TiO2 layer after the decomposition of AgNWs. 

The reasons responsible for the Ag whisker growth could be divided in two 
main categories: (1) intrinsic physical/chemical factors, and (2) e-beam induced 
factors. The first one can include: (a) thermal expansion of the coating versus 
that of the AgNWs and the substrate, and (b) diffusion of Ag in the porous 
coating structure and along its grain boundaries. The latter can be enhanced by 
such phenomena as: (a) local heating of the samples during SEM observation, 
(b) electric field induced migration of Ag. The mechanism of nanowhiskers 
growth is more detailed discussed in paper [IV]. 

As it can be seen from the above results the interaction between AgNW and 
titania layer does not always lead to thermal stability of AgNW like 
P. Ramasamy et al [6] have showed. In order to design this kind of layer 
structure it is important to systematically investigate interaction of different 
materials. The reported results clearly demonstrate that the combination of 
silicon substrate AgNW and thin titania layer can lead to the materials with non-
conventional properties. 
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CONCLUSION 

Elaboration of ceramic nanocomposites and design of functional coatings were 
conducted via sol-gel technique and described within this work. A complex 
approach was used combining synthesis, processing and advanced characteriza-
tion techniques, which enabled to treat the considered problems and to cover 
different relevant aspects in a multi-discipline approach. 

It was demonstrated, that sol-gel method enables to decrease synthesis tem-
peratures and prepare homogeneous and pure multi component systems. In 
contrast to the conventional methods of synthesis of ceramic materials, sol-gel 
process reactants are mixed together at molecular level. The work covered 
preparation and investigation of several ceramic materials including TiC-ZrC, 
TiC/MWCNT, Al2O3 fibers and AgNW/TiO2. As a part of my work, the 
activities also included development and construction of experimental set-up, 
which was used for in situ SEM mechanical characterization of individual one-
dimensional nanostructures (1DNS). Nanoscale mechanical tests have con-
tributed to better understanding of relations between size, geometry, com-
position and mechanical properties of individual 1DNS and helped to evaluate 
the applicability of certain nanostructures to serve as reinforcing phase or 
functional filler in the considered nanocomposites. The know-how and results 
acquired during this PhD thesis are the presumption for developing new CMC 
materials with novel properties using new synthesis and characterization 
methods. The flexibility of the sol-gel method for producing different ceramic 
materials like functional composites and surface coatings is shown in this work. 
Sol-gel method is a potential technique for the synthesis of Ultra High 
Temperature Ceramics homogeneous and pure multi-component materials by 
mixing the molecular precursor solutions and nanostructural fillers. 
 
The main and novel results are summarized below: 
 
– A synthesis method for TiC-ZrC nanocomposites was elaborated by com-

bination of sol-gel and carbothermal reduction. The characterizations of the 
samples showed that the polymer precursor is suitable for preparation of 
TiC-ZrC, pure TiC and TiC/MWCNT composite. The XRD analysis of heat 
treated TiC-ZrC samples in argon and vacuum has shown that the carbo-
thermal reduction of the binary solid carbide mixture (ZrC-TiC) polymeric 
precursor started in vacuum at lower temperature (1100 oC) than in argon 
environment. The ZrC-TiC binary compound is formed at 1600 oC in 
vacuum with a little amount of residual monoclinic ZrO2 phase. Densi-
fication parameters of ZrC-TiC composite to single phase solid solution by 
spark plasma sintering were found out. The fracture of TiZrC2 solid solution 
exhibits a mixed fracture mode with inter- and intra-granular cracking 
together with plastic grooving, which indicates the plasticity in micro-
volumes of the material. 
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– Mechanical characterization of sol-gel derived Al2O3 nanofibers before and 
after heating to 1400 oC revealed significant enhancement of mechanical 
properties for annealed fibres, therefore proving the suitability of Al2O3 
nanofibers for use in ceramic nanocomposites, where high processing 
temperatures are involved. 

– Bending and fatigue tests of individual silver nanowires demonstrated 
suitability of AgNWs as a filler material for flexible transparent conductive 
ceramic coatings. Fatigue tests with several millions of cycles were 
performed. It was demonstrated that AgNWs have high fatigue resistance 
and can be bent elastically multiple times without failure. 

– It was demonstrated that in addition to the increased thermal and chemical 
stability of AgNWs, combination of AgNWs and TiO2 in a composite sol-gel 
derived coating can lead to formation and rapid growth of Ag nanowhiskers 
under electron beam irradiation. Optimal growth conditions were found and 
the factors of the growth were proposed.  
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SUMMARY IN ESTONIAN 

Sool-geel tehnoloogia rakendamine  
keraamiliste nanokomposiitmaterjalide ja  

funktsionaalsete pinnakatete valmistamiseks 

Nanokomposiitmaterjalide valmistamise üheks peamiseks probleemiks on 
armatuurina kasutatavate nanostruktuuride homogeenne segamine maatriks-
materjali, seejuures armatuuri kahjustamata. Traditisioonilises pulbertehno-
loogias kasutatakse nanokomposiitide valmistamiseks peamiselt erinevaid 
jahvatusmeetodeid, mis võivad nanostruktuurset armatuuri vigastada ning isegi 
selle lagunemist põhjustada. Valmistamisprotsessis kahjustunud armatuuri tõttu 
võivad komposiidi omadused eeldatust kehvemad olla. Jahvatamisega võib 
kaasneda ka mittesoovitavate lisandite sattumine „veskist” komposiiti, mille 
tulemusena loodava materjali omadused võivad muutuda. Lisaks piirab nano-
struktuuride kasutamist armatuurina või funktsionaalsete osakestena keraami-
liste komposiitmaterjalide valmistamiseks vajalik temperatuur kuna ka kuumus 
võib nanostruktuure kahjustada või hävitada.  

Käesoleva töö eesmärgiks oli eelpool kirjeldatud probleeme vältides kont-
rollitud omadustega keraamiliste nanokomposiitmaterjalide ja funktsionaalsete 
katete väljatöötamine. Eesmärgi saavutamiseks läheneti probleemistikule komp-
leksselt ehk kasutati sool-geel tehnoloogiat, materjalide töötlust kõrgetel tempe-
ratuuridel, täppis-karakteriseerimise meetodeid ja nano-osiste mehaaniliste 
omaduste karakteriseerimist. 

Lähtudes sool-geel tehnoloogiast töötati välja nano-komposiitmaterjalide ja 
funktsionaalsete katete lähteainete sünteesimeetodid. Sool-geel meetodi kasuta-
mise üheks peamiseks eeliseks eespoolmainitud alternatiivide ees on lähteainete 
segamine vedelikfaasis ehk molekulaarsel tasandil, mis tagab komposiitmaterjali 
homogeensuse. „Lisaks on kirjeldatud meetod äärmiselt paindlik võimaldades 
samast läheteainest väga erineva dimensionaalsusega objekte valmistada: 
pinnakatteid, komposiite, fiibreid ja pulbreid. Töö tulemusena leiti, et sool-geel 
meetodiga valmistatud lähteainete kasutamisel on võimalik oluliselt vähendada 
karbiidsete komposiitmaterjalide karbotermilise taandamise temperatuure. 
Analüüsiti keraamiliste komposiitide TiC-ZrC, TiC/MWCNT ja Ag NW/TiO2 

sünteesi ja karakteristikuid. Lisanditena kasutatavate nanoosakeste mehaaniliste 
omaduste määramiseks töötati välja kõrglahutusega elektronmikroskoobi sisse 
paigutatav nanomanipulatsiooniseade. Erinevate koostistega nanostruktuuride 
karakteriseerimine võimaldab leida seoseid mehaaniliste omaduste ja osakeste 
suuruse ning nende geomeetrilise kuju vahel. See teave aitab valida sobivaid 
nanostruktuure komposiitmaterjalidessse funktsionaalse täitematerjalina või 
tugevdava armatuurina. Töös selgitati välja üksikute nanostruktuuride, Al2O3 
fiibrite ja hõbedananotraatide, mis on potentsiaalsed kandidaadid armatuuriks 
või funktsionaalseks osakeseks komposiidis, mehaanilised omadused.  
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Töö peamised tulemused on: 
– Töötati välja sool-geel meetodil ja karbotermilise taandamisega sünteesil 

põhinev meetod TiC-ZrC ja TiC/MWCNT komposiitide valmistamiseks. 
Karbiidide polümeerse lähteaine sünteesis sool-geel meetodil selgitati välja, 
et lähteaine karbotermiliseks taandamiseks vajaminev süsinikukogus lähte-
aines sõltub 1,4-dihüdroksübenseeni kogusest ja polükondensatsiooni-astmest 
lähteaines. Proovide iseloomustamine näitas, et sool-geel meetodil sünteesitud 
polümeerne lähteaine on sobilik TiC-ZrC, TiC and TiC/MWCNT valmista-
miseks. Lisaks tehti kindlaks, et karbiidide polümeerse lähteaine karbotermi-
line taandamine algab vaakumis madalamal temperatuuril (1100 ºC) kui 
argooni keskkonnas (1300 ºC). Kahefaasiline TiC-ZrC, mis sisaldas vähesel 
määral ZrO2-d, saadi peale ühetunnist karbotermilist taandamist 1600 ºC 
vaakumis. Selgitati välja kahefaasilise TiC-ZrC paagutamisparameetrid 
ühefaasiliseks TiZrC2 tahkeks lahuseks sädepaagutamise meetodil. TiZrC2 

murdepinnalt on näha, et materjalis esineb graanulisisest ja -välist pragune-
mist koos plastse pragunemisega, mis osutab antud materjali plastsusele 
mikroskaalas. 

– Al2O3 nanokiudude mehaanilisel karakteriseerimisel näidati, et nanokiudude 
elastsusmoodul on väiksem võrreldes makroskaalas olevaga ja lisaks on neid 
võimalik painutada ka elastselt. Al2O3 nanokuidud pidasid vastu 1400 oC 
juures kuumutamisele ja toimus faasiüleminek kuubilisest γ – Al2O3 heksago-
naalnsesse α – Al2O3 faasi. Kuumutamata ja kuumutatud Al2O3 nanokiudude 
mehaaniline karakteriseerimine näitas kuumtöötluse mõju materjali 
mehaaniliste omadused paranemisele. Elastsusmoodul ja paindetugevus 
suurenesid keskmiselt peale kuumtöötlust ligi kaks korda. Mehaaniliste oma-
duste muutus tõestab nende sobilikkust kasutamaks kiude kõrgtemperatuur-
setes komposiitmaterialides armatuurina. 

– Hõbenanotraatide (Ag NW) painutus- ja väsimuskatsed näitasid, et nano-
traatide võrgustik on sobilik kasutamiseks painduvates ja tasapinnalistes-
struktuurides. Väsimuskatse käigus selgus, et hõbenanotraadid peavad vastu 
miljon elastset painutust.  

– Töötati välja meetod Ag NW võrgustiku katmiseks TiO2 kilega. Lisaks Ag 
NW-de paranenud termilistele ja keemilistele omadustele näidati, et TiO2 

kilega kaetud Ag NW-del hakkavad elektronkiirguse mõjul kasvama „hõbe-
nanovurrud”. Selgitati välja nanovurrude kasvu optimaalsed parameetrid 
ning kirjeldati võimalikke kasvumehhanisme. Viimaste uuringutega loodi 
eeldused kõnealuste struktuuride kasutamiseks sidusmaterjalides. 
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