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INTRODUCTION 
Carbon in the form of diamond and graphite is known to the humankind 

since ancient times. Nowadays the carbon-based technology has an enormous 
range of applications, including manufacturing of components for the 
automotive and airspace industry, electronic devices, abrasives. Wear-resistant 
carbon films are used in the manufacture of high-performance cutting tools, 
scratch-resistant optical lenses, highly loaded engine parts like camshafts or 
valves. It is possible to use the coating technology for the production of 
microelectromechanical systems (MEMS) and atomic force microscopy (AFM) 
tips. 

Activities related to the design and manufacturing of hard coatings in 
Estonia date back to the beginning of the 1980s when the TiN films were 
obtained using the cathodic arc deposition method. Presently, modern metal- 
and carbon-based hard films can be prepared  in Department of Materials 
Engineering of Tallinn University of Technology (TUT). Development of new 
coatings suitable for industrial applications and research in the field of carbon-
based films are the parts of ongoing work. 

The surface morphology plays an important role in the tribological behavior 
of materials, especially during the run-in period [1, 2]. Wear of polycrystalline 
diamond and amorphous diamond-like films is affected by such factors like 
surface and counterbody asperities interlocking followed with material fracture, 
micro-ploughing, self-polishing of the film surface and formation of the transfer 
layer [3, 4, 5, 6].  

The aim of the current study is to investigate the tribological behavior of 
diamond and DLC films in sliding tests against hard ceramic materials: 
measurements of the coefficient of friction, wear rate and investigation of 
surface morphology changes under variable test parameters. 

 
The following research activities were conducted: 
 
1. Reciprocating sliding tests of diamond and DLC films against various 

counter-body ceramic materials. 
2. Characterization of clean and worn surfaces of the samples.  
3. Investigation of tribological properties (wear rates, coefficients of 

friction) of the films. 
4. Development of models describing evolution of morphology of diamond 

and DLC films under reciprocating sliding conditions. 
 
Scientific novelty of the current work is as follows: 
 
- Rippling phenomenon occurring during reciprocating sliding tests on NCD 

and DLC films against ceramic balls was investigated and possible mechanisms 
of ripple patterns formation were proposed. 
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- Deformation of polycrystalline diamond film on silicon substrate was 
observed under relatively low load and possible causes were suggested. 

 
The results of the study have been published in one journal and two 

proceedings; one journal article has been accepted for publication. The results 
were presented at two international conferences (Baltmattrib 2013, Riga, Latvia, 
and Materials Engineering 2014, Kaunas, Lithuania)  
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1 REVIEW OF LITERATURE 
Allotropes of carbon have an enormous range of applications. High 

hardness, low COF and chemical inertness, unique electronic and optical 
properties, high thermal conductivity make these materials attractive for use in 
mechanical engineering, optics, electronics, information technology, biology, 
etc. 

1.1 Classification of carbon-based materials 
Diamond and graphite are well-known allotropes of carbon, other types 

include glossy carbon, DLC, fullerenes, CNT, etc. Carbon is the 6th element in 
the periodic table, and has 6 electrons located on the two electronic shells with 
the principal quantum numbers n = 1 and 2. Two paired s-electrons are on the 
shell with n = 1, and 4 electrons on the shell with n = 2. Those 4 electrons fully 
occupy the s-orbital (orbital quantum number l = 0, corresponding s-shell) with 
2 electrons, and 2 unpaired electrons occupy the p-orbital (l = 1 corresponding 
p-shell).  

Figure 1.1 Hybridization of carbon [7].  

The hybridization process is shown in Figure 1.1. When an s-electron from 
the valence shell excites, it goes to the unoccupied place in the p-orbital. This 
process is followed immediately with relaxation when the remaining s-electron 
and 1, 2 or all 3 p-electrons transit to an intermediate sp state. After the 
relaxation of the excited state carbon atom can have one of the three (sp, sp2 or 
sp3) hybridizations. In the sp hybridization state there are 2 hybridized sp-
electrons and 2 non-hybridized p-electrons in the valence shell. In the sp2 
hybridization state the valence shell has 3 sp electrons and 1 non-hybridized p-
electron and there are 4 sp-electrons in the sp3 hybridization state. 

Carbon allotropes can be classified based on their hybridization state: sp, sp2 
or sp3. 
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1.1.1 Allotropes of carbon 

Sp form of carbon 
Crystalline form of carbon with sp hybridization is a chain of atoms bounded 

together with alternating single and triple bonds −C≡C−C≡C− in the case of α-
carbyne, or double bonds =C=C=C=C= for β-carbyne. A synthesis of carbyne 
was first announced in the early 1960s last century in the USSR, however still 
there is no unambiguous experimental evidence supporting that achievement.  

Calculations carried out by Liu et al. [8] and Itzhaki et al. [9] showed that 
Young’s modulus of carbyne can be about 33 - 47 TPa, i.e. in 30-50 times 
higher than diamond value. 

 
Sp2 form of carbon 
A number of sp2 carbon allotropes exist. The basic structural element of sp2 

form of carbon is graphene, i.e., a sheet of carbon atoms arranged in a two-
dimensional hexagonal crystal lattice. Carbon sp2 allotropes are formed by 
stacking graphene sheets (graphite, glassy carbon, etc.) or rolling them 
(fullerenes, nanotubes, nanofibers).  

The discovery and investigation of graphene by Geim and Novoselov in 
2004 [10] was awarded with the Nobel Prize in Physics in 2010. The syntheses 
of fullerenes was reported at the end of the 20th century. The discovery by Kroto 
et al. [11, 12] was awarded with the Nobel Prize in Chemistry in 1996.  

Table 1.1 Graphene properties [13, 14, 15]. 

Property Unit Value 
Young’s modulus GPa 1000 
Fracture strength GPa 130 
Carrier mobility cm2/V·s 15000 

Thermal conductivity W/m·K 4840 – 5300 
   
Due to its 2D structure, graphene posesses remarkable properties, 

distinguishing it from bulk graphite. It has very high mechanical strength, high 
carrier mobility and thermal conductivity. As different from common 
semiconductors, the carrier mobility in graphene does not change substantially 
with temperature. Stacking together two or more layers gives materials with 
properties different from both single-layer graphene and bulk graphite. An 
example can be a possibility of electronically tunable bandgap in double-layer 
graphene [16]. 

  
 
 
 
 
 
 
 



12 

Table 1.2 Crystalline sp2 carbon materials formed by stacking graphene sheets. 

Property Unit Graphite [17, 18] Glassy 
carbon [19] 

Density g/cm3 2.26 1.3 – 1.55 
Crystal system  Hexagonal - 
Lattice constant nm a = 0.246, c = 0.671 - 
Young’s modulus GPa 1060 (in (001) plane), 36 

(normal to (001) plane) 
14 – 18 

Hardness GPa  2 – 3 
Thermal conductivity 
(300 K) 

W/m·K 140 – 500 (in (001) plane), 3 
– 10 (normal to (001) plane) 

 

Band gap eV 0.04 0.01 
 
Graphite is a bulk counterpart of graphene. Due to its crystal structure, 

graphite exhibits high anisotropy in properties. The elastic modulus of graphite 
(in-plane) is comparable to diamond and 30 times higher than the modulus in 
normal direction to the graphene layer (see Table 1.2).  

Glassy carbon has an irregular structure comprised of graphene sheets. It 
was shown by Harris et al. [20] that high chemical and thermal inertness of 
glassy carbon can be explained by its fullerene-like structure.  

Fullerenes are molecules composed of carbon atoms forming a hollow 
sphere or tube. Spherical fullerenes are called buckyballs. Fullerenes may form 
molecular crystals named fullerite. Carbon spheres in fullerite crystal are 
bonded by van der Waals forces between each other, therefore their mechanical 
properties are rather low. Young’s modulus of C60 fullerite is only 15.9 GPa 
[21], thermal conductivity is 0.4 W/m·K [22], hardness 125 – 165 MPa that 
increases up to 1 GPa after low frequency laser irradiation [23, 24]. The density 
of fullerite is 1.7 g/cm3 [25].  There have been reports about synthesis of an 
ultrahard form of fullerite surpassing diamond in hardness (290 – 310 GPa 
against 167 GPa) by applying pressures of 6 – 18 GPa [26, 27].   

Carbon nanotubes (CNT) are cylindrical fullerene molecules that can be 
represented as rolled graphene sheets with diameter in the range of 0.6 – 3 nm 
[28, 29]. CNT can be single- and multi-walled (SWCNT and MWCNT). Tensile 
strength of CNT is about 100 times stronger than the strength of steel (see Table 
1.3). Young’s modulus is about 1000 GPa, which is similar to diamond. 
Elongation range is 5 – 20 %. 

CNT are essentially free of lattice defects, which provides exceptional 
strength of the material. SWCNT are stronger than steel, while the electrical 
conductivity is comparable to that of copper, with the maximal current density 
more than 109 A/cm2 at room temperature. They also have a high thermal 
conductivity (2000 W/m·K at room temperature) [33]. However, in spite of 
their excellent mechanical properties, SWCNT are not in wide use, because it is 
difficult to produce nanotubes with a length of more than a few µm. Poor 
adhesion to matrix materials remains a challenge. A variety of methods, such as 
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arc discharge, laser ablation and chemical vapour deposition (CVD) have been 
developed for the production of CNT in industrial-scale quantities.  

Table 1.3 Crystalline sp2 carbon materials formed by rolling of grapheme sheets, as 
well as carbon fibers and steel for comparison purposes. Properties of carbon 
nanotubes, carbon fibers/nanofibers and stainless steel [17, 29, 30, 31, 34, 35]. 

Material Density, 
g/cm3 

Tensile strength, 
GPa 

Young’s 
modulus, 
GPa 

SWCNT 1.3 – 1.4 50.0 – 500.0 900 – 1700 
MWCNT 1.8 – 2.6 6.2 – 63.0 270 – 1870 
CF 1.6 – 2.2 1.4 – 5.5 159 – 965 
CNF 2.0 2.9 – 4.0 240 – 300 
AISI 304 steel 7.9 0.6 200 

 
It is important to distinguish between carbon nanotubes and carbon fibers 

(CF). CF is defined as a fiber containing not less than 90 % of carbon, made by 
controlled pyrolysis and heat treatment. Most of the CF prepared from 
polyacrylonitrile (PAN). CF have diameters ranging from a few hundreds to 
thousands of nanometers, and can be up to several mm in length. Tensile 
strength of CF is an order of magnitude smaller than that of the CNT. CF do not 
react with water or common solvents, acids, etc. at room temperature and retain 
their properties at high temperatures. Although these mechanical properties are 
not as excellent as those of CNT, CF are relatively light and inexpensive to 
manufacture. One of the application areas where the mechanical properties of 
carbon fibers are of great importance is manufacturing of composites. The CF 
with relatively low density are attractive for low-weight applications. In fact, 
CF is the most common material used in the polymer composites as an armature 
material. Parts made from CF are five times stronger than their steel 
equivalents, but five times lighter. Applications include airspace, automotive 
and sports equipment industries. 

Currently there is no specific classification of carbon nanofibers (CNF). 
CNF internal structure is composed of graphene cones stacked into each other. 
Thus, CNT are actually CNF with graphene cones reduced to cylindrical shape. 
CNF can be prepared by a number of methods including arc discharge, laser 
ablation and various types of CVD. One of the most promising methods is 
Alcohol Catalytic CVD (ACCVD) due to relatively low temperatures (600 – 
700 °C), high purity of obtained CNF and low cost [32]. CNF grown from the 
gas phase are thicker than CNT with the diameter of about 50 – 200 nm and a 
length up to 200 µm [36, 37]. 

Finally, different amorphous forms of carbon with mainly sp2 hybridization 
exist.  Amorphous form represents an assortment of carbon atoms in a non-
crystalline, irregular state. This form is essentially graphitic but atoms are not 
held in a crystalline macrostructure. Carbon in amorphous form is black 
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powder, and it is the main constituent of such substances as charcoal, lampblack 
(soot) and activated carbon. 

 
Sp3 form of carbon 
The name of the well-known gemstone diamond is derived from the ancient 

Greek αδάμας (adámas), "proper", "unalterable", "unbreakable, untamed" [38]. 
Among other main characteristics of the gem diamond, known as four C-s 
(carat, cut, color and clarity), color is the most important one. Carbon atoms in 
diamond are bound with short and strong covalent bonds, therefore only a few 
elements with atom radii close to those of carbon are capable of being 
incorporated into diamond lattice. The most common impurities are nitrogen 
and boron, therefore diamonds can be classified into two groups (I and II) and 
subgroups depending on nitrogen (yellow diamond) and boron (blue diamond) 
content in the crystal lattice, see Table 3. Type IIa diamond can be pink, red, or 
brown, due to the presence of structural defects such as dislocations, vacancies 
and twins. Pure diamonds are transparent and colorless. 

Table 1.4 Classification of types of diamond [39]. 

Type Structure 
IaA Aggregated N pairs 
IaB N aggregates + vacancies 
Ib Isolated N atoms 
IIa No impurities (only lattice defects)
IIb B impurities 

 
The properties of diamond (natural or synthetic) depend strongly on material 

purity and presence of lattice defects. Impurity atoms can be either isolated in 
the crystal lattice or compose aggregates between themselves and vacancies. 
Such lattice defects are called color centers. Diamond is an ultrahard material 
with unique combinations of properties including high mechanical strength and 
thermal conductivity, outstanding optical and electronic properties, exceptional 
chemical inertness. The potential utilities of diamond are enormous: it is used in 
mechanical engineering, electronics, optics, information technology, biology, 
etc. Most important properties and applications of undoped diamond are listed 
in Table 1.5.  
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Table 1.5 Properties and applications of Type II diamond at room temperature [40, 
41, 42]. 

Property Unit Value Application 
Density g/cm3 3.52  
Knoop hardness, {110} 
plane, direction [001] 

GPa 113 Tools, surgery blades 

Young’s modulus, 
direction [100] 

GPa 1053  

Bulk modulus GPa 442  
Shear modulus, 
direction [100] 

GPa 574  

Anisotropic ratio  1.21  
Poisson ratio  0.1  
Band gap eV 5.4 High-temperature 

electronics 
Carrier mobility cm2/V·

s 
1600 h 
2200 e 

Radiation-hard detectors 
Optoelectronic switches 

Resistivity Ω·cm 1013 – 1015 Optical (electron) 
switches 

Thermal conductivity at 
20 ˚C 

W/m·K 2600 – 3200 Heat spreaders, windows 
for power lasers, 
computer chips 

Dielectric constant  5.7   
Loss tangent at 170 
GHz 

 0.3·10-6 Windows for gyrotrons, 
klystrons 

Optical transmission 
range 

nm 220 – 2500, 
> 6000 

Optics for lasers (mostly 
IR) 

Debay temperature K 1200 Stable NV- color centers, 
quantum computers  

Acoustic wave velocity km/s 18.4 along 
direction 
[111] 

Surface acoustic wave 
devices 

Thermal expansion 
coefficient 

10-6 K-1 0.8 Stable-dimension 
components, computer 
chips 

Corrosion resistance   Electrochemistry (doped 
diamond) 

Low or negative 
electron affinity 

   Field electron emitters 

Biocompatibility    Coatings on implants, 
detectors for blind 
people  
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Bulk single-crystal diamond demonstrates a certain anisotropy of its 
mechanical, tribological, optical and electrical properties. Mechanical properties 
of diamond including Young’s modulus, Poisson ratio, etc. can be calculated 
using elastic constants (C11, C12 and C44) that can be found from direct 
measurements. See more detailed discussion on the anisotropy of diamond and 
its impact on mechanical and tribological properties (section 1.3).   

 
Nanodiamond 
Diamond exhibits a certain size effect in mechanical tests. Indentation on 

diamond octahedral plane using diamond indenters with radii of 0.5 – 0.005 mm 
can increase strength values from 16.66 to 63.96 GPa [43]. Loading diamond 
grit particles shows a steady increase of failure load with a decrease of particle 
size (from 300 MPa for 1 mm grit to 900 MPa for 0.3 mm grit) [44]. 

Nanodiamond is a type of carbon allotropy. Particles of about 2 – 10 nm in 
size can be prepared by the detonation of the TNT/hexogen  mixture in a rugged 
chamber. The process was developed in the 1960s in the USSR [45]. The core 
of the nanodiamond particle possesses a diamond structure, however the 
structure of the nanodiamond surface is a more controversial issue. A fullerene-
like surface reconstruction was found for particles with the size of 2 – 4 nm 
prepared in hydrogen-free conditions. Such nanodiamonds with hybrid structure 
(sp3 core and sp2 surface) are called bucky-diamonds [46].  

Nanodiamond particles were applied in tribology as lubricant additives and 
composite fillers, and in medicine where surface-activated particles can be used 
for drug delivery [47, 48]. 

 
Hexagonal diamond 
Hexagonal diamond or lonsdaleite is a carbon allotrope with a hexagonal 

lattice. Initially it was found in meteorites and synthesized from graphite in 
1967 [49]. Lonsdaleite can be obtained also from cubic diamond by means of 
high pressures and temperatures [50]. Up to now it remains a challenge to 
produce large-size good quality samples of this material. Computer simulations 
predict 58% higher indentation hardness of lonsdaleite compared to diamond 
[51]. 

1.1.2 Diamond and DLC films 

Regarding to the classification of carbon allotropes presented in section 
1.1.1, diamond and DLC films can be considered as the sp3 form of carbon in 
the case of monocrystalline diamond films and a mixture of sp2 and sp3 species 
in the case of other types of diamond and DLC films. Diamond and DLC films 
are resistant to wear and exhibit high hardness, low coefficient of friction and 
chemical inertness under normal conditions (in the air at moderate temperatures 
and speeds). 
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Table 1.6 Classification of diamond films [52]. 

Property MCD NCD UNCD 
Crystallinity Columnar Mixed diamond 

and non-diamond 
Equiaxed 
diamond 

Grain size 0.5 – 10 µm 50 – 100 nm 2 – 5 nm 
Surface 
roughness 

0.4 – 1 µm 50 – 100 nm 20 – 40 nm 

Electronic 
bonding 

sp3 sp3 + up to 50 % 
sp2 

sp3 + 2 – 5 % sp2 

 
Diamond films can be classified into single-crystal diamond (SCD) and 

polycrystalline diamond (PCD). Depending on their crystal size, polycrystalline 
forms are divided into microcrystalline diamond (MCD), nanocrystalline 
diamond (NCD) and ultra-nanocrystalline diamond (UNCD). Grains size is one 
of the most important characteristics of diamond films. The majority of MCD 
films consists of columnar grains and thus demonstrates considerable anisotropy 
of properties in different directions. NCD and UNCD films consist of smaller 
randomly oriented crystals. The NCD films were investigated in the present 
study. 

Grain size exerts significant influence on film surface roughness and 
mechanical properties. MCD films with rough surface are hard to use in rubbing 
parts due to severe wear of the mating surface. At the same time polishing of 
diamond surface is a difficult, expensive and tedious process. However, surface 
roughness can be substantially decreased by using NCD and UNCD films with 
grain size of 5 – 10 nm and roughness up to RMS 10 – 20 nm. As shown by 
Field et al. [53], films with smaller crystallite size have higher hardness and 
Young’s modulus. 

Various CVD methods are used to synthesize polycrystalline diamond films 
which require high temperatures (up to 1000 °С). CVD deposition methods are 
discussed in more detail in section 2.1. Versatility of diamond film structures 
and ability to prepare films with well-textured surface, to tailor the properties by 
doping with different elements (N, B, Si, etc.) allow to meet particular 
application objectives and to deliver different functionalities (mechanical, 
electrical, optical, etc.) [54, 55, 56, 57] 

Diamond films can be deposited to the surface of cutting tools made from 
tungsten carbide and other materials. The diamond coating provides improved 
productivity in cutting of nonferrous metals, graphite, plastics, composite 
materials and wood.  Diamond films can be applied to shaft seals in pumps, 
which considerably decreases wear in slurries pumping. Currently MEMS are 
produced usually from silicon by etching. However, silicon has unsatisfactory 
mechanical and tribological properties that limit its use in the conditions of high 
speeds and loads. A possible solution to this problem could be application of 
thin diamond films as a protective layer.  
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Table 1.7 Types and properties of DLC films [59, 60, 61]. 

Type Density, 
g/cm3 

Hardness, 
GPa 

sp3 
content, 
% 

H content, 
% 

Band gap, 
eV 

Me-C:H 
(Ti, W) 

 20 35 10 – 20  

a-C, 
evap 

1.9 – 2.0 2 – 5 1 - 0.4 – 0.7 

a-C, 
sputt. 

1.9 – 2.4 11 – 15 2 – 5 - 0.4 – 0.7 

a-C:H, 
hard 

1.6 – 2.2 10 – 25 30 – 60 10 – 40 0.8 – 1.7 

a-C:H, 
soft 

0.9 – 1.6 <5 50 – 80 40 – 65 1.6 – 4 

ta-C 3.0 55 – 65 ~100 <1  
 
Unlike diamond films, diamond-like carbon (DLC) films have amorphous 

structure. DLC is a mixture of sp3 and sp2 carbon structures. There are four 
main types of DLC films (a-C, ta-C, a-C:H and Me-C:H). The structure and 
properties of a particular DLC film type might vary substantially and depend 
also on the deposition methods (see Table 1.7). Me-C:H type of DLC was 
investigated in the present study. 

Depending on the deposition method and conditions films can be either 
diamond- or graphite-like. Structurally DLC consists of sp3 (diamond or 
tetrahedral, tа-С) and sp2 (graphitic, a-C) phases. Depending on the carbon 
source (methane, acetylene, ethylene, etc.), it can include a considerable amount 
of hydrogen (a-C:H and ta-C:H films). Films obtained using solid sources of 
carbon contain virtually no hydrogen.  

The coefficient of friction (COF) of DLC decreases with an increase of the 
hydrogen content. At the same time, the decrease of COF correlates with the 
improvement of film wear resistance. COF depends also on atmospheric 
humidity.  

Incorporation of dopants (silicon, oxygen, fluorine, nitrogen, and boron) 
allows to substantially modify the wetting behavior of DLC without essential 
losses in the tribological properties. Thus, the surface energy of DLC can be 
decreased by the addition of fluorine, silicon or oxygen. Doping with boron and 
nitrogen leads, on the contrary, to the surface energy increase [58].  

DLC films can be deposited on the metallic and ceramic substrates using 
PECVD, ion plating, laser ablation etc. Carbon-containing gases (CnHm) and 
hydrogen are used to produce gas-discharge plasma used in the CVD process.  

DLC possesses smoother surface in contrast to diamond films. DLC films 
are used in various applications such as tooling, ball bearings, sliding bearings 
and aluminium extrusion. In addition, DLC films have been successfully used in 
car engines (coatings for moving parts and fuel injection systems of diesel 
engines) and in hard disk drives. 
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1.2 CVD diamond growth mechanisms 
In the CVD process, the chemical composition of species precipitating from 

the gas phase is different from the composition of the crystal, thus growth is 
provided with chemical reactions taking place on the surface. Diamond crystal 
growth is a relatively complicated multistage process. The free hydrogen atoms 
(H) and radicals (CH3 – methyl radical) play a key role in the growth process, as 
shown in Figure 1.2, Figure 1.3 and Table 1.8. During the growth the surface of 
diamond is almost completely passivated with hydrogen atoms (see Figure 1.3), 
which limits the possibility of attaching hydrocarbon molecules and blocks their 
migration on the surface after attaching. 

 

 
Figure 1.2 Precursor gases H2 and CH4 are flushed into the chamber. Due to 

plasma activation *H  and *
3CH  species are formed. 

 
Figure 1.3 Diamond (100) surface passivated with H atoms (denoted by blue balls). 

Examples of C5 rings are indicated with green and those of C6 rings – with yellow. 

 
 

Reactants 
H2, CH4 

Activation 
e-, heat 

*
2 2HH   

2
*
3

*
4 HCHHCH   

Gap between C5 rings 
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Molecular nechanics calculations [62] have shown that a surface with every 
carbon atom bonded with one hydrogen atom and dimer bonds between pairs of 
surface carbon atoms is thermodynamically the most stable under typical CVD 
growth conditions. So as shown in Figure 1.3, (100) surface represents rows of 
carbon atoms pairs incorporated into five-membered rings (С5) divided by gaps. 
Two mechanisms are needed for crystal growth: addition of a carbon atom into 
С5 ring to form a C6 ring and in a gap between two adjacent rings. A detailed 
description of the process is given by Harris and Goodwin [63]. Main reactions 
are shown in Table 1.8. 

Table 1.8 The growth process of diamond (100) surface. 

 

2
*
5

*
5 HCHC1.   

H+ ion recombines with a hydrogen atom on the 
surface leaving a radical site  
 

 

35
*
3

*
5 CHCCHC2.   

CH3 radical attaches to the surface. The structure 
C5−CH3 is formed 

 

2
*
25

*
35 HCHCHCHC3.   

One H atom is removed from CH3 radical 

 

2
*
5

*
25 CHCCHC4.   

Rearranging of C–C bonds with formation of 
double bond (β-scission) 
 

 

HCCHC5. *
6

*
2

*
5   

Formation of C6 ring 

 

HCHHC6. 6
**

6   

Passivation of C6 ring with H 
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klijklij C  

Table 1.8 (continued) 

 

2
*
6

*
6 HCHHC7.   

Formation of a radical site on a C6 ring. 
Before this reaction, a second C6 ring (green) was 
formed behind the first one by the same sequence 1 
– 6. 

 

Filling the gap between the former rows of С5 rings 
by 4 reactions (not shown), with following joining 
of С6 rings by reactions 7 and 8. 

266
*

6
*
6

2
*
6

*
6

HCCHHCC8.

HCHHC7.




 

As the result addition of the next layer of carbon 
atoms occurs, the structure consisting from parallel 
rows of С5 rings (highlighted with green) remains 
intact but rotated 90°. 

1.3 Mechanical and tribological properties of diamond and DLC 
films 

1.3.1 Anisotropy of mechanical properties of diamond 
Diamond lattice represents two FCC Bravais lattices shifted to ¼ of the main 

diagonal. All carbon atoms in diamond are in the sp3 hybridization state. 
Diamond demonstrates certain anisotropy of its properties depending on the 
crystallographic plane and the direction. Understanding of anisotropy of 
diamond is important for understanding wear on diamond as well as diamond 
films. For instance, Young’s modulus depends on the surface orientation and 
also on the direction on a particular surface. The Knoop hardness test depends 
on the diamond surface and the direction on the surface. For instance, for the 
synthetic type of IIa diamond, hardness increases with the direction rotating 
from [100] to [110] on (100) surface [64]. Tribological properties also depend 
on the direction.    

The general form of Hooke's Law or the strain-stress relation in the material 
is described with the following equations [65]: 

(1.1) 

(1.2) 

 
where 

σ and ε – second-rank stress and strain tensors 

C and S – fourth-rank compliance and stiffness tensors (in total 81 
components, i.e. 34) 

i, j, k, l = 1, 2, 3 

,klijklij S  
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Due to symmetry of C and S tensors in the first two and last two indexes 
(e.g. sijkl = sijlk and sijkl = sjikl) from 81 components only 36 components are 
independent. It allows changing tensor notation to matrix notation according to 
the following scheme [66]: 

 
tensor notation  11 22 33 23, 32 31, 13 12, 21 
matrix notation   1  2  3     4     5     6 
 
At the same time the following changes must be introduced:  
 
sijkl = smn  when m and n are 1, 2, 3 
2sijkl = smn when either m or n is 4, 5 or 6 
4sijkl = smn when both m and n is 4, 5 or 6  
 
Therefore Hooke's Law can be rewritten:  
 

        
(1.3) 

(1.4) 
 

where i, j  = 1, 2, 3, 4, 5, 6 
 
Due to symmetry of the crystal structures from 36 elastic constants only 21 

are independent. In the case of a cubic crystal structure, there are three 
independent elastic constants (C11, C12 and C44, or S11, S12 and S44) and the 
matrixes Cij and Sij are as follows: 

 
      

 
 

(1.5) 
 
 
 
 
 
 
 

(1.6) 
 

 
 
 

Material constants for cubic crystals can be found from the following 
relations. Young’s modulus E in the arbitrary directions h, k, l: 

 

jiji C  

,jiji S  
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(1.7) 

φ1 = cosα1, φ 2 = cosα2 and φ3 = cosα3 – direction cosines (Figure 1.4) 

Figure 1.4 Coordinate axes and direction angles. 

Shear modulus G in the arbitrary directions h, k, l: 

(1.8) 

 

Bulk modulus B: 

(1.9) 

Poisson ratio ν: 

(1.10) 

In practice, the polycrystalline materials are mainly used and their 
mechanical properties can be calculated by the following relations [67]:  

(1.11) 

(1.12) 

(1.13) 
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In Table 1.9 the elastic moduli of diamond and graphite (for comparison 
purposes) are presented. Graphite has hexagonal lattice and therefore 5 
independent elastic constants.  

Table 1.9 Elastic moduli of diamond and graphite [68, 69]. 

 Value, GPa 
Modulus Diamond Graphite

C11 1076.4 1060.0 
C12 125.2 180.0 
C13 - 15.0 
C33 - 36.5 
C44 574.4 4.0 

1.3.2 Wear of diamond and DLC films 

Historically, diamond polishing (polishing of a diamond single crystal) 
invented in ancient times (4th century BC) is used unchanged so far. However 
only recently, the mechanisms of the polishing process were revealed 
experimentally and proved by theoretical calculations. The friction resulting 
from a contact sliding can be described by two major components: mechanical 
ploughing and physical/chemical attraction or adhesion. Friction and wear 
depend on intrinsic factors (surface roughness, hydrogen and impurities 
concentration, etc.) and extrinsic factors (test conditions and counter body 
materials). Explanation of tribological properties of CVD diamond films is 
more complicated. In most cases diamond films consist of micro- or nanosized 
diamond crystals with either random or uniform orientation.  

 
Anisotropy of diamond polishing 
Diamond gemstone polishing is usually carried out on the diamond grids 

embedded in rotating cast iron wheel called “scaife”, see Figure 1.5. The wear 
behavior of a single crystal diamond depends on the polishing direction, i.e. the 
wear is anisotropic. “Soft” directions correspond to directions with higher wear, 
and “hard” directions to ones with minor wear. When polishing in “soft” 
directions, high heat, low vibration and low-frequency noise are observed. 
Correspondingly, there is a grating sound, little emitted heat and much vibration 
in “hard” directions [70]. Amorphous sp2 form of carbon was found on the wear 
scars after sliding along “soft”’ directions, however debris produced after 
sliding in “hard” directions was identified as sp3 form of carbon particles, 
indicating fracture of diamond [71].  

A model of diamond polishing as a three-body wear process (fracture-based 
mechanism) is discussed by Tolkowsky [72]. However, this mechanism can 
explain diamond polishing only in “hard” directions. Emergence of nanosized 
grooves shown in Figure 1.5b cannot be related to scratching by small particles 
of diamond due to the three-body wear mechanism, such groves appear already 
after one stroke of sliding [73]. In addition, the cleavage of asperities on the 
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diamond surface due to fracture toughness anisotropy of diamond was observed 
only in the tests where counterbodies were made of hard materials. 

 
 

a) 

b) 

Figure 1.5 Diamond polishing process (a) and nano-sized grooves on a grit particle 
on the scaife surface (b). White arrow in (b) shows the sliding direction, darker area 
corresponds to the 'black layer' in (a). Adopted from [74]. 

The anisotropy of diamond polishing can be described using a model 
developed by van Bouwelen [73]. In his model a concept of a periodic bond 
chain vector (PBC) is used. A periodic bond chain is defined as an 
uninterrupted chain of bounded growth units connecting two translation-
equivalent lattice positions in the crystal. As mentioned above, diamond 
possesses a cubic structure with two FCC structures shifted to the vector ¼, ¼, 
¼. In the case of diamond such zigzag chain, for instance, interconnects atoms 
in positions (0, 0, 0), (¼, ¼, ¼), (½, ½, 0), … . The direction of such a path is 
indicated by a PBC vector (Figure 1.6) 

 

Grooves 
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a b c 

Figure 1.6 Diamond lattice crystallographic planes {100} (a), {110} (b) and {111} 
(c) (upper row) and their representation in 3D (lower row). Solid lines on the plane 
projections denote “hard” and dashed lines – “soft” polishing directions. PBC vectors 
are shown by arrows. For convenience, the zigzag chains are highlighted. Colored dots 
in the lower row denote in-plane atoms. Note that for {110} planes zigzag chains, 
defining the PBC vectors are located within the plane. 

According to the van Bouwelen model, the difference in the polishing rates 
is fully explained in terms of PBC vectors. The fact that polishing is impossible 
in the direction of a PBC vector can be explained by coincidence of this 
direction with that of a strongly bonded zigzag C–C–C chain in the lattice. The 
decrease of the polishing rate for “hard” directions can beexplaned by 
considering as a vector product of the applied force direction and the nearest 
PBC vector direction C = F · Pnearest (where F and P are the direction of the 
applied force and the PBC vector). If the product C ≥ 0.9, the polishing is 
difficult, in other words the angle between P and F vectors is small (≤ 25º). For 
easy polishing the product C ≥ 0.7, i.e. the angle is relatively large (≥ 45º). An 
example is shown in Figure 1.6b, in this case C = 1, corresponding to hard 
polishing. As can be seen from Figure 1.6, there is 1 PBC vector in {110} 
planes, 2 vectors in {100} planes and 3 vectors in {111} planes. Consequently, 
the minimal C in {111} planes is higher than in {100} and {110} planes. For 
{111} planes the product C is always higher than 0.7, therefore {111} planes 
show harder polishing.  

The Poisson ratio for diamond depends on the direction in crystal [73]. For 
the “soft” directions Poisson ratio is relatively high, i.e. diamond shows 
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relatively high expansion in the directions perpendicular to the direction of 
compressive stress. Expansion corresponds to the chemical bond bending, it 
was shown that bond bending is much less energy consuming than bond 
stretching or compression. Finally, bending of the bond ends up with its 
rehybridization from sp3 to sp2 form. Therefore in the case of sliding in “soft” 
directions much less work must be done to achieve the aforementioned 
transformation. For the “hard” directions, Poisson ratio is small because bond 
expansion proceeds via mainly stretching and compression of bonds that 
requires considerable energy. 

The mechanochemical amorphization mechanisms on the diamond surface 
during sliding were further developed by Pastevka et al. [6]. The diamond 
polishing is a velocity and load driven process. Sliding at the velocity of 30 
m/sec under the load of 10 GPa lead to the formation of an amorphous layer on 
the diamond surface. Authors suggest that so-called pilot a-C atoms move along 
the diamond surface during sliding, and, depending on the environmental 
conditions, exert forces on the surface terminating atoms in the diamond crystal. 
This can result in removing carbon atoms from the diamond lattice and, thus, 
formation of an amorphous layer. 

 
Environmental conditions 
Under ambient air conditions carbon films demonstrate low COF and wear. 

However, both rise significantly in vacuum and at high temperatures. It is 
believed that such behavior is caused by the passivation of dangling bonds of 
carbon atoms on the surface with water molecules, hydrogen and oxygen atoms 
and carbonaceous species that leads to considerable decrease of adhesion forces.   

For ultra smooth and polished diamond films as well as cleaved natural 
diamonds, the ploughing component of friction is minimal and the friction 
behavior is then largely controlled by the extent of adhesive interaction across 
the sliding contact interfaces. When a metal or ceramic is sliding against such a 
chemically passive surface, very low friction coefficients are observed. If the 
dangling surface bonds of diamond are reactivated by desorbing surface 
contaminants from the sliding surfaces, i.e., by thermal excitation or at ultrahigh 
vacuum, large increases in friction are observed [3]. 

 
Diamond grains orientation  
The polishing of polycrystalline diamond films is strongly related to the 

polishing of single crystal diamond described above. Anisotropy of diamond 
mechanical properties substantially complicates the ability to polish 
polycrystalline films with random crystals orientation. El-Dasher et al. [75] 
showed that grains oriented in {100} and {111} planes perpendicular to the 
surface undergo significantly lower wear than grains with other orientations. It 
is consistent with the data presented in the previous section of the thesis 
(Anisotropy of diamond polishing).  
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Diamond grain size 
The typical diamond grain size of polycrystalline diamond films can vary 

from several nanometers to micrometers. The reduction of grain size means also 
a significant increase in grain boundary volume. In the UNCD films up to 10 % 
of carbon atoms can be associated with grain boundaries [76]. Formation of 
nanocrystalline grain structure is accompanied by an increase of the hydrogen 
content in the film due to deposition conditions. This leads to a significant 
change in the mechanical properties of the film, particularly to a decrease of 
hardness. As shown in [77] and [78], at the same time, a decrease in the wear 
rate and COF is observed. 

 
Surface roughness  
The roughness of films is an important factor, which influences the diamond 

film wear. Surface asperities of the film interlock with the counterbody surface 
asperities, which results in material fracture followed by micro-ploughing and 
self-polishing wear on the diamond film surfaces. Relationship between surface 
roughness and coefficient of friction was investigated by Bhushan et al. [5]. 
Reciprocating sliding tests were performed with unpolished and polished PCD 
films with different roughness. Alumina balls were used as a counterbody. The 
results show a clear correspondence in the increase of the COF value for the 
run-in period to the increase of the surface roughness. 

The polycrystalline diamond films, i.e. films with randomly oriented grains 
can be grown with preferable orientations. Diamond films with [111] growth 
orientation exhibit high roughness due to the pyramidal shape of single crystals. 
However, the growth with preferential [100] texture results in the flat top 
surfaces of crystals and lower roughness. Diamond films with [100] texture 
show lower COF [79]. 

Holmberg et al. [1] suggested different wear mechanisms acting on surfaces 
of PCD with different roughness, see Table 1.10. 

Table 1.10 Contact modes of PCD surfaces by Holmberg [1]. 

Roughness 
Ra, μm 

COF Wear rate, 
mm3/Nm 

Contact mechanisms 

0.1 – 1 0.1 – 0.7 10-1 – 10-4 asperity interlocking, breaking and 
ploughing 

0.01 – 0.1 0.001 – 0.1 10-4 – 10-7 sp3 → sp2 transformation at high 
local pressure and temperatures 
followed by shear within graphitic 
basal planes 

0.001 – 0.01 0.03 – 0.15 10-2  – 5·10-6 Shear between layers of H atoms 
at dangling bonds  
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Wear of DLC films 
There are many factors  influencing friction in DLC films [80], including 

surface roughness, adhesion between counterbodies, tribochemical and third-
body interactions, hydrogen content and the sp3/sp2 ratio in films, environmental 
conditions (dry air, N, vacuum) [81], doping (Si, P, N, F) [82, 83], etc. The 
method of deposition is an additional key element influencing the tribological 
behavior of DLC films. Films obtained by pulsed laser deposition or cathode arc 
deposition methods commonly have numerous microparticles ejected from the 
solid carbon source surface and this causes the rise of the COF, especially in the 
run-in period. Formation of transfer layer on the surface of counterbodies at the 
steady stage of the tribological test results in sliding between two carbonaceous 
layers and subsequently corresponds to low friction observed of the DLC films 
[1]. 

 
Rippling 
The experiments conducted in the scope of the current thesis revealed ripple 

patterns after sliding on DLC and NCD films against ceramic counterbodies. 
Therefore this effect could be reviewed here as well. 

Rippling is a very common natural phenomenon where such structures 
appear due to the motion of gases, liquids and solid particles. Ripple patterns 
were found at macro-tribological scale as well, like rail corrugation [84]. 

The formation of periodic ripple patterns on the micro/nano scale has been 
reported in literature. Shi et al. [85] found formation of ripples on the surface of 
ultra-high molecular weight polyethylene (UHMWPE) during cyclic loading in 
a sliding test against Ti6Al4V. This was explained by the stress-induced 
preferential orientation of the crystalline lamellae in the UHMWPE and a 
micro-fatigue wear. Nanoscopic ripple patterns were also found after repeated 
scratching by an atomic force microscopy (AFM) tip on different materials 
including polymers [86], ionic crystals and metals [87], and semiconductors 
[88]. A mathematical model of AFM tip-surface interaction describing 
formation of the ripple pattern was suggested by Filippov et al. [89]. 
Nanometric-sized ripple patterns can also be produced by focused ion-beam 
bombardment of targets including semiconductors and single crystal diamond 
under a range of inclination angles [90, 91]. 

Ripple patterns were observed on the wear scar surfaces of diamond films 
rubbed under stick-slip motion against cubic boron nitride (cBN) [92] and 
diamond [93]. However, no systematic studies of the formation and the 
nanoscale surface topography of ripples on NCD have been carried out so far. 

1.4 Objectives of the thesis 
Outstanding properties of diamond and DLC films are important for 

tribological applications. Therefore understanding of the tribological properties 
is crucial.  

The aim of the present study is to investigate frictional and wear behavior of 
NCD and DLC films in sliding tests against ceramic materials with high 



30 

hardness. A major part of the study deals with the dynamics of morphological 
changes on the wear scars surface during sliding and understanding of possible 
mechanisms involved in the formation of morphological patterns. The study 
includes an estimation of the influence of counterbody materials, load, test 
duration and surface roughness of films on the COF and wear rate. Thus, main 
activities of the work can be stated as follows: 

 
- Study of frictional and wear behavior of diamond and DLC films against 

various counterbody materials: namely, influence of the 
coating/substrate and counterbody properties (chemical composition, 
initial surface roughness, Young’s modulus) on the tribological 
behavior. 

- Study of the influence of the sliding test parameters including the load, 
sliding speed and test duration on the frictional and wear behavior. 

- Study of the influence of the sliding test parameters on the alteration in 
the morphology of the wear scars surface in the course of sliding. 
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2 METHODS AND TOOLS 

2.1 Diamond and DLC films deposition methods 
Diamond and DLC films as well as bulk diamond can be deposited using a 

number of chemical vapor deposition methods. The process involves feeding a 
deposition chamber with reacting gases, their ionization and providing 
conditions for bonding of ionized carbon-containing species with the substrate. 
Hot filament, microwave power or DC discharge are widely used tools of 
supplying energy needed for the process.  

Regarding to the deposition of diamond and DLC films, CVD is a process in 
which a gaseous mixture (usually CH4 – H2) or C2H2 is heated up to the plasma 
activation temperature followed by formation of radicals (CH3) and free 
hydrogen atoms (H). Chemical reaction occurs between these particles resulting 
in the formation of diamond films.  

 
HFCVD 
In the HFCVD reactor gaseous mixture (hydrocarbons, hydrogen and 

dopant-containing gases) is heated by hot filament made from materials with a 
high melting temperature (W, Ta), followed by the dissociation of gaseous 
species. The filament temperature is 2000 ºC. The filament is located close to 
the substrate at the distance 4 – 10 mm and the pressure of the gaseous mixture 
is relatively low, i.e. about 20 – 60 Tr. Hot filament method allows the 
deposition of diamond films on a relatively large area of 2500 cm2, but the 
deposition rate is not higher than 1 µm/h.  

The advantages of the method are its relatively low cost and possibility to 
produce high-quality diamond films [96], however there are also some 
drawbacks. High temperature of the filament causes its degradation and the 
need for frequent exchange with a new one. Another disadvantage is poisoning 
of gaseous mixture by the filament materials. It results in micro and macro 
defects in the diamond films.  

 

 
Figure 2.1 HFCVD schematics [97]. 

The NCD films used in the current study were deposited in a sp3 Diamond 
Technologies, Inc. 655 reactor. 
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PECVD 
In the PECVD method gas-discharge plasma is used for the dissociation of 

precursor gases into active radicals. This method allows use of higher pressures 
and hence reaching higher deposition rates.  

 

 
Figure 2.2 Schematics of the PECVD process implemented in a Platit π80 PVD-

PECVD reactor. Parts not used in the CVD process are shown by dashed lines. 

The DLC films used in the present study were deposited in a Physical Vapor 
Deposition- Plasma Enhanced Chemical Vapor Deposition (PVD-PECVD) unit 
PLATIT π80. DLC film was grown by the dissociation of acetylene (C2H2) in 
the glow discharge plasma process. The voltage drop (bias voltage) between the 
chamber and the specimen sample holder is about 100 V (AC).  

 
MW-PECVD 
One of the most popular methods is the MW-PECVD. Because no electrodes 

are used during the deposition the level of pollution is minimal in comparison 
with other methods. The MW-PECVD method allows depositing films on the 
area of 900 cm2 with the rate of 20 µm/h. By using that system, the growth of 
films can continue for many hours and the thickness of diamond films can reach 
1 mm. A specific feature of microwave plasma is that at low pressures it 
consists from high energy electrons and “cool” ions as well as neutral 
molecules. 
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Figure 2.3 Schematics of the  MW-PECVD chamber [97]. 

In the MW-PECVD reactor energy needed for the ionization of the precursor 
gases is supplied from microwave plasma usually of 2.45 GHz. The power is 
provided by the microwave generator (magnetron) and transmitted by the 
waveguide to the reaction chamber. An UPSA-100 (Optosystems Ltd.) reactor 
is used for deposition of diamond films in TUT. 

2.2 Characterization methods 
Raman spectroscopy 
In Raman spectroscopy monochromatic radiation (laser light) is inelastically 

scattered on the molecules of the analyzed sample. Inelastic (Raman) scattering 
occurs due to energy exchange between photons and phonons generated by 
vibrating molecules, in contrast no energy exchange occurs in the case of elastic 
(Rayleigh) scattering. If a molecule obtains energy, the frequency of the 
scattered radiation becomes lower than the initial one (Stokes scattering) and 
higher if it loses energy (anti-Stokes). The shift in the radiation energy provides 
information about molecular vibrations in the material that allows us to identify 
its chemical composition and crystal structure. The value of the radiation energy 
shift depends strongly on the interatomic bonds orientation in the crystal and the 
weight of atoms. The heavier the atom the lower the frequency of its vibrations 
is and accordingly the maximum in the spectrum shifts in the direction of lower 
frequencies. Similarly the frequency shifts with the change in the bond energy.  

In the current study the chemical structure of the diamond and DLC films 
was characterized by Raman measurements using a Horiba LabRam HR 800 
high-resolution spectrometer equipped with a multichannel CCD detection 
system in the backscattering configuration. The laser light wavelength was 532 
nm, and the spectral resolution of the spectrometer was 0.5 cm-1.  

 
SEM 
In the SEM, an electron beam is thermionically emitted from an electron gun 

fitted with a tungsten or lanthanum hexaboride filament cathode. The electron 
beam is focused on the sample by condenser lenses and primary electron beam 
interacts with the sample surface. The electrons lose energy by repeated random 
scattering and absorption within the interaction volume. Interaction includes a 
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number of processes, namely the reflection of high-energy electrons by elastic 
scattering, emission of secondary electrons by inelastic scattering and the 
emission of electromagnetic radiation. Mentioned types of interaction can be 
measured by specialized detectors.  

There are two main SEM modes used for imaging. In the secondary electron 
(SE) mode low-energy (<50 eV) secondary electrons are collected, i.e. those 
electrons that are ejected from the atoms of the sample due to inelastic 
scattering interactions with the primary electron beam. It is important because 
the energy of electrons is relatively low, only electrons located close to the 
sample surface can escape the sample, therefore this mode is sensitive to the 
roughness of the sample surface and the SE mode is used for topography 
imaging. In BSE mode the backscattered electrons which are are high-energy 
electrons originating from the primary electron beam that are reflected or back-
scattered by elastic scattering interactions with specimen atoms. Since heavy 
elements backscatter electrons more strongly than light elements, and thus 
appear brighter in the image, BSE mode is used to detect areas with different 
chemical composition.  

In the present study SEM images were taken by a Zeiss EVO MA-15 system 
with LaB6 cathode in the SE mode, applying an accelerating voltage of 10 – 15 
kV and 6.5 – 8.5 mm working distance. 

 
Tribometry 
To characterize the tribological properties of films reciprocating sliding tests 

were conducted using the CETR UMT-2 test system. The tester includes three 
motor driven linear stages providing reciprocating / rotating movement of the 
lower specimen and positioning of the upper one (with the counterbody holder). 
The lateral positioning stage is equipped with 2D force sensor perceiving the 
loading force and the lateral drag or friction force. The loading force sensor is 
used as a feedback for the vertical carriage positioning system to maintain a 
constant loading force. The combination of the loading force and friction is used 
to calculate the coefficient of friction. 

Table 2.1 Main parameters of tribological tests. 

Parameter Value 
Sliding distance 1 – 2 mm 
Normal force 1 – 4 N 
Frequency 2, 5, 8, 10 Hz 
Duration 1800 – 108000 cycles 
Balls material Si3N4, Al2O3, ZrO2 

 
The balls of Ø 3 mm (surface roughness Ra = 0.012 µm) (REDHILL, Czech 

Republic) were used as counterbodies. 
 
 
 



35 

Mechanical and optical profilometry 
The wear volume was evaluated by means of mechanical and optical 

profilometry. 
In mechanical profilometers a diamond stylus is moved in contact with a 

sample for a specified distance with a specified contact force. A profilometer 
can measure small surface variations using vertical stylus displacement as a 
function of position. The geometrical parameters of the wear scars (shape, 
length, depth, width) can be evaluated by scanning along and across the wear 
scar. Profilometric scans were done with a Mahr Perthometer® (Göttingen, 
Germany). Profile vertical resolution provided by the profilometer is 0.07 nm, 
lateral 0.5 µm. 

In the optical profilometer the beam of primary light is split into two 
separate beams. One beam is directed towards the sample and another towards 
an internal reference mirror. The reference beam interferences with the beam 
reflected from the sample. Positive interference measured by a light detector as 
an interference maximum can be used to calculate the position of the surface. 
The roughness of the whole sample surface can be estimated by scanning of the 
beam along the surface. Optical measurements were done with a Bruker 
Contour GT-K0 optical 3D microscope. Vertical resolution of the device is 0.01 
nm and lateral resolution 0.38 µm.  

 
AFM 
Atomic force microscope scans the surface with a sharp probe fixed on the 

end of a cantilever. When the tip is situated in the proximity of the sample 
surface, forces between the tip and the sample (mechanical, van der Waals, 
electrostatic, magnetic and others) lead to the deflection of the cantilever. This 
deflection is measured using a laser spot reflected from the cantilever into the 
photodiode array. There are several imaging modes available. In contact mode 
the probe is in constant contact with the surface. In semi-contact mode the probe 
touches the surface performing oscillations near its resonance frequency. The 
amplitude of oscillations depends on the distance to the surface. In non-contact 
mode the probe oscillates at its resonance frequency. Oscillation frequency 
decreases due to the influence of van der Waals and other long-range forces in 
the vicinity of the sample. AFM resolution depends on the probe shape and can 
reach fractions of a nanometer. 

AFM measurements were conducted with an NT-MDT Solver P47 system at 
scan sizes of 20x20 and 5x5 µm2 using Si cantilevers and tips in contact mode. 
AFM measurements (NT-MDT Solver P47) were performed in contact mode 
using Si cantilevers and tips. 

2.3 Surface texture parameters 
Surface texture parameters with their calculation formulas and descriptions 

used in the current work are listed in Table 2.2 In the present thesis both 
parameters Ra and Rq were used to characterize the surface roughness, because 
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some authors argue importance of both parameters. Parameter Rz is suitable to 
describe the distribution of large asperities and deep valleys on the surface. 

Table 2.2 Main surface roughness parameters [94]. 

Parameter Description Formula 
Ra Arithmetic average height. 

Average absolute deviation of the 
roughness irregularities from the 
mean line over the sampling length. 
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Rq Root mean squared. 
Standard deviation of the 
distribution of surface heights. 
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Rz Ten points height.  

Average distance between the 5 
highest peaks and the 5 lowest 
valleys over the sampling length 
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2.4 Statistical analysis of data 
Between variables X and Y (random variables) a functional dependence can 

exist, and the variable Y can be described by X through a mathematical 
equation. However mainly there are situations when one variable (say Y) reacts 
on the change in another (say X) with the change in its distribution. Such 
relation is named a stochastic relation and occurs due to the influence of some 
factors on both variables X and Y. In the correlation analysis approach, the 
correlation denotes a measure of relation between variables. The degree of 
correlation can be described using correlation coefficients, ranging from –1 to 1. 
Correlation coefficients equal to –1 and 1 denote perfect negative and positive 
correlation and 0 means absence of correlation.  

There are two main types of statistical methods. First, in parametrical 
methods variables can be characterized by a known class of distribution 
functions, for instance variable X and Y are distributed according to normal 
distribution law under any disturbing factors. Second, in nonparametric methods 
the distribution function is unknown and only some conditions should be 
satisfied (continuity, etc.). In other words, the conditions are not so tough in 
comparison with parametrical methods, which correspond to many situations in 
the analysis of experimental data [95].  

The Spearman correlation analysis is a nonparametric statistical method. The 
Spearman correlation rank coefficient is determinated by the following formula: 

 

(2.1) 

 
where ri and qi mean the ranks of the corresponding variables xi and yi. The 
number n is the sample size. Variables must be ranked before applying that 
formula.   








n

i
iis qr

nn
r

1

2
3

)(
6

1



37 

The next step in the analysis of statistical data is to estimate the statistical 
significance of the correlation. Because the sample size is always restricted, 
there is a possibility of a sampling error, i.e. the observed effect may not appear 
with another sample size. Therefore the hypothesis of the existence of 
correlation (hypothesis H1) must be carefully tested and compared with null 
hypothesis, i.e. no correlation exists (hypothesis H0). For the sample size n > 10, 
the critical quantity 

 

(2.2) 

 
If H0 is valid, then rs possesses a special distribution and, correspondingly, 

the distribution of quantity T is asymptotically the Student’s distribution. The 
critical value of tc is the quintile cp of the Student’s distribution with the n – 2 
degrees of freedom calculated for the specific p-value. P-value is the probability 
of error due to rejecting the null hypothesis (Type I error). Hypothesis H0 is 
accepted if│T│ ≤ tc, otherwise H0 is rejected. In practice, 90 % (p-value is 0.1) 
is the minimum of confidence level for statistically significant results.  
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3 WEAR BEHAVIOR OF NCD AND DLC FILMS 
The experimental part of the present research includes morphology studies 

of the wear scar surfaces on the diamond and DLC films. Reciprocating ball-on-
disc tests were conducted under normal air ambient conditions. Section 3.1 
presents the investigation of the influence of the ball materials (Si3N4, ZrO2 and 
Al2O3 ceramics) on the morphology of the wear scar surface. In sections 3.2 and 
3.3 only Si3N4 balls were used as the counterbodies. It was found that the 
manifestation of the ripple patterns can depend on test duration and applied load 
(see section 3.2). Section 3.3 analyzes the deflection of the NCD film surface 
during the sliding test. Based on the observed deformation of diamond films, a 
ripple formation mechanism is suggested. Section 3.4 discusses the correlation 
between the initial DLC film surface roughness and roughness observed after 
relatively extended tests (steady stage regimes).  

3.1 Wear behavior of NCD films  

3.1.1 Relation between morphological changes of the NCD films and the 
ball material 

The chemical composition of the counterbody material and, correspondingly, 
mechanical/tribological properties is an important factor defining the frictional 
behavior and the wear resistance of the diamond films. Silicon nitride, alumina 
and zirconia ceramic balls were selected as the counterbodies to evaluate 
tribological properties of the NCD film under dry sliding conditions. In the case 
of Si3N4 and Al2O3 the frictional behavior was quite similar, however tests with 
ZrO2 revealed remarkable differences.  

Using HFCVD technique diamond films were deposited on monocrystalline 
(100)-oriented silicon wafers. The deposition parameters were as follows: 2.4 % 
CH4/H2 gas mixture at 6 Torr and substrate temperature was 850 ˚C. The 
unbalanced deposition process was used to prepare cauliflower-like surface 
structure, see Figure 3.1. Films thickness was 0.8 µm. The tribological tests 
were conducted using Ø 3 mm Si3N4, Al2O3, and ZrO2 balls. According to the 
manufacturer data, the hardness and Young’s modulus of the balls were 1400-
1700 HV and 310 GPa, 1400 HV and 350 GPa, and 650-830 HV and 195 GPa 
respectively. Tests duration was 3000, 9000 and 36000 cycles. A 2 N load was 
applied, the sliding distance was 1 mm and the sliding frequency was 5 Hz.  
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a b 

Figure 3.1 SEM image (a) and Raman spectrum (b) of the pristine NCD film 
[Publication I]. 

Figure 3.1 shows the typical Raman spectrum of the pristine NCD film. The 
peaks at 522 and 976 cm-1 correspond to the Si substrate, the peak at 1332 cm-1 
relates to diamond and the peaks at 1134 and 1478 cm-1 relate to the presence of 
trans-polyacetylene (t-PA) at the grain boundaries [98]. The peaks at 1355 and 
1540 cm-1 correspond to the D and G bands [99] 

 
Ripple patterns on the NCD films formed after sliding with Si3N4 balls 
Figure 3.2 shows the COF versus the number of cycles. The COF value 

quickly changes from 0.4 at the beginning of the test to 0.1 after about 2000 
cycles, i.e. steady-state regime is reached relatively fast. 

 

 
Figure 3.2 Coefficient of friction in sliding test with Si3N4 ball against the NCD film 

[Publication I]. 

However, the periodic spikes in the COF value were observed during steady-
stage sliding. Similar behavior of COF in the Si3N4/NCD sliding tests was 
reported by Erdemir et al. [4]. Such spikes were explained with periodic 
formation and destruction of the carbonaceous transfer layer. Short run-in 
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period can be explained by the formation of stress-induced sp2 -rich layer [100] 
as well. 

 

 

Figure 3.3 SEM images of rippling on wear scar surfaces at 3000 cycles (a), 9000 
cycles (b) and 36000 cycles (c) of sliding with Si3N4 ball [Publication I]. 

Longitudinal grooves and transverse rippling can be observed on the SEM 
images, see Figure 3.3. We suggest that the micro-ploughing mechanism is a 
reasonable explanation of the possible origin of grooves. The rippling patterns 
on the wear scar surface can be observed already after 3000 cycles. The density 
of ripples, i.e. the number of ripples per micrometer varies with the test 
duration. It changes from about 6 ripples/µm for 3000 and 9000 cycles to about 
4 ripples/µm after 36000 cycles. In addition the ripple patterns manifestation is 
more clear after 36000 cycles than 3000 and 9000 cycles. 
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a b 

Figure 3.4 AFM image of the wear scar after 36000 cycles of sliding against Si3N4 
ball (a). The place of the line scan (b) marked with a white line on the image (a) 
[Publication I]. 

The size of the ripples is about 25 – 30 nm in height as measured after 36000 
cycles by the AFM technique (see Figure 3.4). 

 
Ripple patterns on the NCD films formed after sliding with Al2O3 balls 
 

 
Figure 3.5 Coefficient of friction in the sliding tests with Al2O3 ball against the NCD 

film [Publication I]. 

There is a slight difference between the frictional behavior of NCD films 
against Si3N4 and Al2O3 balls. The run-in period is longer in the case of tests 
with Al2O3 balls (up to 10000 cycles), see Figure 3.5 and, in addition no COF 
oscillations during the steady-state regime occur.  
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Figure 3.6 SEM images of rippling on wear scar surfaces at 3000 cycles (a), 9000 
cycles (b) and 36000 cycles (c) of sliding with Al2O3 ball [Publication I]. 

In the case of alumina balls ripples were not observed after 3000 cycles, see 
Figure 3.6. The polished NCD film surface was revealed on the SEM image 
taken after 3000 cycles. However, ripples density varied similarly to the tests 
with Si3N4 balls tests after 9000 and 36000 cycles of sliding. Ripples density 
was about 6 ripples/µm after 9000 cycles and 3 ripples/µm after 36000 cycles. 
In contrast, ripple patterns were much fainter compared to patterns obtained in 
the tests with Si3N4 balls. 

A systematic investigation of wear rate dynamics on the NCD films in 
sliding tests with Al2O3 balls was carried out. 
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Figure 3.7 Wear rate vs cycles in NCD/Al2O3 tests. Load 2 N, distance 1 mm, sliding 

frequency 5 Hz. 

Sliding tests were conducted with alumina balls. Test duration ranged from 
750 to 30000 cycles with the step of 750 cycles (last 4 tests were done with 
1500 cycles step). The wear volume was measured using a mechanical 
profilometer and the wear rate was evaluated. Additionally wear scars volume 
was measured using the optical profilometer. The results obtained by both 
methods have shown good coincidence. The wear rate calculated for the first 
scars equals to 3.2·10-6 mm3/N·m, whereas for the last one to 2.1·10-7 
mm3/N·m. The wear rate shows fast exponential-like behavior, indicating that 
the main part of wear occurs during the run-in period, i.e. about 10000 cycles. 
This is close to the results obtained for Si3N4 balls rubbed against NCD in air 
[4]. COF values obtained in these tests were quite similar to those described 
above for Al2O3 balls. 

 
Ripple patterns on NCD films formed after sliding with ZrO2 balls 
The frictional behavior of NCD films against ZrO2 remarkably differs from 

that with Si3N4 and Al2O3 balls.  
 

 
Figure 3.8 Coefficient of friction in sliding tests with ZrO2 ball against NCD film 

[Publication I]. 
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The COF increase at the very beginning from 0.35 to 0.75 is followed by a 
slow decrease during the test, neither clear run-in nor steady-state regimes were 
observed, see Figure 3.8. Figure 3.9 shows the wear scars on the NCD surface 
after sliding tests with different test durations.  

 
 

 

 

Figure 3.9 SEM images of rippling on wear scar surfaces at 3000 cycles (a), 9000 
cycles (b) and 36000 cycles (c) of sliding with ZrO2 ball and the wear scar surface at 
different magnifications (d: x100, e: x1000, f: x5000) taken from the center of the wear 
scar surface formed on the NCD film after 36000 cycles of sliding against ZrO2 
[Publication I]. 

The SEM images in Figure 3.9a – c show that ripple patterns appear only 
after 36 000 cycles, and Figure 3.9d – f shows that ripple patterns, first of all, 
are formed in the middle of the wear scar. The last observation allows us to 
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stress the importance of contact pressure to explain the observed frictional 
behavior of NCD films. We believe that the black spots within the wear scars 
correspond to the points where the stress-induced amorphization of the NCD 
films occurs with the following formation of a carbon-like layer. The slow 
descent in the COF value in Figure 3.8 can be explained by insufficient 
formation of the amorphous layer. Indeed the Young’s modulus of ZrO2 is 
about 1.5 times lower than that of Al2O3 and Si3N4, therefore the contact 
pressure is lower in the case of ZrO2. The COF decreases because the total area 
of black spots increases. On the other hand, the contact pressure is highest at the 
center of the contact area and the density of the black spots is the highest in the 
central part of the wear scar. Ripples appear after percolation of black spots, 
which suggests that there is a correlation between the ripple formation and the 
stress-induced amorphization of the diamond surface.  

 
Relation between amorphization and rippling 
Comparison of Raman spectra recorded on as-deposited NCD film (see 

Figure 3.1b) and wear scar surfaces after 3000, 9000 and 36000 cycles of 
sliding against Si3N4 and Al2O3 (see Publication I) has shown a clear decrease in 
the peak intensity ratios between the diamond peak and peaks corresponding to 
sp2(D, G) and t-PA at 1.478 cm-1 observed on the wear scar surfaces, i.e., a 
stress-induced transition from sp3 to sp2 bonding takes place on the diamond 
surface. In the case of Si3N4 the minimal ratio is reached after 3000 cycles and 
in the case of Al2O3 and ZrO2 after 9000 cycles. The alteration of the ratio value 
between the intensities of diamond and sp2(D, G) peaks is lower in the case of 
zirkonia balls. The relative decrease in Raman peak intensity ratios seems to 
depend on the mechanical properties of the counterbody material, i.e., the 
greatest differences are detected for the hardest counterbody materials (Si3N4 
and Al2O3), whereas differences for softer ZrO2 balls are less pronounced.  

 

 
Figure 3.10 Sp3/sp2(G), sp3/sp2(D) and sp3/t-PA peak intensity ratios for clean NCD 

surface and after 3000, 9000 and 36000 cycles of sliding respectively [Publication I]. 
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The ripples are formed in the surface regions enriched with amorphous 
carbon material. In the case of sliding against Si3N4 and Al2O3 the first 
observations of ripple patterns coincide with minimal values of sp3/sp2(D, G). A 
gradual smoothening of the NCD pristine surface was observed in the case of 
ZrO2, with a minor decrease in the diamond/sp2(D, G) intensity ratios as 
compared with Si3N4 and Al2O3, and ripples were observed only after 36000 
sliding cycles. Therefore, it can be assumed that there is a correlation between 
the NCD surface amorphization and the formation of ripple patterns. 

 
For more details see Publication I 
 
Wear rate of the ZrO2 ball 
The SEM images taken on the ZrO2 ball after 54000 cycles of sliding are 

shown in Figure 3.11. The diameter of the worn area is about 400 µm that gives 
the wear rate of the ball equal to 4·10-6 mm3/Nm. Grooves can be clearly seen 
on the surface. Because no visible transfer layer can be observed, a ploughing 
mechanism can be reasonably suggested as the wear mechanism for ZrO2 balls.    

 
  

Figure 3.11 SEM image of the worn ZrO2 ball after 54000 cycles of sliding at 5 Hz 
at different magnification. The scale bar length is 20 µm (a) and 10 µm (b). 

3.1.2 Relation between morphological changes of the NCD films and the 
sliding distance 

The cauliflower-like NCD films described in section 3.1 were used. The load 
in the tribological tests was 2, 3 and 4 N, the frequency was 2, 5 and 10 Hz, the 
distance varied from 14 400 cycles up to 108 000 cycles and Ø3 mm Si3N4 balls 
were used as a counterbody.  

Although three different loads were used, the results are based only on the 
tests with 2 and 3 N. A sudden delamination of the NCD films was observed for 
all tests with 4 N load (catastrophic wear), in the case of tests with 3 N only a 
part of tests was successfully conducted. The longest one for 3 N load was for 
36000 cycles at 5 Hz. Figure 3.12 shows typical COF curves obtained for the 
NCD/Si3N4 tribopair. In the steady-state stage COF stabilizes at the values of 

a) b) 
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0.08 – 0.12. Periodic COF spikes were observed, which are similar to those 
mentioned in the previous section. 

 

 
Figure 3.12 COF versus cycles curves at 2, 5 and 10 Hz, load 2 and 3 N, for 

different sliding distances [Publication II]. 

 

 
Figure 3.13 AFM images (20x20 µm2) taken after (a) 2 N, 2 Hz (14 400 cycles), (b) 

2 N, 5 Hz (36 000 cycles), (c) 2 N,10 Hz (72 000 cycles) and (d) 2 N, 10 Hz (108 000 
cycles) tests. The white squares in b and d are about 5x5 µm2 in size and indicate 
locations at which images shown in Figure 3.14a and Figure 3.14c were taken 
[Publication II]. 
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The wear scars investigation by AFM (see Figure 3.13 and Figure 3.14) 
revealed longitudinal grooves and transversal ripples. The density of grooves 
decreases with increasing frequency (from 2 Hz to 10 Hz) and sliding distance 
(from 14 400 to 108 000 cycles). 

Figure 3.14a is a part of Figure 3.13b confined within the white square; the 
same applies for Figure 3.14c and Figure 3.13d. 

 

 

 
Figure 3.14 AFM images (5x5 µm2) taken after (a) 2 N, 5 Hz (36 000 cycles), (b) 3 

N, 5 Hz (36 000 cycles) and (c) 2 N, 10 Hz (108 000 cycles) tests. The image (a) was 
taken on the place marked by white square in Figure 3.13b and the image (c) in Figure 
3.13d, respectively [Publication II]. 

Line scans of approximately 5 μm in length were taken from Figure 3.13c 
and Figure 3.14a – c at the locations indicated by straight white lines and the 
surface geometrical parameters Ra (arithmetic average roughness), Rq (root-
mean-square roughness), Rz (ten point height of irregularities) and D (profile 
peak density, i.e. the number of peaks along the scan line) were obtained from it 
and are reported in Table 3.1.  
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Table 3.1 Parameters Ra, Rz, Rz and D, derived from scans No. 1 – 5. 

Line scan No. Ra, nm Rq, nm Rz, nm D, pcs 
No. 1 (20x20 µm2) 4.6 5.8 19.6 9.4 
No. 2 (20x20 µm2) 6.2 7.9 24.8 7.5 
No. 3 (5x5 µm2) 1.7 2.0  8.4 38.0 
No. 3* (5x5 µm2) 1.2 1.5 6.4 29.0 
No. 4 (5x5 µm2) 2.3 2.7 10.4 17.8 
No. 5 (5x5 µm2) 3.3 3.9 12.5 7.8 

 
It is worth noting that the experiments done at 2 and 3 N, see Figure 3.14 

show similar results. The transversal ripples appear as continuous surface 
corrugations in both tests at 5 Hz and 36 000 cycles, see Figure 3.14a and b. 
The difference between Ra, Rq and Rz is about 20 – 25 %, however the peak 
density obtained from Figure 3.13a nearly doubles compared to Figure 3.13b; 
see Table 3.1 (line scans No. 3 and 4). 

Although continuous ripples are observed in Figure 3.14a and b, the ripples 
become broken in Figure 3.13c, Figure 3.13d and Figure 3.14c. The decrease in 
peak density for the line scan No. 3* can be explained by fragmentation of 
ripples due to wear, which starts on top of the ripples and results in a decrease 
of their apparent height and possible final elimination. It is indicated by a 
decrease in the roughness parameter value for the line scan No. 3*, as opposed 
to No. 3. A difference in the wear regime for certain ripples may explain the 
formation of the complex ripple patterns shown in Figure 3.13c and d. The 
geometrical parameters for the line scan between the black arrows (see Figure 
3.14a were similar to those for the line scan No. 3. 

 
For more details see Publication II 

3.1.3 Deformation of the NCD films during sliding tests 

A NCD film with a thickness of 0.8 µm was grown on a 100-mm diameter 
(100)-oriented  500 µm thick Si wafer by hot-filament chemical vapour 
deposition (HFCVD) under balanced conditions using an sp3 Diamond 
Technologies, Inc. 655 reactor in  a 2.4 % CH4/H2 gas mixture. The substrate 
temperature was about 850 ˚C and the chamber pressure was maintained at 6 
Torr. After the NCD film deposition, the Si wafer was cut into bars of about 10 
mm2 in size along cleavage directions. The average roughness Ra value of the 
as-deposited film was 0.019 µm. 

Room temperature Raman spectra were recorded by using a Horiba LabRam 
HR 800 high-resolution spectrometer equipped with a multichannel CCD 
detection system in the backscattering configuration. The laser light wavelength 
was 532 nm, and the spectral resolution of the spectrometer was 0.5 cm-1.  

Reciprocating sliding tests (normal load 2 N, displacement amplitude 1 mm, 
frequency 2, 5 and 8Hz, relative humidity about 35 %, ball diameter Ø 3 mm) 
were carried out by means of a CETR® UMT-2 tribometer. Si3N4 balls (surface 
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roughness Ra = 0.012 µm) (REDHILL, Czech Republic) were used as a 
counterbody. The duration of the tests was 1800, 3000 and 6000 cycles.  

 

 

a b 

Figure 3.15 AFM image of the pristine surface (a) and Raman spectrum (b) of the 
NCD film [Publication III]. 

Figure 3.15 shows surface morphology and Raman spectra taken on the 
NCD film. The run-in period of the NCD films is characterized by high initial 
COF value (0.4 – 0.6), which further goes down to the value of about 0.1 – 
0.15. 

 

 
Figure 3.16 COF versus cycles curves after 6000 cycles at 2, 5 and 8 Hz 

[Publication III]. 

Because of the progressing NCD film surface abrasion, the COF value 
decreases gradually and, finally, stabilizes at about 0.1. In the case of the test 
done at 8 Hz, the run-in period is shorter than for tests carried out at 2 and 5 Hz, 
i.e. the surface smoothening proceeds faster with the higher ball velocity. 
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a b 

Figure 3.17 AFM image of the worn NCD film surface after 1800 cycles of sliding at 
8 Hz (a) and a line scan of the surface (b). 

The results of AFM measurements indicate that polishing occurred on the 
diamond surface. Clear ripple patterns are formed approximately in the middle 
of diamond grains (visible as white lines in Figure 3.17a. Figure 3.17b 
represents a line scan taken along the wear scar. Asperities of 15 – 20 nm in 
height seen on the image represent ripples. The ripple density is about 2 
ripples/µm and the ripple height is 15 – 20 nm.  

Three line scans were done on each particular wear scar, i.e. scanning in the 
direction perpendicular to the sliding direction and an averaged line scans 
profile was prepared shown in Figure 3.18.  
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Figure 3.18 Averaged line scans taken on the wear scar surfaces after 1800 – 
108000 cycles of sliding at 2 Hz (a), 5 Hz (b) and 8 Hz (c). Left row – averaged results 
from 5 measurements, right row – single measurement after 1800 cycles [Publication 
III]. 

It can be seen that already after 1800 cycles the border of the wear scar bed 
is about 0.05 µm below the border of the deepest valleys of the pristine NCD 
film surface, see Figure 3.18. At the same time the diamond grains and grain 
boundaries are still visible in Figure 3.17. Therefore the results of profilometric 
measurements shown in Figure 3.18 are more adequately described by the 
scheme shown in Figure 3.19a than in Figure 3.19b 

a) 

b) 

c) 
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Figure 3.19 Schematic representation of the results shown in Figure 3.18: wear scar 

profile according to profilometric measurements after 1800 cycles sliding at 8 Hz (a) 
and expected wear scar profile in assumption that no NCD film deflection occurs (b) 
[Publication III]. 

It can be assumed that the NCD film is not deflected as schematically shown 
in Figure 3.19b. However the analysis of wear scars profile suggests that the 
NCD film can be plastically deformed during the sliding tests. This vertical 
deformation (further called ‘deflection‘) is about 0.05 µm after 1800 cycles 
sliding at 8 Hz, wherein, no visible cracks were observed on the wear scars 
surface. 

Analysis of the line scans shown in Figure 3.18 suggests that the wear scars 
surface can be substantially corrugated. The average roughness Ra within the 
wear scars (excluding the area out of wear scar in Figure 3.18) is shown in 
Figure 3.20. 

The roughness varies considerably with the speed of sliding and the test 
duration. The highest  roughness was observed for the test with 8 Hz. After the 
initial decrease in the roughness from Ra = 0.019 nm for the pristine film to Ra =  
0.003 – 0.004 nm after 1800 cycles of sliding, the Ra value increases, however a 
dependence on sliding speed can be observed. The highest value of Ra equal to 
0.019 nm was found after 18000 cycles with 8 Hz,  Ra equal to 0.015 nm was 
found after 36000 cycles with 5 Hz and Ra equal 0.005 nm was found after 
60000 cycles with 2 Hz. 
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Figure 3.20 Roughness across wear scars at 2, 5 and 8 Hz. 

Corrugations within the wear scars can be explained by the appearance of 
grooves similar to ones described in section 3.1.2.  

The deflection of NCD films can be correlated with the plastic deformation 
of the silicon substrate. Hardness of monocrystalline Si (100) is about 12 GPa 
[101]. Young’s modulus varies along the directions on (100) plane from about 
130 [102] to 170 – 180 GPa [101, 102], the Poisson ratio is 0.278 [103]. 
According to the data provided by Ericsson et al. [104], the fracture strength of 
silicon is 6.1 GPa. In the case of 2 N load, the maximal contact pressure on the 
Si surface should be only 1.2 – 1.4 GPa and the mean contact pressure 0.8 – 0.9 
GPa, which is clearly insufficient for the plastic deformation of silicon. 
However, a considerable decrease in strength, up to 1.5 GPa, was reported for 
the damaged surface. Michler et al. report [105, 106] that considerable plastic 
deformations are present in the surface layer of the Si wafer due to thermal 
stress. Such layer will obviously have reduced mechanical strength and will be 
subject to deformation under mechanical loading.  

Thus, the NCD film deflection can be explained by the plastic deformation 
of the Si (100)/NCD interface. The high Young’s modulus and a relatively 
small thickness of the NCD film provide flexibility to the NCD film [107] and 
hence the NCD film surface can deform during sliding without cracks and 
surface failure. A bent torus on the NCD film surface is likely formed in front of 
the ball (as shown in [107]) during sliding. Periodic bending of the NCD film 
during reciprocating sliding could also contribute to the formation of ripples on 
the wear scar surface. 

 
For more details see Publication III 
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Surface of the Si3N4 balls after sliding tests against the NCD film 
The tests were conducted using the Si3N4 balls rubbed against the NCD-

coated samples, described at the beginning of section 3.1.  
 

 

 
a b 

Figure 3.21 Optical micrograph (a) and SEM image (b) of the worn Si3N4 ball after 
60000 cycles of sliding at 8 Hz, 2 N load. 

The images taken by optical microscopy and SEM on the Si3N4 ball are 
shown in Figure 3.21. The diameter of the worn area is about 140 µm and the 
corresponding wear volume (the volume of the spherical segment) of Si3N4 is 
1.2·10-5 mm3 that gives the wear rate of 5·10-8 mm3/N·m. This is about 3 times 
lower than the wear rate of the NCD film (1.4·10-7 mm3/N·m). However, such 
result can be explained if a possible film deflection is taken into account. 

 

 
Figure 3.22 Raman spectra taken on the wear scar surface of the NCD film and on 

the worn surface of the Si3N4 ball after 60000 cycles of sliding at 8 Hz, 2 N load. 

The peaks shown by arrows in Figure 3.22 can be identified as diamond 
peak (1332 cm-1), graphite (1355 and 1540 cm-1 corresponding to D and G 
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bands) and to trans-polyacetylene peaks (1478 cm-1). Unfortunately, clear 
distinguishing is impossible, however the present data allow us to conclude that 
the chemical composition of materials on the ball to some extent is similar to 
that of the NCD films. In other words, a transfer layer is formed on the ball 
surface. The transfer layer is not continuous as can be seen on the image taken 
by SEM. With regard to the discussion of sudden spikes observed in COF vs 
cycles curves (see sections 3.1.1 and 3.1.2), periodical abrupt delamination of 
the transfer layer on the ball surface probably causes changes in the COF value.   

3.2 Wear behavior of the DLC films 
Me-C:H (metal doped DLC) DLC films were prepared by means of the 

Plasma Enhance Chemical Vapor Deposition (PECVD) method on PLATIT π80 
unit. Prior to the deposition of the DLC, hard films (nanocomposite nACo (nc-
AlTiN/(a-Si3N4)) and single layers of CrN and TiCN) were deposited on top of 
WC-Co substrates.  

The following DLC films were studied: 
- FiVic2® (nACo + DLC) 
- CROMVic2® (CrN + DLC) 
- CVic2® (TiCN + DLC) 
FiVic2®, CROMVic2® and CVic2® are trademarks of Platit AG. 
The thickness of the DLC layer was 1 – 1.5 μm. CROMVic2® samples were 

used to investigate the rippling phenomenon on the DLC against the ZrO2 balls. 
Tests with Al2O3 balls were conducted with FiVic2®, CROMVic2® and CVic2® 
samples. 

 

 
Figure 3.23 Raman spectrum of the DLC film. Reproduced from Supplementary 

material to [Publication IV]. 

Characteristic Raman spectrum of the DLC film is shown in Figure 3.23. 
The laser wavelength of 514.5 nm was used. The broad peak is composed of G 
band corresponding to the well-ordered graphite and centered at approximately 
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1550 cm−1 and D band at 1360 cm−1, corresponding to disordered graphite 
[108]. Peaks at about 3000 cm–1 are attributed to the C–H bands [99].  

 
Ripples on DLC surfaces 
Rippling patterns were found after sliding tests with zirconia balls against 1 

– 1.5 µm thick DLC film (CROMVic2®) deposited to the WC-Co substrate with 
the CrN interlayer. The surface roughness Rq of the DLC film is about 100 nm 
and the nanohardness around 20 GPa. It should be stressed that DLC films are 
amorphous and the roughness of the DLC layer follows the roughness of the 
underlying layer, i.e. WC-Co/CrN. This explains the relatively high roughness 
of the DLC films. 

 
Figure 3.24 COF vs. the number of cycles for DLC film against the ZrO2 ball. 

Reproduced from Supplementary material to [Publication IV]. 

Figure 3.24  shows the frictional behavior of the DLC films against the ZrO2 
ball. After a relatively extended run-in period (30000 cycles) the value of the 
COF in the steady state regime is about 0.1. Interestingly, that such a long run-
in stage is in agreement with the frictional behavior of the NCD films against 
zirconia (see section 3.1.1).  
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Figure 3.25 SEM image of ripples on the DLC wear scar surface after 112000 

cycles at the frequency of 10 Hz. Reproduced from the Supplementary material to 
[Publication IV] 

The SEM image of the wear scar surface (Figure 3.25) shows a ripple 
pattern. The ripple density is about 3.5 ripples/µm, as measured along the line 
scan indicated by the white dashed line. The line scan is approximately 5 µm in 
length. Ripple pattern is much fainter compared to those obtained on NCD 
films. 

 
Wear of the DLC film 
 

 

a b 

Figure 3.26 Averaged line scans of the wear scars on the DLC surface (a) and a 
single line scan after 2400 cycles of sliding against Si3N4 at 2N 2Hz (b). 

Figure 3.26 shows line scans taken on the wear scars after 2400, 4800 and 
9600 cycles of sliding with Ø 3 mm Si3N4 ball in the direction perpendicular to 
the sliding direction.  The normal load was 2 N, sliding frequency 2 Hz. The 
profiles in Figure 3.26a represent the result of averaging of three line scans 
taken across each wear scar. Figure 3.26b represents the result of a single 
measurement of the wear scar after 2400 cycles of sliding. A gradual increase of 
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the wear scar depth due to the increase of the test duration can be seen. Wear 
starts with polishing of the pristine DLC surface. No clear evidence of the 
surface deflection (see section 3.1.3) was observed. 

 
Correlation between the roughness parameters of the pristine DLC film 

and the wear scar surfaces obtained after extended sliding tests 
The main purpose of this study was to understand the extent at which the 

surface roughness of pristine DLC films influences the frictional and wear 
behavior during steady-state regimes of the sliding test. Particular attention was 
paid to the evaluation of correlation between the roughness parameters of the 
clean DLC film surface and those of the wear scar surface.   

 

 
Figure 3.27 COF vs the number of cycles obtained after 4800 cycles for CromVic2 

samples with a 2 N load [Publication IV]. 

Figure 3.27 shows the COF vs the number of cycles curve measured against 
the Al2O3 ball. The run-in period (400 – 600 cycles) is followed by a steady 
stage with the COF value about 0.1. It is important to stress that the run-in 
period is remarkably shorter than that of ZrO2 balls (i.e. about 30000 cycles, see 
Figure 3.24). Similar frictional behavior was found on the NCD film, namely a 
short run-in stage against the Al2O3 balls and a long one against the ZrO2 balls 
(see Figure 3.5 and Figure 3.8 in section 3.1.1). 

In total, six samples with different roughness parameters were used. The 
sliding tests (1 and 2 N, 2 mm, 2 Hz, room humidity, Ø 3 mm Al2O3) were 
conducted by means of a CETR® tribometer. The loads of 1 and 2 N were used 
during the sliding tests, stroke distance was 2 mm and frequency 2 Hz. Tests 
duration was 2400 and 4800 cycles corresponding to steady-state regimes.  

The Spearman nonparametric rank correlation tests (see section 2.4 for 
details) was used to estimate the correlation. 
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Table 3.2 Coefficient of correlation R between Ra and Rz parameters of the initial 
DLC surface and wear scar surfaces observed after 2400 and 4800 cycles.The 
significant correlation is highlighted in bold [Publication IV]. 

Parameters N* R** T*** p-value 
Ra clean DLC & Rz clean DLC 6 0.98561 11.6619 0.000309 
Ra 2400 & Rz 2400 12 0.964918 11.6219 0.000009 
Ra 4800 & Rz 4800 12 0.920671 7.4587 0.000022 
Ra clean DLC & Ra 2400 12 0.460539 1.6407 0.131894 
Rz clean DLC & Ra 2400 12 0.510651 1.8782 0.089795 
Ra 2400 & Ra 4800 12 0.838950 4.875 0.000647 
Rz 2400 & Ra 4800 12 0.814846 4.4452 0.001244 
Rz clean DLC & Rz 2400 12 0.678483 2.9206 0.015284 
Rz clean DLC & Rz 4800 12 0.522998 1.9404 0.081028 
Rz 2400 & Rz 4800 12 0.741259 3.4923 0.005801 

* N – number of observations. 
** R – Spearman coefficient of correlation. 
*** Critical quantity T is explained in the section 2.4. 
 
Table 3.2 shows that the correlation between Ra and Rz is significant (see the 

first three lines in Table 3.2), corresponding to the three kinds of investigated 
surfaces, namely, initial DLC surface and wear scar surfaces created after 2400 
and 4800 cycles of sliding. Among the geometrical parameters, the most 
sensitive ones were Ra and Rz, i.e. the highest correlation coefficient between 
these parameters for different surfaces were found. Clearly, as higher roughness 
means higher difference between the highest peak and the lowest valley, the 
correlation coefficient must be positive.  

Correlation between the geometrical parameters corresponding to a different 
kind of a surface was observed. For instance, there is correlation between Rz 

measured on the wear scar after 2400 cycles and clean DLC surfaces, however 
no correlation was found for Ra. It indicates that  Rz parameter is more sensitive 
than Ra. The conclusion that no correlation was found for Ra parameter can be 
treated as an evidence of strong modification of the pristine DLC surface during 
run-in. However, in spite of that finding, a correlation was found between Ra 
and Rz. 

It is interesting that a stronger correlation was found between roughness 
parameters measured on the wear scars after 2400 and 4800 cycles than between 
those for the pristine DLC surface and the surface after 2400 cycles. These 
results support a conclusion that the alternation of the DLC surface between 
2400 and 4800 cycles is smaller than that between the pristine DLC surface and 
after 2400 cycles. Finally, still there is correlation between Rz measured on the 
pristine DLC surface and after 4800 cycles.      

The existence of such correlations can indicate that wear correlates probably 
with the large asperities distribution and its properties, i.e. parameter Rz. This 
suggestion can be supported by the following reasons. First, the roughness of 
the DLC surface is an important factor in the characterization of wear because 
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asperities on the coating surface are considered as centers where coating failure 
can occur. Second, as it was shown by Wieleba [109] for the case of 
polytetrafluoroethylene (PTFE) composites, the parameter R3z is well correlated 
with the COF and linear wear. Roughness parameter R3z is similar to Rz except 
that less extreme peaks and valleys are included into the evaluation of the 
parameter. 

 
For more details see Publication IV 
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CONCLUSIONS 
Tribological properties of carbon-based films have attracted a considerable 

practical and theoretical interest. Mechanical contact of two bodies leads to 
numerous changes taking place within the bulk of the counterbodies (for 
instance, cracks etc.), on the interfaces between the film and the substrate (for 
instance, delamination of the film etc.) and on the contact surface between the 
counterbodies (for instance, removal of asperities, formation of ripples and 
grooves, ploughing etc.). Wear is a dynamical process and such parameters as 
COF, wear rate, surface roughness and surface morphology may vary 
substantially during run-in, steady state and catastrophic wear. 

 
The conclusions can be formulated as follows: 
 
1. Wear and frictional behavior of the NCD films deposited on a Si 

substrate show clear dependence on the counterbody material. Tests 
with silicon nitride, alumina and zirconia balls used as counterbodies 
have shown that silicon nitride has the shortest run-in period in 
comparison with the other two materials. However, tests with silicon 
nitride balls have shown that sudden spikes of COF occur in steady 
state regime, as well. These spikes are likely to contribute to periodic 
destruction of the carbonaceous transfer layer. The formation of such 
layer on the surface of the Si3N4 ball was confirmed by Raman and 
SEM measurements. Alumina balls exhibit a longer run-in period but 
COF in the steady state regime shows no spikes. Zirconia has the 
longest run-in period which can be attributed to the absence of a 
sufficiently sp2-rich low-friction layer. Because Young’s modulus of 
the zirconia is remarkably lower than that for alumina and silicon 
nitride, the lower contact pressure can be expected reducing formation 
of the carbonaceous layer. The wear rates of 2.1·10-7 mm3/N·m and 
1.4·10-7 mm3/N·m were obtained for NCD films in sliding tests 
against Al2O3 and Si3N4 balls respectively. 

2. Formation of grooves on the wear scar surfaces was observed and 
these peculiarities on the wear scars surface play an important role in 
the formation of ripple patterns. It was found that the roughness Ra of 
the wear scar surface (due to grooves) measured in the direction 
perpendicular to the sliding direction can vary considerably with the 
speed of the sliding and the test duration; the highest roughness was 
found for the tests with the highest sliding speed.  

3. Deflection of the thin NCD film deposited on the Si wafer under a 
relatively low load was observed. This result can be explained by a 
plastic deformation of the Si substrate that occurred on the Si / NCD 
interface. 

4. Rippling as a wear-related phenomenon on NCD and DLC surfaces 
was systematically investigated. Formation of ripple patterns is a 
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dynamical process. Ripple formation is preceded with a short period 
of initial polishing of surface asperities. Tests with Si3N4 balls have 
shown that ripples appear approximately at the middle of diamond 
grains. The shape and size of ripples can be affected by the formation 
of grooves. Ripples may compose a continuous network that may 
further disintegrate into separate ripples. Density and size of ripples 
depend substantially on the load, the sliding speed and the test 
duration. The exact mechanism of ripples formation remains still 
unclear, but several mechanisms were outlined in the present study 
including the influence of periodic NCD film surface deflection and 
surface stress-induced amorphization.  

5. Correlation between geometrical parameters of pristine and worn 
surfaces was observed on DLC films. Namely, correlation between 
parameters Rz measured on clean and worn DLC surface was 
observed. This finding can indicate that probably wear is affected by 
large asperities distributed on the DLC surface. 

 
The scientific novelty and practical importance. 
Formation of ripple patterns was observed on the wear scar surfaces in 

reciprocating sliding tests on NCD and DLC films against ceramic 
counterbodies. A systematic investigation of this phenomenon was carried out 
for the first time. 

In the scope of the current work a deflection of the NCD films deposited on 
the Si substrate was observed under relatively low load. This effect may have a 
substantial influence to the calculation of the NCD wear rates in similar 
tribological tests. 

 
The aforementioned findings may have a substantial importance for the 

better understanding of the frictional and wear behavior of diamond and DLC 
films. The use of NCD and DLC films for production of MEMS and AFM tips 
operating on micro/nano level can be affected by deflection and rippling of 
films, therefore present study is of interest for industrial applications. 
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ABSTRACT 
Morphological changes on diamond and DLC films during sliding 

wear 
Outstanding properties of the diamond and diamond-like carbon (DLC) films 

like high hardness, chemical inertness, wear resistance and low coefficient of 
friction enable a number of industrial applications.  
     The wear and frictional behavior of the diamond and DLC films is affected 
by different factors including counterbody and substrate materials, load, sliding 
speed, and distance. Consequently, wear mechanisms depend on the mentioned 
factors as well, and evolution of surface morphology on the wear scars surface 
during sliding can be attributed to particular wear mechanisms. 

The wear and frictional behavior of the nanocrystalline diamond (NCD) and 
DLC films against different ceramic materials under reciprocating sliding 
conditions was investigated in the thesis. The NCD and DLC films were 
deposited on silicon and WC-Co substrates, correspondingly and characterized 
by Raman spectrometry, AFM, SEM and profilometry. 

The mechanisms of sliding wear of NCD and DLC films were studied and 
the ripple patterns formed during sliding were systematically investigated. For 
the first time the dynamics of morphological changes of NCD films during 
sliding wear was studied. 

Amorphization of the NCD films surface under mechanical loading was 
observed. 

A deflection of an NCD film deposited on a single-crystal silicon substrate 
was observed. The deflection can be explained with the formation of dislocation 
network on the Si/diamond interface due to thermal stresses related to CVD 
process. 

It was found that amorphization and deflection of the NCD films correlate 
with the formation of ripple patterns on the wear scars. The manifestation of the 
ripple patterns depends on the sliding test parameters, namely on the load and 
the sliding distance. 

Morphological changes on the DLC film surface during sliding were studied. 
Correlation was found between Ra and Rz parameters of the pristine and wear 
scars surfaces of the DLC films. The large asperities on the DLC film surface 
may play an important role in the frictional behavior during the steady stage 
regime of sliding. 
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KOKKUVÕTE 
Morfoloogilised muutused teemant- ja teemandilaadsetel pinnetel 

liugkulumisel 
Teemant- ja teemandilaadsete pinnete suurepärased omadused nagu suur 

kõvadus, keemiline inertsus, kulumiskindlus ja madal hõõrdetegur võimaldavad 
nende kasutamist erinevates tööstusrakendustes. 

Teemant- ja teemandilaadsete pinnete kulumine on mõjutatud mitmesuguste 
tegurite poolt, kaasa arvatud vastaskeha ja alusmaterjal, koormus, liikumiskiirus 
ning -distants. Järelikult, ka kulumismehhanismid sõltuvad ülalnimetatud 
faktoritest ja kulumisjälje pinna morfoloogia muutus liuge käigus on erinevatele 
kulumismehhanismidele erinev. 

Doktoritöös on uuritud nanokristalse teemantpinde (nanocrystalline 
diamond, NCD) ja teemandilaadse süsinikpinde (diamond-like carbon, DLC) 
kulumis- ja hõõrdumiskäitumist paaris erinevate keraamikamaterjalidega. 
Pinded olid sadestatud räni ja WC-Co kõvasulami alustele. Pinnete 
karakteriseerimiseks kasutati Raman spektroskoopiat, AFM, SEM ja 
profilomeetriat. 

Uuriti teemantpinde ja teemandilaadse süsinikpinde kulumise mehhanisme. 
Esmakordselt uuriti süstemaatiliselt pinde pinna morfoloogiliste muutuste 
dünaamikat – säbarlainetusmustrite teket NCD ja DLC pinnetel liuge käigus.   

NCD pinnete korral täheldati mehaanilise koormuse all struktuuri 
amorfisatsiooni. Lisaks selgitati välja, et NCD pinnete läbipaine liuge käigus on 
suure tõenäosusega seotud NCD pinnete sadestumisprotsessiga. 

Täheldati monokristalse räni alusele sadestatud NCD pinde läbipaine. Seda 
saab seletada dislokatsioonide võrgu moodustumisega sadestumise ajal 
Si/teemant piiril termopingete tõttu. 

Leiti, et NCD pinnete amorfisatsioon ja läbipaine korreleeruvad 
säbarlainetusmustrite kujunemisega kulumisjälgedes. Säbarlainetusmustrite 
ilming sõltub eelkõige kulumise parameetritest, nimelt koormusest ja distantsist. 

DLC pinnnete morfoloogilised muutused liuge käigus on seotud eelkõige 
pinde algkaredusega. Ilmnes korrelatsioon pinde pinna algkareduse ja 
kulumisjälgede pinnakareduse parameetrite Ra ja  Rz vahel. DLC suured 
pinnakonarused võivad mängida olulist rolli hõõrdekäitumisel liugpüsikulumise 
režiimis. 
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Publication II. Bogatov, A., Podgursky, V., Raadik, A. T., Kamjula, A. R., 
Hantschel, T., Tsigkourakos, M., Kulu, P. Investigation of 
morphology changes on nanocrystalline diamond film surfaces 
during reciprocating sliding agaist Si3N4 balls. Key Engineering 
Materials 2014, Vol. 604, 126-129  
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Publication III. Bogatov, A, Viljus, M., Raadik, T., Hantschel, T., Podgursky, V. 
Nanocrystalline diamond films deformation observed during sliding 
tests against Si3N4 balls. Accepted for publication in Materials 
Science (Medžiagotyra) 
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