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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.



- 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)



ABBREVIATIONS

a-C — Amorphous Carbon

a-C:H — Amorphous Hydrogenated Carbon

ACCVD - Alcohol Cathalytic Chemical Vapor Deposition
AFM — Atomic Force Microscope

BSE — Backscattered Electrons

CF — Carbon Fibers

CNF — Carbon Nanofibers

CNT - Carbon Nanotubes

COF — Coefticient Of Friction

CVD — Chemical Vapor Deposition

DLC — Diamond-Like Carbon

DoSi — Diamond on Silicon

FCC — Face Centered Cubic

HFCVD — Hot Filament Chemical Vapor Deposition
HPHT — High Pressure High Temperature

MCD — Microcrystalline Diamond

Me-C:H — Metal-doped Hydrogenated Carbon

MEMS — Microelectromechanical Systems

MWCNT — Multi-Walled Carbon Nanotubes
MWPCVD — Microwave Plasma Chemical Vapour Deposition
NCD - Nanocrystalline Diamond

PAN — Polyacrylonitrile

PCD - Polycrystalline Diamond

PECVD — Plasma Enchased Chemical Vapor Deposition
PLD — Pulsed Laser Deposition

PTFE — Polytetrafluoroethylene

RMS — Root Mean Squared

SCD - Single-Crystalline Diamond

SE — Secondary Electrons

SEM — Scanning Electron Microscopy

SWCNT - Single-Walled Carbon Nanotubes

t-PA — Trans-Polyacetylene

ta-C — Tetrahedral Amorphous Carbon

ta-C:H — Tetrahedral Amorphous Hydrogenated Carbon
TEM — Transmission Electron Microscopy

UHMWPE — Ultra-High Molecular Weight Polyethilene
UNCD - Ultrananocrystalline Diamond



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 6™ 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 1 = 0, corresponding s-shell) with
2 electrons, and 2 unpaired electrons occupy the p-orbital (I = 1 corresponding
p-shell).

1sz 2sz2pea
RIREENIENL
. , Ground state
Excitation lse Ps 2ps
RIRLIEN N
L xcited state
Relaxation | N
1se 2sp 2pe 1se: 2spe 2 lsz 2sps
RN L R R
hybridized unhybridized hybridized yboridized hybridized
orbitals orbitaols orbitals orbital orbitals

sp hybridization spe hybridization spz hybridization

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, sp> or
sp’) hybridizations. In the sp hybridization state there are 2 hybridized sp-
electrons and 2 non-hybridized p-electrons in the valence shell. In the sp’
hybridization state the valence shell has 3 sp electrons and 1 non-hybridized p-
electron and there are 4 sp-electrons in the sp* hybridization state.

Carbon allotropes can be classified based on their hybridization state: sp, sp
or sp°.
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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 a-
carbyne, or double bonds =C=C=C=C= for B-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.

Sp? form of carbon

A number of sp® carbon allotropes exist. The basic structural element of sp?
form of carbon is graphene, i.e., a sheet of carbon atoms arranged in a two-
dimensional hexagonal crystal lattice. Carbon sp* allotropes are formed by
stacking graphene sheets (graphite, glassy carbon, efc.) 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 20" century. The discovery by Kroto
etal. [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 cm?/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].
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Table 1.2 Crystalline sp? carbon materials formed by stacking graphene sheets.

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

Density g/lem® | 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 14-18
(normal to (001) plane)

Hardness GPa 2-3

Thermal conductivity | W/m-K | 140 — 500 (in (001) plane), 3

(300 K) — 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 ef 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 Cg 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/cm® [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 10° A/cm® 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 pum. 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 sp’ 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, Tensile strength, | Young’s

g/em? GPa modulus,

GPa

SWCNT 1.3-14 50.0 — 500.0 900 - 1700
MWCNT 1.8-2.6 6.2 -63.0 270 — 1870
CF 1.6-2.2 1.4-55 159 — 965
CNF 2.0 29-4.0 240 -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, efc. 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 pm [36, 37].

Finally, different amorphous forms of carbon with mainly sp® 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.

Sp? form of carbon

The name of the well-known gemstone diamond is derived from the ancient
Greek adduag (addamas), "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 Ila 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

laA | Aggregated N pairs

laB N aggregates + vacancies

Ib Isolated N atoms

Ila No impurities (only lattice defects)
1Ib 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 Il diamond at room temperature [40,

41, 42].
Property Unit Value Application
Density g/em® | 3.52
Knoop hardness, {110} | GPa 113 Tools, surgery blades
plane, direction [001]
Young’s modulus, | GPa 1053
direction [100]
Bulk modulus GPa 442
Shear modulus, | GPa 574
direction [100]
Anisotropic ratio 1.21
Poisson ratio 0.1
Band gap eV 5.4 High-temperature
electronics
Carrier mobility cm?/V- | 1600 h Radiation-hard detectors
s 2200 e Optoelectronic switches
Resistivity Q-cm 108 - 10" Optical (electron)
switches
Thermal conductivity at | W/m-K | 2600 — 3200 | Heat spreaders, windows
20 °C for power lasers,
computer chips
Dielectric constant 5.7
Loss tangent at 170 0.3-10° Windows for gyrotrons,
GHz klystrons
Optical  transmission | nm 220 — 2500, | Optics for lasers (mostly
range > 6000 IR)
Debay temperature K 1200 Stable NV~ color centers,
quantum computers
Acoustic wave velocity | km/s 18.4 along | Surface acoustic wave
direction devices
[111]
Thermal expansion | 10°K™" | 0.8 Stable-dimension
coefficient components, computer
chips
Corrosion resistance Electrochemistry (doped
diamond)
Low or  negative Field electron emitters
electron affinity
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 (Ci;, Ci» and Ci4) 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
(sp® core and sp® 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 sp® form of carbon in
the case of monocrystalline diamond films and a mixture of sp” and sp’ 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 | Equiaxed

and non-diamond | diamond
Grain size 0.5-10 um 50 — 100 nm 2-5nm
Surface 0.4—1pum 50 — 100 nm 20 — 40 nm
roughness
Electronic sp’ sp> + up to 50 % | sp® +2—5 % sp
bonding sp*

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 °C). 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, Hardness, | sp’ H content, | Band gap,

g/cm’ GPa content, % eV

%

Me-C:H 20 35 10-20
(Ti, W)
a-C, 1.9-2.0 2-5 1 - 0.4-0.7
evap
a-C, 1.9-24 11-15 2-5 - 0.4-0.7
sputt.
a-C:H, 1.6-2.2 10 -25 30-60 10 -40 0.8-1.7
hard
a-C:H, 09-1.6 <5 50-80 40 - 65 1.6-4
soft
ta-C 3.0 55 -65 ~100 <1

Unlike diamond films, diamond-like carbon (DLC) films have amorphous
structure. DLC is a mixture of sp’ and sp® 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 sp® (diamond or
tetrahedral, ta-C) and sp® (graphitic, a-C) phases. Depending on the carbon
source (methane, acetylene, ethylene, efc.), 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 (C,Hm) 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.

Reactants
H,, CH4

Activation

e, heat

H, »2H"

CH, +H —CH; +H,

Figure 1.2 Precursor gases H> and CHy are flushed into the chamber. Due to
plasma activation H" and CH ; species are formed.

Gap between Cs rings

Figure 1.3 Diamond (100) surface passivated with H atoms (denoted by blue balls).
Examples of Cs rings are indicated with green and those of Cs rings — with yellow.
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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 (Cs) divided by gaps.
Two mechanisms are needed for crystal growth: addition of a carbon atom into
Cs ring to form a Cg 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.

1.C,+H < C; +H,
H" ion recombines with a hydrogen atom on the
surface leaving a radical site

2.C; +CH; — C, —CH,
CH3; radical attaches to the surface. The structure
Cs—CHj3 is formed

3.C,—~CH,+H —C,-CH, +H,
One H atom is removed from CHj; radical

4.C,-CH, < C; +CH,
Rearranging of C-C bonds with formation of
double bond (B-scission)

5.C;+CH, & C,-H
Formation of Cs ring

6.C,-H+H —»C,-H
Passivation of C¢ ring with H
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Table 1.8 (continued)

7.C,-H+H < C, +H,
Formation of a radical site on a Cs ring.
Before this reaction, a second Cs ring (green) was

formed behind the first one by the same sequence 1
—6.

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

7.C,—H+H < C, +H,

8.C,+C,~H+H —»C,-C,+H,

As the result addition of the next layer of carbon
atoms occurs, the structure consisting from parallel
rows of Cs 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 % of the main
diagonal. All carbon atoms in diamond are in the sp® 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 Ila 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]:

0, =Ciéy (1.1)
&5 =Su0u » (1.2)
where

o and ¢ — second-rank stress and strain tensors

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

ik 1=1,2,3
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Due to symmetry of C and S tensors in the first two and last two indexes

(e.g. sijm = sy and s;m = sjry) 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:
Sijki=Smn Whenm andn are 1, 2,3

2sijxt = Smn When either m or nis 4, 5 or 6

4siiki= Smn When both m and n is 4, 5 or 6

Therefore Hooke's Law can be rewritten:

o, =Cj¢; (1.3)
& =580, , (1.4)

wherei, 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 (Cii, Ci2 and Cas, or Sii, Si2 and Si) and the
matrixes Cj; and Sj; are as follows:

C, C, C, 0 0 0
C, C, C, 0O 0 0
c, C, C, 0 0 0
=9 0 0 c, o o0 (1.5)
44
O 0 0 0 C, 0
0 0 0 0 Cy
S, S, S, 0 0 0
S, S, S, 0 0 0
S-- — S12 S12 Sl] 0 0 (16)
ilo 0 0 S, 0 0
O 0 0 0 S, 0
O 0 0 0 0 S,

Material constants for cubic crystals can be found from the following

relations. Young’s modulus £ in the arbitrary directions 4, k, I
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1 S

E =8 = 2(8,, =8, - ;4 W@ P, + 0,05 + 0 p3) (1.7)
hkl

@1 = cosay, ¢ 2 = cosap and @3 = cosaz — direction cosines (Figure 1.4)

z

03

[oY=
al

X

Figure 1.4 Coordinate axes and direction angles.

Shear modulus G in the arbitrary directions 4, &, [:

1 S (1.8)
—— =8, — 4S8, =S, =)@l 0; + 0, 0] + 9l 93)
G 2
Bulk modulus B:
B= G, +2C, (1.9)
3
Poisson ratio v:
Vv G,
270 4 C (1.10)
11 12 °

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

G:3C44+§11_C12 (1.11)
_ 9BG
3B+G (1.12)
I E
T2 3B (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
Cn 1076.4 1060.0
Co 125.2 180.0
Cis - 15.0
Cs3 - 36.5
Cy 574.4 4.0

1.3.2 Waear 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, efc.) 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 sp> 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 sp® 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.

Diamond workpiece Blockloyer‘
a)
= mf“’m}:
‘77 \7‘7,’7()77
Z ZFlo‘t ‘toppeol diamond grits \—Scance
Diamond fragments
b) '

3 "o i 4
AccVY Spot Magn et WD Exp 500 nm
20.0 kV 3.0 7085 SE 67 1
b

T AR

A

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 Y4, Va,
Ya. In the case of diamond such zigzag chain, for instance, interconnects atoms
in positions (0, 0, 0), (Y4, Y4, Y4), (2, Y4, 0), ... . The direction of such a path is
indicated by a PBC vector (Figure 1.6)
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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 * Pyearess (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 (< 25°). For
easy polishing the product C > 0.7, i.e. the angle is relatively large (> 45°). 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 sp® to sp> 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 er 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 | COF Wear rate, | Contact mechanisms

R,, pm mm?*/Nm

0.1-1 0.1-0.7 10" —10* | asperity interlocking, breaking and
ploughing

0.01 -0.1 0.001 -0.1 | 10* - 107 sp® — sp® transformation at high
local pressure and temperatures
followed by shear within graphitic
basal planes

0.001 —0.01 | 0.03—0.15 | 10* —5-10° | 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 sp*/sp” 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 TisAuV. 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
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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 CHs — H) or C;H; is heated up to the plasma
activation temperature followed by formation of radicals (CHs3) 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 °C. 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 cm? but the
deposition rate is not higher than 1 pm/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.

He, CHa

| —Filament
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Figure 2.1 HFCVD schematics [97].

The NCD films used in the current study were deposited in a sp® 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.

H., CH.
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Figure 2.2 Schematics of the PECVD process implemented in a Platit #80 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 =n80. DLC film was grown by the dissociation of acetylene (C;H) 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 cm?” with the rate of 20 um/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™.

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 -2mm

Normal force 1-4N

Frequency 2,5,8, 10 Hz
Duration 1800 — 108000 cycles
Balls material SizN4, AL,O3, ZrO;

The balls of @ 3 mm (surface roughness R, = 0.012 um) (REDHILL, Czech
Republic) were used as counterbodies.
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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® (Géttingen,
Germany). Profile vertical resolution provided by the profilometer is 0.07 nm,
lateral 0.5 um.

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-KO optical 3D microscope. Vertical resolution of the device is 0.01
nm and lateral resolution 0.38 pum.

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 pm?” 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 R, and R, were used to characterize the surface roughness, because
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some authors argue importance of both parameters. Parameter R. 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. 1
Average absolute deviation of the R, :_Z|yi|
. o n‘s
roughness irregularities from the
mean line over the sampling length.

Rq Root mean squared. 1
Standard ~ deviation  of the | R = —z
distribution of surface heights. nia

vl

R, Ten points height. 1<
Average distance between the 5 R, :;an
highest peaks and the 5 lowest =l
valleys over the sampling length

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:

6 & ,
=1- - —q.
r, n3_n;(n q;) o1

where 7; and ¢; mean the ranks of the corresponding variables x; and y;. The
number 7 is the sample size. Variables must be ranked before applying that
formula.
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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 H;) must be carefully tested and compared with null
hypothesis, i.e. no correlation exists (hypothesis Ho). For the sample size n > 10,
the critical quantity

T=r—— (2.2)

If Hy is valid, then 7, possesses a special distribution and, correspondingly,
the distribution of quantity 7' is asymptotically the Student’s distribution. The
critical value of ¢. is the quintile ¢, 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 Hy is
accepted if | T | < t., otherwise Hy 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, ZrO, and
Al,Oj3 ceramics) on the morphology of the wear scar surface. In sections 3.2 and
3.3 only Si3Ny 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 Al,Os3 the frictional behavior was quite similar, however tests with
ZrO; 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/H> 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 um. The tribological tests
were conducted using @ 3 mm Si3Ni, AlLO3, and ZrO, 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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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™ correspond to the Si substrate, the peak at 1332 cm™
relates to diamond and the peaks at 1134 and 1478 cm' relate to the presence of
trans-polyacetylene (t-PA) at the grain boundaries [98]. The peaks at 1355 and
1540 cm™! correspond to the D and G bands [99]

Ripple patterns on the NCD films formed after sliding with Si:Ny 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.
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Figure 3.2 Coefficient of friction in sliding test with SisNy ball against the NCD film
[Publication IJ.

However, the periodic spikes in the COF value were observed during steady-
stage sliding. Similar behavior of COF in the SizN4/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 sp* -rich layer [100]
as well.

4
‘Grooves

Sliding
direction

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 SizNy 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/um for 3000 and 9000 cycles to about
4 ripples/pm after 36000 cycles. In addition the ripple patterns manifestation is
more clear after 36000 cycles than 3000 and 9000 cycles.
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Figure 3.4 AFM image of the wear scar after 36000 cycles of sliding against Si;N4
ball (a). The place of the line scan (b) marked with a white line on the image (a)
[Publication IJ.

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 Al;Os balls
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Figure 3.5 Coefficient of friction in the sliding tests with Al,O3 ball against the NCD
film [Publication IJ.

There is a slight difference between the frictional behavior of NCD films
against SisN4 and Al,Os balls. The run-in period is longer in the case of tests
with ALLO; 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 Al1,O3 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 SizNy balls tests after 9000 and 36000 cycles of sliding. Ripples density
was about 6 ripples/um after 9000 cycles and 3 ripples/um after 36000 cycles.
In contrast, ripple patterns were much fainter compared to patterns obtained in
the tests with Si3Ny balls.

A systematic investigation of wear rate dynamics on the NCD films in
sliding tests with Al,Os balls was carried out.
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Figure 3.7 Wear rate vs cycles in NCD/Al>Os 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° mm’/N-m, whereas for the last one to 2.1:107
mm?®/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 Si;N4 balls rubbed against NCD in air
[4]. COF values obtained in these tests were quite similar to those described
above for Al,Os balls.

Ripple patterns on NCD films formed after sliding with ZrO; balls
The frictional behavior of NCD films against ZrO, remarkably differs from
that with SisN4 and Al,O3 balls.
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Figure 3.8 Coefficient of friction in sliding tests with ZrO, ball against NCD film
[Publication IJ.
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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 ZrO; 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 ZrO;
[Publication I].

The SEM images in Figure 3.9a — ¢ 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 ZrO; is
about 1.5 times lower than that of Al,Os; and SisN4, therefore the contact
pressure is lower in the case of ZrO,. 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 SizN4 and Al>Os (see Publication I) has shown a clear decrease in
the peak intensity ratios between the diamond peak and peaks corresponding to
spz(D, G) and t-PA at 1.478 cm™ observed on the wear scar surfaces, i.e., a
stress-induced transition from sp’ to sp” bonding takes place on the diamond
surface. In the case of SisN4 the minimal ratio is reached after 3000 cycles and
in the case of Al,O3 and ZrO» after 9000 cycles. The alteration of the ratio value
between the intensities of diamond and sp*(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 (SizNg
and Al,Os), whereas differences for softer ZrO, balls are less pronounced.
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Figure 3.10 Sp’/sp’(G), sp’/sp*(D) and sp*/t-PA peak intensity ratios for clean NCD
surface and after 3000, 9000 and 36000 cycles of sliding respectively [Publication I].



The ripples are formed in the surface regions enriched with amorphous
carbon material. In the case of sliding against SizN4s and Al,O; the first
observations of ripple patterns coincide with minimal values of sp*/sp*(D, G). A
gradual smoothening of the NCD pristine surface was observed in the case of
ZrO,, with a minor decrease in the diamond/sp*(D, G) intensity ratios as
compared with SizN4 and Al,Os, 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 |

Wear rate of the ZrO; ball

The SEM images taken on the ZrO, ball after 54000 cycles of sliding are
shown in Figure 3.11. The diameter of the worn area is about 400 um that gives
the wear rate of the ball equal to 4-10° mm’/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 ZrO, balls.

Figure 3.11 SEM image of the worn ZrO; ball after 54000 cycles of sliding at 5 Hz
at different magnification. The scale bar length is 20 um (a) and 10 um (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 ¥3 mm Si3Njy 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/Si3Ny tribopair. In the steady-state stage COF stabilizes at the values of
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0.08 — 0.12. Periodic COF spikes were observed, which are similar to those
mentioned in the previous section.

COF

D,U T T T T T T T T T T
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Figure 3.12 COF versus cycles curves at 2, 5 and 10 Hz, load 2 and 3 N, for
different sliding distances [Publication I1].
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Figure 3.13 AFM images (20x20 um?) 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 um’ 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.

5

a
Q 2
I a L5
uw . W
- w b7 R
-
Q =}
-
i g 0
“
n w
™ H ™
o o
3 p 3 R
By gEWN el
i w S :
=1 I N
a Q 2
o -] o
& 0, o
o Q
w
o
=]

0 05 10 15

\
o
0 05 10 1,5 20 25 30 35 40 4550
um

25 30 35 40 45 50
15

pm
20
10
nm

0 05 10 15

0 05 1,0 1,5 20 25 30 35 40 4550
pm

Figure 3.14 AFM images (5x5 um?2) 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 um 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 R, (arithmetic average roughness), R, (root-
mean-square roughness), R. (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 R, R, R. and D, derived from scans No. I — 5.

Line scan No. Ri,nm | Riynm | R,nm | D, pcs
No. 1 (20x20 um?) | 4.6 5.8 19.6 9.4
No. 2 (20x20 um?) | 6.2 7.9 24.8 7.5
No. 3 (5x5 pm?) 1.7 2.0 8.4 38.0
No. 3* (5x5 um?) 1.2 1.5 6.4 29.0
No. 4 (5x5 um?) 2.3 2.7 10.4 17.8
No. 5 (5x5 pm?) 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 R,, R, and R: 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 11

3.1.3 Deformation of the NCD films during sliding tests

A NCD film with a thickness of 0.8 um was grown on a 100-mm diameter
(100)-oriented 500 pm thick Si wafer by hot-filament chemical vapour
deposition (HFCVD) under balanced conditions using an sp’® Diamond
Technologies, Inc. 655 reactor in a 2.4 % CHa/H, 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
mm? in size along cleavage directions. The average roughness R, value of the
as-deposited film was 0.019 pm.

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™.

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

It can be seen that already after 1800 cycles the border of the wear scar bed
is about 0.05 pm 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
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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 I11].

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 um 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 R, 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 R, = 0.019 nm for the pristine film to R, =
0.003 — 0.004 nm after 1800 cycles of sliding, the R, value increases, however a
dependence on sliding speed can be observed. The highest value of R, equal to
0.019 nm was found after 18000 cycles with 8 Hz, R, equal to 0.015 nm was
found after 36000 cycles with 5 Hz and R, 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 111
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Surface of the Si;Ny balls after sliding tests against the NCD film
The tests were conducted using the SizNy balls rubbed against the NCD-

coated samples, described at the beginning of section 3.1.

d
a b

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

The images taken by optical microscopy and SEM on the Si3Ny ball are
shown in Figure 3.21. The diameter of the worn area is about 140 um and the
corresponding wear volume (the volume of the spherical segment) of SizNj is
1.2-:10° mm?® that gives the wear rate of 5-10"®° mm*/N-m. This is about 3 times
lower than the wear rate of the NCD film (1.4:107 mm*/N-m). However, such
result can be explained if a possible film deflection is taken into account.
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Figure 3.22 Raman spectra taken on the wear scar surface of the NCD film and on
the worn surface of the Si3sNy 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™), graphite (1355 and 1540 cm™ corresponding to D and G
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bands) and to trans-polyacetylene peaks (1478 cm™). 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 =80
unit. Prior to the deposition of the DLC, hard films (nanocomposite nACo (nc-
AITiN/(a-Si3N4)) and single layers of CrN and TiCN) were deposited on top of
WC-Co substrates.

The following DLC films were studied:

- FiVic*® (nACo + DLC)

- CROMVic*® (CrN + DLC)

- CVic*® (TiCN + DLC)

FiVic®®, CROMVic®® and CVic*® are trademarks of Platit AG.

The thickness of the DLC layer was 1 — 1.5 pm. CROMVic*® samples were
used to investigate the rippling phenomenon on the DLC against the ZrO» balls.
Tests with Al,Os balls were conducted with FiVic*®, CROMVic*® and CVic*®
samples.
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|
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T T T T
1000 2000 3000 <03
Raman Shift (cm-1)

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™! and D band at 1360 cm™', corresponding to disordered graphite
[108]. Peaks at about 3000 cm ' 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 pm thick DLC film (CROMVic*®) deposited to the WC-Co substrate with
the CrN interlayer. The surface roughness R, 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.
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Figure 3.24 COF vs. the number of cycles for DLC film against the ZrO, ball.
Reproduced from Supplementary material to [Publication IV].

Figure 3.24 shows the frictional behavior of the DLC films against the ZrO,
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/um, as measured along the line
scan indicated by the white dashed line. The line scan is approximately 5 pm in
length. Ripple pattern is much fainter compared to those obtained on NCD
films.
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2 ——2400 cycles 20+
——4800 cycles
—— 9600 cycles

|

i i
s “
([ M A”(‘r

I

X _JUU“ L \MM \\‘M Lb‘%\“\

LJ b /s'“’[‘v«l\“\/‘wm‘f\‘ !

Worn part

T T T T T
T T T T T
0 100 200 300 400 500 0 100 200 300 400 500

um um

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 Si;Ny at 2N 2Hz (b).

Figure 3.26 shows line scans taken on the wear scars after 2400, 4800 and
9600 cycles of sliding with @ 3 mm Si3Ny 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.
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Figure 3.27 COF vs the number of cycles obtained after 4800 cycles for CromVic’
samples with a 2 N load [Publication IV].

Figure 3.27 shows the COF vs the number of cycles curve measured against
the Al,Os 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 ZrO, 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 Al,O3 balls and a long one against the ZrO, 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, @ 3 mm ALO;) 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 R, and R. parameters of the initial
DLC surface and wear scar surfaces observed after 2400 and 4800 cycles.The
significant correlation is highlighted in bold [Publication 1V].

Parameters N* | R** T*** p-value

Riclean DLC & R:clean DLC | 6 0.98561 11.6619 0.000309
R, 2400 & R- 2400 12 | 0.964918 | 11.6219 0.000009
R, 4800 & R- 4800 12 | 0.920671 | 7.4587 0.000022
R, clean DLC & R, 2400 121 0.460539 | 1.6407 0.131894
R: clean DLC & R, 2400 12 | 0.510651 | 1.8782 0.089795
R, 2400 & R, 4800 12 | 0.838950 | 4.875 0.000647
R- 2400 & R, 4800 12 | 0.814846 | 4.4452 0.001244
R clean DLC & R- 2400 12 ] 0.678483 | 2.9206 0.015284
R: clean DLC & R 4800 12 ] 0.522998 | 1.9404 0.081028
R- 2400 & R- 4800 12 | 0.741259 | 3.4923 0.005801

* N —number of observations.
** R — Spearman coefficient of correlation.
**% Critical quantity 7 is explained in the section 2.4.

Table 3.2 shows that the correlation between R, and R: 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 R, and R, 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 R,
measured on the wear scar after 2400 cycles and clean DLC surfaces, however
no correlation was found for R,. It indicates that R. parameter is more sensitive
than R,. The conclusion that no correlation was found for R, 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 R,
and R..

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 R. 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 R.. 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 R;. is well correlated
with the COF and linear wear. Roughness parameter R;. is similar to R. 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 efc.), 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 efc.). 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:

L.

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 SizN4 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 sp’-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 2.1-107 mm?/N-m and
1.4-107 mm*/N'-m were obtained for NCD films in sliding tests
against Al,Os3 and Si3N, balls respectively.

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 R, 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.

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.

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 SisN4 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 R, 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 R, and R. 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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KOKKUVOTE

Morfoloogilised muutused teemant- ja teemandilaadsetel pinnetel
liugkulumisel

Teemant- ja teemandilaadsete pinnete suurepdrased omadused nagu suur
kdvadus, keemiline inertsus, kulumiskindlus ja madal hodrdetegur véimaldavad
nende kasutamist erinevates to0stusrakendustes.

Teemant- ja teemandilaadsete pinnete kulumine on md&jutatud mitmesuguste
tegurite poolt, kaasa arvatud vastaskeha ja alusmaterjal, koormus, liikkumiskiirus
ning -distants. Jdrelikult, ka kulumismehhanismid soltuvad iilalnimetatud
faktoritest ja kulumisjdlje pinna morfoloogia muutus liuge kdigus on erinevatele
kulumismehhanismidele erinev.

Doktorito6s on uuritud nanokristalse teemantpinde (ranocrystalline
diamond, NCD) ja teemandilaadse siisinikpinde (diamond-like carbon, DLC)
kulumis- ja hodrdumiskéitumist paaris erinevate keraamikamaterjalidega.
Pinded olid sadestatud rdni ja WC-Co kovasulami alustele. Pinnete
karakteriseerimiseks kasutati Raman spektroskoopiat, AFM, SEM ja
profilomeetriat.

Uuriti teemantpinde ja teemandilaadse siisinikpinde kulumise mehhanisme.
Esmakordselt uuriti siistemaatiliselt pinde pinna morfoloogiliste muutuste
diinaamikat — sébarlainetusmustrite teket NCD ja DLC pinnetel liuge kéigus.

NCD pinnete korral tdheldati mehaanilise koormuse all struktuuri
amorfisatsiooni. Lisaks selgitati vilja, et NCD pinnete lébipaine liuge kdigus on
suure toendosusega seotud NCD pinnete sadestumisprotsessiga.

Taheldati monokristalse rini alusele sadestatud NCD pinde ldbipaine. Seda
saab seletada dislokatsioonide vOrgu moodustumisega sadestumise ajal
Si/teemant piiril termopingete tottu.

Leiti, et NCD pinnete amorfisatsioon ja ldbipaine korreleeruvad
sdbarlainetusmustrite kujunemisega kulumisjdlgedes. Sébarlainetusmustrite
ilming soltub eelkdige kulumise parameetritest, nimelt koormusest ja distantsist.

DLC pinnnete morfoloogilised muutused liuge kdigus on seotud eelkdige
pinde algkaredusega. Ilmnes korrelatsioon pinde pinna algkareduse ja
kulumisjélgede pinnakareduse parameetrite R, ja R. vahel. DLC suured
pinnakonarused vdivad méngida olulist rolli hddrdekéitumisel liugpiisikulumise
reziimis.
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Abstract The formation of nanoscopic ripple patterns on
top of material surfaces has been reported for different
materials and processes, such as sliding against polymers,
high-force scanning in atomic force microscopy (AFM),
and surface treatment by ion beam sputtering. In this work,
we show that such periodic ripples can also be obtained in
prolonged reciprocating sliding against nanocrystalline
diamond (NCD) films. NCD films with a thickness of
0.8 um were grown on top of silicon wafer substrates by
hot-filament chemical vapor deposition using a mixture of
methane and hydrogen. The chemical structure, surface
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morphology, and surface wear were characterized by
Raman spectroscopy, scanning electron microscopy
(SEM), and AFM. The tribological properties of the NCD
films were evaluated by reciprocating sliding tests against
Al,O3, Si3Ny, and ZrO, counter balls. Independent of the
counter body material, clear ripple patterns with typical
heights of about 30 nm induced during the sliding test are
observed by means of AFM and SEM on the NCD wear
scar surfaces. Although the underlying mechanisms of
ripple formation are not yet fully understood, these surface
corrugations could be attributed to the different wear
phenomena, including a stress-induced micro-fracture and
plastic deformation, a surface smoothening, and a surface
rehybridization from diamond bonding to an sp* configu-
ration. The similarity between ripples observed in the
present study and ripples reported after repeated AFM tip
scanning indicates that ripple formation is a rather uni-
versal phenomenon occurring in moving tribological con-
tacts of different materials.

Keywords Nanocrystalline diamond films - Friction -
Wear - Sliding - Ripples

1 Introduction

Chemical inertness, low wear rate under high load, and
generally low coefficient of friction (COF) make nano-
crystalline diamond (NCD) an important engineering
material for tribological applications, such as protective
tool coatings [1], microelectromechanical systems
(MEMS) [2], and scanning spreading resistance micros-
copy (SSRM) tips [3]. The NCD films are generally grown
in hydrogen-rich (>90 %) and carbon-lean (<6 %) CVD
growth environments and have diamond grain sizes up to
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about 100-200 nm depending on the primary nucleation of
diamond particles. Generally, NCD contains very low-to-
moderate amounts of sp>-bonded carbon trapped at defects
or grain boundaries, but NCD grown with high methane
concentration may contain as much as 50 % non-diamond
carbon [4].

In the past, much research attention was focused on the
understanding of friction and wear mechanisms on dia-
mond films [5-18]. The tribological properties of CVD
diamond films depend on intrinsic factors (the ratio of sp*/
sp? hybridization of carbon bonds, hydrogen and impurities
concentration, surface roughness, etc.) and extrinsic factors
(test conditions and counter material). The polishing of
diamond was intensively investigated experimentally and
theoretically [5, 12—-18]. The anisotropy of the mechanical
properties of single-crystal diamond gives rise to diamond
surface failure. The diamond polishing involves two- and
three-body wear processes, and it proceeds differently
along the ‘hard’ and ‘soft’ directions [14—-18]. Along the
‘hard’ direction, micro-fracture is the predominant wear
mechanism [14-16]. Scanning tunneling microscopy
(STM) images of diamond surfaces polished in the ‘hard’
directions showed nanoscale ‘hill and valley’-type struc-
tures [18]. On the other hand, it appears that a structural
transformation is responsible for material removal for the
‘soft” direction polishing, since abrasive wear can be ruled
out [14]. It was suggested that via the large shear stress
present at the diamond—counterbody interface, it becomes
energetically more favorable for the diamond bonding to
rehybridize to an sp” configuration [15, 16]. Crystallo-
graphic anisotropy of wear was found on polycrystalline
diamond surfaces as well [13]. The structure of polycrys-
talline diamond films plays an important role during the
run-in period in sliding wear tests; namely, surface asper-
ities interlock with counterbody surface asperities, result-
ing in material fracture followed by a micro-plowing and
self-polishing wear mechanisms on the diamond film sur-
faces [6, 11, 19]. The elimination of the spz—enriched
amorphous layer from the contact zone occurs due to
mechanical removal or etching of by ambient oxygen [5,
20]. In conclusion, wear is a load- and velocity-dependent
process [5, 14]; the frictional behavior of diamond films
depends on surface morphology [6, 8, 11], diamond grains
orientation [12, 13], formation of an amorphous carbona-
ceous lubricating layer due to stress-induced mechano-
chemical amorphization [5, 7, 8, 10, 11, 14], and
passivation of dangling carbon bonds produced during
sliding by species from ambient environment [11, 21-23].

The formation of periodic surface ripples on composi-
tionally diverse materials was reported in the literature for
different surface processing methods. The ripple formation
on ultra-high molecular weight polyethylene (UHMWPE)
surfaces during cyclic loading in a sliding test against

@ Springer

TicAl4V was explained by the stress-induced preferential
orientation of the crystalline lamellae in the UHMWPE and
a micro-fatigue wear mode [24]. Nanoscopic ripple pat-
terns were found after repeated scratching by an atomic
force microscopy (AFM) tip on different materials,
including polymers [25], ionic crystals and metals [26], and
semiconductors [27]. It was suggested by Filippov et al.
[28] that surface corrugations and frictional stress produced
by the AFM tip play a decisive role in the formation of
such a ripple morphology. Nanometric rippled surface
patterns can also be produced via erosion by ion beam
sputtering at off-normal incidence of targets, including
semiconductors, metals, and single-crystal diamond [29-
32].

Our paper reports ripple patterns on wear scar surfaces
of NCD films formed under reciprocating sliding test
conditions. Although ripple patterns were found among
other morphological features observed on the wear scar
surfaces of diamond films rubbed against cubic boron
nitride (cBN) under stick—slip motion [33] and against
diamond [34], no systematic studies of the formation and
the nanoscale surface topography of ripples on NCD were
carried out so far. The wear and friction of NCD films with
a significant fraction of sp®-bonded carbon grown from
relatively high methane concentrations are investigated in
this study. The surface alternation of NCD films under
conditions of back-and-forth (or reciprocating) sliding
friction is elucidated. Three counterbody materials with
different mechanical properties, i.e., Al,O3, SizN,, and
7Zr0O,, were used to conduct the tests on the NCD films
under different tribological conditions.

2 Experimental

NCD films were grown on 100-mm diameter (100)-ori-
ented Si wafers by hot-filament chemical vapor deposition
(HFCVD) using an sp® Diamond Technologies, Inc., 655
reactor in a 2.4 % CH4/H, gas mixture. The substrate
temperature was about 850 °C, and the chamber pressure
was maintained at 6 Torr. The thickness of the NCD layers
is about 0.8 pm, and the roughness R, is about 24 nm.
Room temperature Raman spectra were recorded by
using a Horiba LabRam HR 800 high-resolution spec-
trometer 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 ™. In the case of investigation of
the chemical composition on the wear scar surfaces, the
spot size of the laser beam was 10 um in diameter.
Reciprocating sliding tests (normal load 2 N, dis-
placement amplitude 1 mm, frequency 5 Hz, relative
humidity about 50 %, ball diameter ¢ 3 mm) were carried
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Fig. 1 Schematic drawing of
a the reciprocating sliding test
geometry and b the position of
the ripples within the wear scar
for the test with ZrO, ball

ceramic ball

\Si

(a) Pristine sample surface =

out by means of a CETR® UMT-2 tribometer. Al,Os,
SizNy, and ZrO, balls (surface roughness R, = 0.012 pum)
(REDHILL, Czech Republic) were used as counterbodies.
According to producer provided data, the hardness and
Young’s modulus of the Al,O3, Si3Ny, and ZrO, counter
bodies were 1,400 HV (350 GPa), 1,400-1,700 HV
(310 GPa), and 650-830 HV (195 GPa). The duration of
the tests was 3,000, 9,000, and 36,000 cycles.

AFM measurements (NT-MDT Solver P47H) were
performed in contact mode using Si cantilevers and tips.
Scanning electron microscopy (SEM) images were taken
by a Zeiss EVO MA-15 system with LaB6 cathode in
secondary electron mode, applying an accelerating voltage
of 10-15 kV and 6.5-8.5-mm working distance.

3 Results and Discussion

The schematic drawing in Fig. | illustrates the formation
and position of the ripples within the wear scar during the
reciprocating sliding test. The surface morphology of the
as-deposited NCD film surface imaged by SEM can be
classified as cauliflower-like [35] typical for NCD film
growth by HFCVD under high re-nucleation conditions
[36, 37]. The SEM image taken after the sliding test clearly
shows ripple patterns formed transversely to the direction
of the reciprocal sliding motion. These ripple patterns are
discussed in more detail for different counterbody materi-
als and cycles in the following text.

Figure 2 shows the COF versus number of cycles curves
corresponding to sliding tests on the diamond films against
different counterbody materials. In the case of Al,O3 and
SizNy, the COF decreases relatively fast followed by the

(b) Rippled wear scar surface

stabilization at a value of 0.1 after about 7,500 and 2,500
cycles, respectively. Some oscillations in the absolute
value of the COF during steady-state sliding against SizNy
(Fig. 2a) are observed as well, but their origin is not
completely understood yet. In contrast, tests with ZrO,
balls (Fig. 2c) demonstrate no steep descent, and eventu-
ally, no steady-state regime is reached after 36,000 cycles.
To summarize, different running-in tribological behavior,
particularly between the tests with ZrO, on one hand and
Al,O3 and Si3;Ny balls on the other hand, was observed.
Figure 3 shows the Raman spectra recorded on the as-
deposited NCD films and within the wear scar surfaces
created on the NCD films after 3,000, 9,000, and 36,000
cycles of sliding against Si3Ny, Al,Oz;, and ZrO,. The
peaks at 522 and 976 cm™! correspond to the Si substrate,
the peak at 1,332 cm ™! relates to diamond, and the peaks at
1,134 and 1,478 cm™"' are ascribed to the presence of
trans-polyacetylene (#-PA) at the grain boundaries [38].
The peaks at 1,355 and 1,540 cm™! are the so-called D and
G bands corresponding to sixfold ring breathing vibrations
of sp® sites and the in-plane stretching of sp® bonds,
respectively [39]. In contrast to the pristine NCD film
surface, a clear decrease in the peak intensity ratios
between the diamond peak and peaks corresponding to
spz(D,G) and #-PA at 1,478 cm™! is observed on the wear
scar surfaces created after 3,000 cycles of sliding against
SizN4 and Al,O3, i.e., a stress-induced transition of dia-
mond to sp® bonding takes place at the NCD surface (see
Fig. 4). In the case of Al,Os, the ratios decrease even
further after 9,000 cycles as well. Overall, a less remark-
able alteration of the ratio value between the diamond peak
and spz(D,G) intensities is found for ZrO,. The relative
decrease in Raman peak intensity ratios seems to depend

@ Springer



Tribol Lett

1,0 T T T T T T
09 (@ SigN, |
0,8 ] 4
0,7 i
0,6 i
0,5 i

COF

0,4 1
03 - ]
0.2

01 * \F"‘ha\——hﬂ'{h—-‘ij\m‘&

1,0 7 T T T T T

0,95 (b)

0,6 4

0,5 4 4

COF

0,4 .
0,3 .
0,2 1 g

0,1 4 4

1,0 T . . . . . . .
0,94 (€)
0,8 ; i
0,7 1 g
0,6 ]

0,5 4 4

COF

0,4 .
0,3 .
0,2 1 .

0,1 4 4

T T T T T T T
0 5000 10000 15000 20000 25000 30000 35000
Cycles

Fig. 2 The COF versus number of sliding cycles recorded on the
NCD films. The test results (36,000 cycles) correspond to sliding
against a SizNy, b Al,O;, and ¢ ZrO, ball counter bodies

on the mechanical properties of the ceramic counterbody
material, i.e., the largest differences are detected with the
hardest counter body materials (SizN,4 and Al,O3), whereas
intermediate differences are recorded for the softer ZrO,
balls, respectively.

At the beginning of each sliding test, the contact pres-
sure is high and amorphization of diamond takes places,
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Fig. 3 Raman spectra recorded on the as-deposited NCD film and on
the wear scar surfaces after 3,000, 9,000, and 36,000 cycles of sliding
against a SizNy, b AlL,O3, and ¢ ZrO,

especially at the surface asperities [7, 8, 40]. Amorphiza-
tion of the NCD film surface within the sliding wear track
was claimed, for instance, by Erdemir et al. [8] and Kumar
et al. [10]. Chromik et al. [9] showed that a higher sp*
content in the NCD films results in a shorter run-in period
of sliding tests. The tests in aforementioned publications
[8-10] were carried out on the NCD films using different
counter bodies (SizN4, sapphire, and steel), at room
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temperature and under humidity conditions similar to the
present study. Furthermore, the fast decrease in the COF
value in the case of sliding against SizN, and Al,O3 (see
Fig. 2a, b) could be related to a stress-induced amorph-
ization of the NCD film surface next to a smoothening of
the NCD film surface by removal of the surface asperities
by fracture and micro-plowing wear. In contrast, in the case
of ZrO,, the slow descent of the COF value might be due to
the absence of a sufficiently sp*-rich low-friction layer. The
Young’s modulus of ZrO, is considerable lower than that
of Al,O;5 (or Si3Ny); therefore, the contact pressure in the
ZrO,—diamond friction pair is lower than that of the Al,O3
(or SizNy)—diamond pair. The low hardness of ZrO, results
in a faster abrasive wear of the ZrO, surface, thus
decreasing the contact pressure further due to increase in
contact area. In addition, the removal of an spz-rich surface
layer from the area of contact either mechanically or
through etching by ambient oxygen [5] is possible cause of
the observed trends in the evolution of the COF with ZrO,
shown in Fig. 2c.

After extended tests (36,000 cycles) independent of the
ball materials, all the peak intensity ratios shown in Fig. 4
are approximately the same as the ratio derived after 9,000
cycles, i.e., there is a saturation in the graphitization of the
NCD film surface. The decrease in contact pressure
reducing this graphitization and the removal of an sp*-rich
surface layer from the area of contact either mechanically
or through etching by ambient oxygen [5] are possible
causes of the observed trends in the Raman spectra.

SEM images of the wear scar surfaces are shown in
Fig. 5. Two main features observed on the surfaces can be
classified into longitudinal grooves oriented along the wear
scar and ripple patterns formed transversely to the direction

of the reciprocal sliding motion. The shape of the ripple
patterns on certain wear scar surfaces alternates, i.e.,
although the ripples are rather equidistant, the manifesta-
tion of these corrugations varies from faintly to relatively
clearly visible patterns emerging as ripple stripes, see for
instance Fig. 5a. The ripple density, i.e., the number of
ripples per micrometer of scan length along the sliding
direction, was measured along the line scans of approxi-
mately 5 pm in length at the locations indicated by white
dashed lines in Fig. 5. The ripple density varies with the
ball material and sliding distance. In the case of Si3Ny
balls, the ripple density is about 6 ripples/um after 3,000
and 9,000 cycles and about 4 ripples/um after 36,000
cycles. In the case of Al,O3, the ripple density is about 6
and 3 ripples/um after 9,000 and 36,000 cycles, respec-
tively. Finally, in the case of ZrO,, the ripple density is
about 3 ripples/pum after 36,000 cycles. The ripple density
decreases with the sliding test duration for the tests with
SizNy and Al,Oj balls. The grooves can be attributed to
micro-plowing (involving diamond film, counter body, and
third-body particles in-between). In contrast to tests per-
formed with Al,O5 and Si3Ny, no polishing grooves were
found on the NCD film surface after sliding against ZrO,.

The results of the present study show that rippling can
be observed already after 3,000 cycles of sliding against
Al O3 and Si3;N,4. The AFM investigation of the wear scars
formed on the NCD films reveals a surface corrugation of
about 30 nm in height with the ripple density about 2
ripples/um (Fig. 6). Note the deviation from the value of 4
ripples/pum, measured by the SEM image analysis (Fig. 5c),
which is due to aforementioned variation in the shape of
ripple patterns along the surface. Rippling of the wear scar
surfaces in the case of ZrO, was found only after 36,000
cycles (Figs. 5i, 7). In fact, using ZrO, as the counter body
material, the process of formation of a corrugated surface
can be elucidated in greater detail. After 3,000 and 9,000
cycles of sliding against ZrO, (Fig. 5g, h), a gradual
smoothing of the wear scar surfaces takes place (i.e., darker
polished contact areas are formed on the asperities of the
as-deposited cauliflower-like surface of the NCD films).
The contact area of the mating surfaces increases with
increasing number of sliding cycles. The central part of the
wear track created after 36,000 cycles looks smoother than
areas close to the wear track periphery, and a transition
from a flattened surface to the ripple patterns can be
observed in the center of the wear scar (see Fig. 7). As a
direct result of the ball geometry of the counterbody, the
Hertzian contact pressure as well as shear stresses acting on
the NCD film during the repetitive sliding motion will be
highest in the center of the contact area. This explains the
presence of the surface ripples in this central contact
region. Due to the higher elastic modulus, the contact
pressure is higher in the case of tests with Al,O3 (or SizNy)
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3000 cycles

Fig. 5 SEM images of the wear scar surfaces recorded after 3,000,
9,000, and 36,000 cycles of sliding against a—¢ Si;N4, d—f Al,O3, and
g—i ZrO,. The sliding direction, wear grooves, and ripple patterns are

balls. Therefore, ripples emerge uniformly distributed over
the wear scar area in contrast to tests with ZrO,.

To our knowledge, no systematic research reports have
addressed this phenomenon of forming ripple patterns on
diamond films by a sliding movement. Commonly, the
formation of surface ripples is associated with ductile
materials such as polymers. Nevertheless, it is worth noting
that the study by Rigney and Karthikeyan [41] based on
molecular dynamical calculations predicts vorticity on the
interface of two bodies within a sliding contact. The
mechanisms of ripple formation on the diamond films are
not yet well understood, and additional studies focusing on
variations of different parameters of the tribological test
(load, frequency, sliding distance, humidity, surface
roughness of counterparts, diamond film chemical com-
position, etc.) are needed to unravel their effects on the size
and shape of the ripples. However, from the results
obtained, it may be inferred that in the first place, a
noticeable different run-in behavior was observed for the
tests with ZrO,, in comparison with SizN, and Al,O3, and
the ripple pattern shape depends on the ball materials
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indicated by arrows. The line scans of approximately 5 um in length
are shown by white dashed lines

(Fig. 5). Therefore, the material properties of the NCD
films and counter body play an important role in the sliding
friction, since they determine the contact pressure, adhe-
sion, failure mechanisms between the two contacting sur-
faces, etc.

The ripples are formed in surface regions enriched with
amorphous carbon material. Therefore, it can be suggested
that the structure and chemical composition of the amor-
phous layer may influence the ripple structure. In the case
of sliding against SizNy, significant changes in the dia-
mond/sp*(D,G) intensity ratios were found already after
3,000 cycles, and simultaneously, the ripple patterns were
observed on the wear scar surfaces. In the case of Al,Os,
clear ripple patterns emerge only after 9,000 cycles at the
lowest values of the diamond/sp*(D,G) intensity ratios. A
gradual smoothening of the NCD pristine surface was
observed in the case of ZrO,, with minor decreases in the
diamond/spZ(D,G) intensity ratios as compared with SizNy
and Al,O3, and no ripples were observed after 3,000 and
9,000 sliding cycles. Therefore, we believe that there is a
correlation between the NCD surface amorphization and
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Fig. 7 SEM images at different magnifications: a x100, b x 1,000, and ¢ x5,000 taken from the center of the wear scar surface formed on the

NCD film after 36,000 cycles of sliding against ZrO,

the formation of ripple patterns. In addition to the alteration
of the NCD surface chemical composition, probably a
percolation of smoothed areas is essential for the ripple
formation (compare Fig. 5d, g-i). Thus, the formation of
surface corrugations or ripple patterns could be a result of
stress-induced surface regions with local variations either
only in sp?, or both sp? and diamond configurations.

The composite structure of the NCD films (i.e., diamond
grains are embedded into a sp-rich carbon matrix) and the
relatively small domain sizes of both components can be
important factors affecting friction and wear. Indeed, a

difference in mechanical properties between the sp3 dia-
mond grains and the sp?-rich grain boundaries could result
in this peculiar behavior of ripples formation on the NCD
films under continuously changing high shear stresses. Due
to the high elastic modulus of diamond (or diamond grains
in NCD films), the stress-induced deformation of the
composite NCD structure may not be sufficient to over-
come the threshold for an overall structural transition from
the diamond bonding to the sp? configuration. However,
such a phase transition may still take place at the very
surface of the NCD film. On the other hand, in spite of the
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high elastic modulus and fracture strength of NCD films, a
plastic deformation or even fracture [33] on the NCD films
surface could occur, which gives rise to an NCD surface
modification and the formation of ripple patterns. In
addition, the observed dependence of the ripple pattern
appearance with the counterbody material indicates a dit-
ferent type of interaction between the various balls and the
NCD film. This could result in slightly different specific
sliding regimes for each of the applied counterbody
materials. A stick—slip [42] type of sliding, rather than a
gross—slip [43] sliding movement, could reasonably cor-
relate with the nanoscale corrugated surface of the ripple
patterns. However, in the present study, the type of sliding
and failure mechanisms on the NCD surface cannot be
unambiguously identified from the observed results.

A striking similarity in appearance of ripples created on
the surface of different materials under remarkably differ-
ent test conditions, i.e., in sliding tests with ceramic balls
under 2 N normal load and in repeated scanning with a
silicon tip under nanoNewtons load, allows to interpret
surface rippling as a universal phenomenon. The impor-
tance of induced stress for ripple formation during AFM tip
scanning reported in earlier studies [26, 28] is in line with
the results of the present research. Additional reciprocating
sliding tests on a diamond-like carbon (DLC) film also
revealed rippling on the wear scar surface after testing with
the ZrO, counter ball (see Supplementary Material).

4 Conclusions

The present study focuses on the friction and wear mech-
anisms of NCD films. A comparative analysis of the tri-
bological behavior of NCD films is carried out using three
different counter body materials, i.e., Al,O3, SizNy4, and
ZrO,, in the sliding tests. A rippling of the wear scar sur-
faces is clearly observed in the center of the sliding con-
tacts independently of the counterbody materials used in
the sliding tests. We suggest that shear stresses acting on
the NCD films during the repetitive sliding motion between
the NCD films and counterbody surfaces cause this surface
corrugation. The mechanical properties of the counterparts
(NCD film and ceramic ball), first of all the elastic modulus
and fracture strength, and structural changes within the
amorphous layer formed between the counterparts likely
play a key role in the ripple pattern formation under high
shear stress. We state that under particular sliding test
conditions, the rippling of the wear scar surface can be
considered as a characteristic material response of NCD.
Moreover, the observation of surface ripples in repeated
scanning by an AFM tip suggests that the rippling is an
inherent feature occurring in different length-scale tribo-
logical systems.
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- Rippling on wear scar surfaces of diamond-like carbon films after reciprocating sliding against zirconia

A diamond-like carbon (Me-C:H, metal doped DLC) sample was prepared by plasma enhanced chemical vapor
deposition (PECVD) using the unit PLATIT® 780 (PLATIT). The DLC film was grown by dissociation of
acetylene (C;H») and the thickness of the DLC layer is 1.3 um. Prior to the deposition of the DLC film, a CrN
hard coating was deposited on top of the WC-Co substrate. The surface roughness Ry of the DLC film is about
100 nm and the nanohardness around 20 GPa.

Due to the composite structure of the NCD films characterized by a significant fraction of sp>-bonded
carbon, DLC films are of interest for a direct comparison with these nanocrystalline diamond films. DLC
possesses an amorphous structure, therefore a distinction between properties of the two materials is expected
and the formation of ripple patterns during sliding tests is also of prime interest. In this respect, Fig. 1 shows the
collection of data recorded on the DLC sample. The broad peak in the Raman spectrum (Fig. la) of the as-
deposited DLC film is composed of two bands centered at approximately 1550 cm™' (G band) and 1360 cm™' (D
band) [1]. Peaks at about 3000 cm™' are due to the presence of C—H bands [2]. The sliding test (10 Hz, 112000
cycles) (Fig. 1b) was done against ZrO,. After a relatively extended running-in period (30000 cycles) the value
of the COF in the steady state regime is about 0.1. Note that the SEM image at higher magnification (Fig. 1d)
recorded on the wear scar surface (Fig. 1c) shows also a ripple pattern. The ripple density is about 3.5
ripples/um, as measured along the line scan of approximately 5 um in length at the location indicated by white
dashed line in Fig. 1d.

From these results, we conclude that under particular sliding test conditions the rippling of the wear
scar surface can be considered as a common property of a variety of carbon based materials including hard
amorphous carbon thin films.
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Abstract

This paper investigates the morphological modifications of the nanocrystalline diamond (NCD) film
surface under reciprocating sliding test conditions. The surface morphology was characterized by
atomic force microscopy (AFM). We observed longitudinal grooves and transverse ripples which
were formed during the sliding tests on the NCD film surface. The primary goal of the study was to
understand the influence of frequency, sliding distance and load variations on the formation of ripple
patterns on the wear scars surface. The morphological alteration from continuous to broken ripple
shapes was observed. Our study suggests that the geometrical shape of ripples is affected by the
formation of the periodic array of grooves.

Introduction

Diamond has high chemical inertness, low wear rate under high load, and low coefficient of friction
(COF) which makes diamond films attractive for many tribological applications. This study focuses
on the observation and description of ripple patterns on top of nanocrystalline diamond (NCD) films
formed under reciprocating sliding test conditions against SizN4 balls. We recently showed that
characteristic ripple patterns can be observed during reciprocating sliding experiments on top of
NCD and diamond-like-carbon (DLC) films for different counter body materials, namely Al;Os3,
ZrO> and SizN4 [1]. The formation of such surface ripples has been reported for diverse materials
using different surface processing methods such as ion beams [2] and scanning probes [3]. The
present study aims to understand for diamond the mechanisms of the ripple patterns formation by
means of the preparation of ripple patterns with different morphology and the quantitative evaluation
of their geometrical parameters.

Experimental

The NCD films were grown on (100)-oriented Si wafers by hot-filament chemical vapor deposition
(HFCVD) using an sp3 Diamond Technologies, Inc. 655 reactor with a gas flow of 65 sccm CH4 and
3000 sccm Ha. The substrate temperature was about 850 °C and the chamber pressure was 6 Torr.
The diamond was deposited on 100-mm diameter (100)-oriented Si wafers. The thickness of
diamond layer was 0.8 pm. The reciprocating sliding tests were carried out by a CETR® tribometer at
room humidity using 3-mm diameter Si3N4 balls at a normal force of 2 and 3 N and a frequency of 2,
5 and 10 Hz. Two tests at each frequency were carried out, i.e. tests with 14 400 and 21 600 cycles at
2 Hz, 36 000 and 54 000 cycles at 5 Hz and 72 000 and 108 000 cycles at 10 Hz were conducted.
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Fig. 1. (a) Raman spectrum of the pristine NCD film and (b) coefficient of friction versus cycles for
tests at 2Hz, 5Hz and 10Hz for different sliding distances.

The chemical structure of the 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™. The surface morphology of the NCD pristine film
surface and the ripple patterns geometrical parameters were evaluated by atomic force microscopy
(AFM) using an NT-MDT Solver P47H system at scan sizes of 20x20 and 5x5 pm?.

Results and discussion

Fig. 1a shows the Raman spectrum of the pristine NCD film. Peaks at 522 and 976 cm™ correspond
to Si, the peak at 1332 cm™! is related to diamond and the peak at 1134 cm™ is ascribed to the
amorphous network. Peaks at 1355 and 1478 cm™' correspond to sp? bonds (D and G peaks) and at
1540 cm’! to sp? bonds in hydrogenated amorphous carbon or graphitic clusters.

Fig. 1b shows typical COF versus number of cycles curves recorded during the sliding tests
on the NCD films against Si3N4. Note that for the region with the same applied sliding distances, all
tests done at 2 N show a similar trend, i.e. all three curves merge together after about 14 000 cycles
at a COF value of about 0.12 followed by a further decrease to 0.06 for the test done at 10 Hz and
108 000 cycles of sliding distance. The experiment carried out at 3 N shows a rapid decrease in the
COF during the running-in period due to surface smoothening followed by a stabilization of the COF
value at about 0.08.

Figs. 2 and 3 show AFM images recorded on the wear scars surface formed after the sliding
tests. Line scans of approximately 5 um in length were taken from Figs. 2¢ and 3a-c at the locations
indicated by straight white lines and the surface geometrical parameters R, (arithmetic average
roughness), R, (root-mean-square roughness), R (ten point height of irregularities) and D (profile
peak density, i.e. number of peaks along the scan line) were obtained from it and are reported in
Table 1. A periodic array of longitudinal grooves can be observed in Fig. 2a and 2b. A number of
grooves on the NCD surface decreases from Fig. 2a to Fig. 2¢ and only two grooves can be found in
Fig. 2c. Ultimately the grooves disappear in Fig. 2d. Therefore, the number of grooves decreases
with increasing frequency (from 2 Hz to 10 Hz) and sliding distance (from 14 400 to 108 000
cycles).

The ripple patterns morphology depends on the sliding test conditions as well. Fig. 3a is a
part of Fig. 2b confined within the white square; the same applies for Figs. 3c and 2d. It is worth
noting the similarity between the experiments done at 2 and 3 N, see Fig. 3. The transversal ripples
appear as continuous surface corrugations in both tests at 5 Hz and 36 000 cycles, see Fig. 3a and 3D.
Interestingly, the difference between R.,, R, and R: is about 20-25 %, however the peak density
obtained from Fig. 3a nearly doubles compared to Fig. 3b; see Table 1 (line scans No. 3 and 4).
Variations in roughness parameters for different line scans taken on the NCD film surface shown in
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Fig. 2. AFM images (20x20 um?) taken after (a) 2 N, 2 Hz (14 400 cycles), (b) 2 N, 5 Hz (36 000
cycles), (¢) 2 N,10 Hz (72 000 cycles) and (d) 2 N, 10 Hz (108 000 cycles) tests. The white squares
in Fig. 2b and 2d are about 5x5 um? in size and indicate locations at which images shown in Fig. 3a
and 3c were taken.

Fig. 3a were about £10 %, however the variations were about 23-30 % for several line scans, see line
scan No. 3" in Table 1 and two white arrows in Fig. 3a indicating the position of this line scan.

Although continuous ripples are observed in Fig. 3a and 3b, the ripples become broken in
Figs. 2c¢, 2d and 3c. The line scans shown in Fig. 2¢ were taken on bottom (No. 1) and top (No. 2) of
the groove observed after the experiment at 2 N (10 Hz, 72 000 cycles). The values obtained for the
Ra, Ry and R parameters on top of groove are about 21-26 % higher than the ones on the bottom,
however, the peak density shows an opposite trend, see Table 1. This behavior is typical for the
whole area along the groove, i.e. not only for the line scans shown in Fig. 2c, i.e. the ripple pattern
formed on the bottom of the groove differs from that on the top. Taking this into account, we
conclude that the changes in the array of grooves probably induce the shape alteration of the ripples.
The decrease in peak density for the line scan No. 3" can be explained by a 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 wear regime for certain ripples may explain the
formation of the complex ripple patters shown in Fig. 2¢ and 2d. The geometrical parameters for the
line scan between the black arrows (see Fig. 3a) was similar to those for the line scan No. 3. In
addition, the shape of the broken ripples is sensitive to the test conditions. For instance, the
parameter values R,, Ry and R; of the broken ripples shown in Fig. 2¢ (see line scan No. 2) are almost
twice as high compared to the ones obtained from Fig. 3¢ (see line scan No. 5), however parameter D
remains nearly the same.
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Fig. 3. AFM images (5x5 pum?) 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 Fig. 2b and the image c) in Fig. 2d, respectively.

Table 1. Parameters R, (arithmetical average roughness), R, (root-mean-square), R (ten point height
of irregularities) and D (profile peak density) derived from line scans No. 1 - No. 5.

Line scan number R, (mm) Ry (nm) R.(mm) D
(AFM scan area)

No. 1 (20x20 um?) 4.6 5.8 19.6 9.4
No. 2 (20x20 pm?) 6.2 7.9 24.8 7.5
No. 3 (5x5 um?) 1.7 2.0 8.4 38.0
No. 3" (5x5 um?) 1.2 1.5 6.4 29.0
No. 4 (5x5 um?) 23 2.7 10.4 17.8
No. 5 (5x5 um?) 33 3.9 12.5 7.8

Conclusions

The morphology of the NCD film surface obtained under reciprocating sliding test conditions against
Si3N4 balls undergoes morphological changes, which depend on frequency, load and sliding distance
of the test. Longitudinal grooves and transversal ripples are formed on the wear scars surface.
Continuous and broken types of ripples are observed. The influence of the morphology of the array
of grooves on the ripple patterns formation is suggested.
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The study investigates wear performance of nanocrystalline diamond (NCD) films under reciprocating
sliding conditions. The NCD films were grown by hot-filament chemical vapor deposition (HFCVD)
method on (100) oriented Si wafers. The surface morphology was characterized by atomic force microscopy
(AFM), scanning electron microscopy (SEM) and mechanical profilometry. The study focuses on the
understanding of mechanisms resulting in NCD films deformation and formation of ripple patterns on the
wear scars surface observed during reciprocal sliding tests. Plastic deformation of the Si wafer due to NCD
film deposition and high local contact pressure and temperature during sliding lead to structural changes on
the Si(100)/NCD film interface, thus causing the NCD film to deform and the characteristic ripple patterns

to develop on the wear scars surface.

Keywords: diamond films deformation, tribology, wear mechanisms, ripples

1. INTRODUCTION

Diamond and diamond films have attracted
considerable interest in tribological applications due to
unique properties of diamond including high hardness and
Young's modulus, low coefficient of friction (COF) and
high chemical inertness. In the past different wear
mechanisms of the diamond films were investigated. Wear
on diamond is a load- and velocity-dependent process [1].
Surface morphology [2], diamond grain orientation [3],
formation of an amorphous carbonaceous lubricating layer
[1] and passivation of dangling carbon bonds by species
from ambient environment [4] play a significant role in
understanding of the frictional behavior of diamond films.

The formation of transversal ripples and longitudinal
grooves on the wear scars surface on NCD films were
reported in our previous studies [5,6]. It is a complex
phenomenon and can therefore not be explained by a single
mechanism [6]. For instance, it was found that the
morphological changes in ripple patterns depend on the
ball material [6] and test duration [5].

The present study aims to investigate the underlying
mechanisms of NCD film deflection and ripples formation
during sliding against Si3Nj balls.

2. EXPERIMENTAL DETAILS

A 0.8 um thick NCD film was grown on a 100-mm
diameter (100)-oriented 500 pm thick Si wafer by hot-
filament chemical vapour deposition (HFCVD) using an

* Corresponding author. Tel.: +372-56506423.
E-mail address: andrei.bogatov@ttu.ee

sp3 Diamond Technologies, Inc. 655 reactor in a 2.4%
CH4/H, 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 mm? in size along cleavage directions.

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™.

Reciprocating sliding tests (normal load 2 N,
displacement amplitude 1 mm, frequency 2, 5 and 8Hz,
relative humidity about 35 %, ball diameter @ 3 mm) were
carried out by means of a CETR® UMT-2 tribometer.
Si3Ny balls (surface roughness R, = 0.012 pm) (REDHILL,
Czech Republic) were used as a counter body. The
duration of the tests was 1800, 3000 and 6000 cycles.

According to producer provided data, the hardness,
Young's modulus and Poisson ratio of the SizN4 balls were
1400-1700 HV, 310 GPa and 0.27, respectively.
Monocrystalline Si (100) possesses a hardness of about 12
GPa [7]; due to crystal anisotropy its Young's modulus
varies along the (100) plane from about 130 [8] to 170-180
GPa [7,8], the Poisson ratio is 0.278 [9], the fracture
strength measured on Si (100) wafers is about 6.1 GPa
[10]. In the context of the present study, a dependence of
mechanical properties of the Si single crystal on the
temperature should be considered. The brittle-to-ductile
transition (BDT) occurs in Si at about 530 °C [11-13].
Brittle rupture (brittle plasticity) of monocrystalline Si
takes place at a temperature of <530 °C and at higher



temperature the formation and movement of dislocations
results in ductile plasticity.

AFM measurements (NT-MDT Solver P47H) were
performed in contact mode using Si cantilevers and tips.
Profilometric scans were done with a Mahr Perthometer®
(Géttingen, Germany).

3. RESULTS AND DISCUSSION

Fig. 1 shows an AFM image taken on the as-deposited
NCD film surface. The diamond grains with sharp edges
cover the entire Si wafer surface. The maximum grain size
is about 0.5 pm.
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Fig. 1. AFM image of the pristine NCD film surface.

Fig. 2 shows the typical Raman spectrum of the NCD
film. The peaks at 522 and 976 cm™! correspond to the Si
substrate, the peak at 1332 cm’! relates to diamond and the
peaks at 1134 and 1478 cm™' are ascribed to the presence
of trans-polyacetylene (t-PA) at the grain boundaries [14].
The peaks at 1355 and 1540 cm™ correspond to the D and
G bands [15].
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Fig. 2. Raman spectrum of the pristine NCD film.
Fig. 3 shows the coefficient of friction (COF) versus

number of cycles curves for 6000 cycles of sliding for the
used test frequency of 2, 5 and 8 Hz respectively. The

highest COF value is observed at the beginning of the tests
and is related to the high NCD film surface roughness.
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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Fig. 3. COF versus cycle curves after 6000 cycles of sliding at 2,
5and 8 Hz.

Fig. 4 shows an AFM image taken on the central
region of the wear scar after 1800 cycles sliding at 8 Hz.
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Fig. 4. AFM image of the worn NCD film surface after 1800

cycles of sliding at 8 Hz.

A polished surface on top of diamond grains can be
observed and clear ripple patterns are formed
approximately at the middle of diamond grains (visible as
white lines in the AFM image). Line scans taken on the
wear scars by means of mechanical profilometry are shown
in Fig. 5. The roughness of the NCD film as measured by
AFM decreases from the average roughness value
R.=0.019 pm (ten point height of irregularities value
R,=0.105 pm) for the as-deposited NCD film surface to
R.= 0.005 pm (R,=0.032 pum) for the wear scar surface
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Fig. 5. Line scans taken on the wear scars after 1800 cycles of sliding at 2 Hz (a), 5 Hz (b) and 8 Hz (c).

after 1800 cycles of sliding at 8 Hz, see Fig. 6(a). In other
words, the parameter R, is an average distance between the
highest peaks and deepest valleys. A level of the border of
the most low-lying valleys is schematically indicated by
the dashed line in Figs. 5(c) and 6. At the beginning of the
sliding, wear takes place on the NCD film surface
corrugations. After 1800 cycles of sliding at 8 Hz, grain
boundaries can clearly be observed in Fig. 4. Therefore, it
can be expected that the level of the border of the wear
scar bed should lie above the level of the border of the
most low-lying valleys of unaffected as-deposited NCD
film surface. However, the level of the border of the wear
scar bed lies well below the level of the border of the most
low-lying valleys of the pristine NCD film surface, see Fig.
5(c). Schematically, these results are represented in Fig.
6(a). The results of profilometric measurements shown in
Fig. 5(c) are more adequately described by the scheme
shown in Fig. 6(a) than in Fig. 6(b) by recognizing that the
grain boundaries can be seen in Fig. 4. Indeed, it is
assumed that the NCD film is not deflected at the scheme

ad

The border of the
most low-lying valleys

The border of the
wear scar bed

Ra=0.00Sum

shown in Fig. 6(b), 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 pm
after 1800 cycles sliding at 8 Hz, wherein, no visible
cracks were observed on the wear scars surface. Note that
a similar NCD film deflection was observed after 3000 and
6000 cycles of tribotests (not shown) as well.

The contact pressure of the Si (100) clean surface in
contact with a SizNs ball can be estimated based on
Hertzian contact mechanics. It is about 0.8 - 0.9 GPa under
a load of 2 N. Due to the high hardness and fracture
strength of silicon, it is unlikely that under such a contact
pressure Si (100) undergoes a brittle fracture at room
temperature.

In this case of a hard coating on a soft substrate the
coating thickness and hardness and the Young's modulus
of both coating and substrate are the principal parameters
affecting the tribological behavior of the coating/substrate
system [16]. Thin layers subjected to contact with the

b)

Si3N4_ball

Ra=0.019um
Rz2=0.105um

Si_wafer

'l‘"‘ '.fx/.'\..- R 7\/ . -
! N\ bossiie Men/st mtentace
Stress concentration zones in the NCD film and Si wofer

Plastic deformation zone on top of Si substrate due to the deposition of NCD film

Fig. 6. Schematic representation of the results shown in Fig. 5(c) : 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).



counterpart only partially carry the stress distribution, the
rest of the stress is carried by the substrate, see Fig. 6 (a).
In the case of the NCD film on top of Si (100) wafer, the
calculation of contact pressure becomes more complicated
due to the roughness of the diamond film (see Fig. 1).

Based on our experimental observations, we believe
that the NCD film deformation can be explained by the
plastic deformation of the Si (100) substrate. Firstly, the
formation of a dislocation network on the Si
(100)/diamond film interface was found after the
deposition of diamond film at 690 °C [17]. Note that the
NCD film deposition temperature was 850 °C in the
present study, i.e. well above the BDT temperature in Si (>
530 °C). Therefore, an induced plastic deformation of the
Si wafer can already be expected after the NCD film
deposition. Secondly, the actual value of the contact
pressure on the Si wafer can be remarkably higher than the
calculated value mentioned above. Indeed, at the beginning
of the test the SizNy ball is placed in contact with the apex
of sharp diamond grains. Therefore, the local contact
pressure between a particular grain and the SizsN4 ball
surface can be greatly underestimated from the
aforementioned calculation for the ball on the plain
surface. This high local contact pressure could induce the
deformation of the Si wafer surface. Thirdly, a high local
temperature at the so-called frictional hot-spots [18, 19],
i.e. at points of contact between surface asperities of the
counterbodies, can account for the Si wafer mechanical
properties variation. In conclusion, the BDT effect in Si at
high NCD film deposition temperature and high local
contact pressure and temperature during sliding can lead to
the plastic deformation of Si surface on the Si(100)/NCD
interface. Thus, the NCD film deformation could occur as
a consequence of the Si substrate plastic deformation.
However, likely due to the high Young's modulus and
fracture strength of the NCD film no cracks on the NCD
film surface were found. It is worth noting that the
aforementioned high local contact pressure and
temperature during sliding are considered in conjunction
with the graphitization of diamond and diamond films
[1,6,18,19 and references therein], without the possible
influence on the global deformation of diamond films.

The high Young's modulus and a relatively small
thickness of the NCD film provide flexibility to the NCD
film [16] and hence the NCD film surface can follow the
surface deformation 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 [16] during
sliding. In addition, the torus size can be affected due to
the plastic deformation on the Si(100)/NCD film interface.
Periodic bending of the NCD film during reciprocating
sliding could contribute to the formation of transversal
protrusions on top of NCD film, i.e. surface ripples.

4. CONCLUSIONS

We observed the deformation of NCD films after
sliding tests. The BDT effect in Si, high local contact
pressure and temperature during sliding induce a plastic
deformation on the Si single crystal surface, which leads to
the deflection of the NCD film during reciprocal sliding.

On the other hand the periodic bending of the NCD film
during sliding can be considered as an extra factor
affecting the formation of ripple patterns on the wear scars
surface.
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Abstract

Diamond-like carbon (DLC) films were prepared on top of hard coatings, namely, prior to the DLC
deposition, CrN, TiCN and nanocomposite nACo (nc-AlTiN/(a-Si3N4) layers were deposited on
WC-Co substrates. The R, roughness of WC-Co substrates was 0.05 and 0.2 um. Surface
morphology of DLC coatings was investigated by means of profilometry and geometrical
parameters R, (average roughness), Ry (skewness), Ry, (kurtosis) and R, (mean peak to valley
height) were evaluated. Fretting tests were conducted with 3 mm in diameter alumina balls under 1
and 2 N load, at slip distance of 2 mm and frequency of 2 Hz. Statistical analysis shows significant
correlation between R, and R, parameters corresponding to initial DLC surface and wear scar
surfaces produced by fretting tests after 2400 and 4800 cycles, respectively. This finding indicates a
relationship between friction (wear) and R, and R, parameters. Positive correlation between the
coefficient of friction (COF) and kurtosis Ry, indicates that surface flatness is an important factor
for optimal friction of an alumina ball against DLC coating.

Introduction

There has been an increasing interest in diamond-like carbon (DLC) coatings. Low coefficient of
friction (COF), high hardness, as well as chemical inertness of DLC are an ideal combination of
properties for a variety of tribological applications [1]. High wear resistance and low COF are a
consequence of the solid lubrication effect of DLC, high hardness gives a good resistance to
abrasive wear and, finally, high chemical stability results in a high resistance to solution wear.
Tribological properties of DLC depend on the intrinsic factors (the ratio of sp*/sp hybridization of
carbon bonds, hydrogen and impurities concentration, surface roughness, etc) and extrinsic factors
(test conditions) [1-3]. Finally, it can be stated that the COF and wear correlate positively with the
roughness of a DLC surface [1, 4-6].

It is widely accepted that initial surface morphology plays an important role during the running-in
period of the tribological test [7-13]. In practice, many surfaces possess non-Gaussian height
distribution function (HDF) that was taken into account by C. A. Kotwal and B. Bhushan [9]. The
theory is based on the model that friction is proportional to the real area of contact, and the key
geometrical parameters of the surface are skewness and kurtosis. The theory predicts that the COF
decreases with increasing kurtosis, assuming positive skewness. Good agreement with the mentioned
conclusion was found in previous works [10-12].

Asperities on the coating surface are considered as centers where coating failure or excessive wear can
occur. It is worth noting that different post-treatment techniques are used to reduce the number of
defects on the coating surface. In other words, due to post-treatment a lifetime of the coating can be
significantly extended, i.e. properties at the later stages of coating development can strongly depend on
the properties of a freshly deposited coating.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
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By the qualitative description, coating surface becomes smoother after initial transient and
adhesive/abrasive wear increase during the steady state of the tribological test [2,13]. In addition to
the influence of surface morphology, the investigation of the DLC coating is complicated by the
lubrication effect, which is explained in terms of transfer layer formation between the counterbodies in
the tribological test. The approach based on the correlation analysis of the results was used in the
present study. Focus was on the evaluation of geometrical parameters corresponding to the surface of
tribological contact, which undergoes permanent modification during the test. Subsequently, a
correlation between the COF and geometrical parameters of initial and wear scar surfaces of the DLC
coating were under investigation.

Experimental method

Diamond-like carbon (Me-C:H, metal doped DLC) samples with different surface morphology
were prepared by means of the Plasma Enhance Chemical Vapor Deposition (PECVD) method.
Prior to the deposition of the DLC, hard coatings (nanocomposite nACo (nc-AlTiN/(a-Si3N4)) and
single layers of CrN and TiCN) were deposited on top of WC-Co substrates with different
roughness R,, namely 0.05 and 0.2 pm. In total, six DLC samples were under investigation. The
abbreviation for the DLC coatings investigated is as follows: FiVic’® (nACo+DLC), CROMVic*®
(CrN+DLC) and CVic*® (TiCN+DLC). The thickness of the DLC layer was 1-1.5 pm.

The hard coatings and DLC were deposited in Physical Vapor Deposition- Plasma Enhance
Chemical Vapor Deposition (PVD-PECVD) unit PLATIT® 780. Hard coatings (nACo, CrN, TiCN)
were prepared by the arc ion plating process on AlSi, Cr and Ti cathodes, in nitrogen or nitrogen/
acetylene (for TiCN) atmosphere. The deposition temperature was 450 °C. DLC film were grown
by dissociation of acetylene. Due to plasma etching on cathodes, traces of cathode materials in DLC
are expected.

The flat WC-Co specimens (3.0 x 15.0 x 25.0 mm) were cleaned in an ultrasonic bath with
alcohol. Immediately after the cleaning procedure, samples were placed into the vacuum chamber
and mounted on the sample holder. Finally, samples were sputter-cleaned in argon plasma and a
thin metallic Ti layer was deposited on the substrates prior to the hard coating deposition.

The room temperature Raman spectra were recorded by using a Horiba's LabRam HR 800 high
resolution spectrometer equipped with a multichannel CCD detection system in the backscattering
configuration. The spectral resolution of the spectrometer was 0.5 cm™.

The fretting tests (1 and 2 N, 2 mm, 2 Hz, room humidity, @ 3 mm Al,O3) were conducted by
means of a CETR" tribometer. Alumina balls were used to diminish the tribochemical wear. The
samples were tested for 2400 and 4800 cycles.

Profilometric scans were done with a Mahr Perthometer” (Gottingen, Germany). Scan length was
1.25 mm and sample size was 12, i.e. 12 scans were carried out on each initial DLC sample surface
and along the wear scar surfaces. Height distribution function (HDF) parameters, including average
roughness (R,), kurtosis (Ry,), skewness (Rg) and mean peak to valley height (R;), were computed
automatically.
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Results and discussion

Characteristic Raman spectrum of a DLC coating is shown in Fig. 1. The laser wavelength of
514.5 nm was used. The broad peak is composed of two bands centered at approximately 1550 cm ™'
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Fig. 1. Raman spectrum of the DLC coating.
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Fig. 2. The COF value versus the number of cycle curves recorded on FiVic*®, CROMVic*® and
CVic™ samples after 2400 cycles.
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Table 1. Geometrical parameters R,, R,, Ry and Ry, of clean DLC surface and wear scar
surfaces after 2400 and 4800 cycles, respectively. The roughness of WC-Co substrates
were 0.05 and 0.2 um, and the load during the fretting test was 1 and 2 N.

Ra Rz Rsk Rku Ra Rz Rsk Rku Ra Rz Rsk Rku
[um] | [um] | clean | clean | [pm] [um] 2400 2400 [um] [um] 4800 4800
clean | clean | DLC | DLC | 2400 | 2400 | cycles | cycles | 4800 | 4800 | cycles | cycles
DLC | DLC cycles | cycles cycles | cycles

FiVic™

(0.05 um) 0.13 1.89 | 2.34 | 21.39 | 0.01 0.09 -1.62 6.84 0.01 0.07 -1.08 | 9.28

Load 1 N

FiVic™

(0.05 pm) 0.13 1.89 | 2.34 | 21.39 | 0.01 0.06 -2.03 11.22 | 0.01 0.06 -0.68 | 4.00

Load 2 N

FiVic™®

(0.2 pm) 0.21 2.38 | -0.04 | 10.56 | 0.03 0.25 -2.71 14.57 | 0.01 0.10 -4.67 | 39.64

Load I N

FiVic™

(0.2 um) 0.21 2.38 | -0.04 | 10.56 | 0.03 0.24 -2.98 16.35 | 0.02 0.11 0.49 9.82

Load 2 N

CROMVic™

(0.05 pm) 0.09 1.08 | 24 22.78 | 0.02 0.11 -1.18 5.46 0.02 0.13 -3.05 17.45

Load 1 N

CROMVic™

(0.05 pm) 0.09 1.08 | 2.40 | 22.78 | 0.01 0.10 -1.95 11.12 | 0.02 0.14 -2.44 12.68

Load 2 N

CROMVic™

(0.2um) 0.20 | 2.64 | 0.09 11.61 | 0.08 0.44 -1.37 | 5.37 0.08 0.49 -2.31 12.58

Load 1 N

CROMVic™

(0.2pum) 0.20 | 2.64 | 0.09 11.61 | 0.06 0.39 -2.29 11.62 | 0.07 0.39 -1.68 7.93

Load 2 N

CVic™

(0.05 pm) 0.24 | 278 | 2.45 | 1559 | 0.02 0.14 -3.79 | 29.42 | 0.02 0.18 -3.47 | 29.37

Load I N

CVic™®

(0.05 pm) 0.24 | 2.78 | 2.45 15.59 | 0.01 0.12 -4.64 40.44 | 0.01 0.12 -3.49 | 22.22

Load 2 N

CVic™

(0.2 pm) 0.27 | 2.85 1.09 | 9.1 0.05 0.43 -3.67 | 22.30 | 0.03 0.17 =2.77 15.28

Load 1 N

CVic™

(0.2 pm) 0.27 | 285 | 1.09 | 9.1 0.04 0.31 -2.46 | 12.04 | 0.02 0.19 -4.05 | 29.29

Load 2 N
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Fig. 3. Optical microscopy images of wear scar surfaces after 2400 cycles test under 1 and 2 N load,
respectively. The distance bar is 100 pm.

(G band, corresponding to the well-ordered graphite) and 1360 cm ™' (D band, corresponding to
disordered graphite) [3]. Peaks at about 3000 cm ' are due to the C—H bands [14].

The tgpical COF value versus the number of cycle curves recorded on FiVic*®, CROMVic*® and
CVic®™ samples after 2400 cycles are shown in Fig. 2. The running-in period (400-600 cycles) is
followed by a steady stage. Surface geometrical parameters for an initial (clean) DLC surface and
wear scar surfaces after 2400 and 4800 cycles of the tribological test are shown in Table 1. In
contrast to the initial DLC surface, a decrease in R,, R, and Ry corresponding to the wear scar
surfaces was observed. Fig. 3 shows optical microscopy images of DLC coatings grown on the
WC-Co substrates (R, =0,02 um) after 2400 cycles test under 1 and 2 N load, respectively. DLC
roughness changes and the surface structure within wear tracks looks smoother than for a clean
DLC surface. This observation is in a good agreement with the decrease in R, and R, parameters for
the surface created after 2400 cycles (see Table 1). On the other hand, after testing with a 2 N load,
the wear track looks more worn (smooth) than with 1 N load. The data in Table 1 support this
observation as well, as R, and R, parameters are slightly higher for tests with 1 N than with 2 N,
particularly for CROMVic*® and CVic*® samples. Finally, for the clean DLC surface, skewness is
positive, however, skewness values for both wear scar surfaces are negative. It is well known that
grinding and polishing (abrasion) produce surfaces with negative skewness [15]. Therefore,
abrasive wear occurs during fretting on the DLC against alumina.

The correlation was estimated by means of the Spearman test, see e.g. T. Hill and P. Lewicki [16]
and reference therein. The value of the correlation coefficient ranges between +1. Low, moderate
and high degree of correlation corresponds to the value of the correlation coefficient ranging
between 0- £0.25, +0.25- =075 and +0.75 - £1, respectively. Statistical tests were performed using
Statistica® package. The critical quantity t(N-2) was calculated according to RxV(N-2)/V(1-R?),
which corresponds to the value of quintile ¢, of students’ distribution with the N-2 degrees of
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Table 2. Coefficient of correlation R between R, and R, parameters of the initial DLC surface and
wear scar surfaces observed after 2400 and 4800 cycles. N - sample size. R - Spearman coefficient
of correlation. Critical quantity t(N-2) is explained in the text. The significant correlation is
highlighted in bold.

1. Correlation between geometrical

arameters for particular surface Spearman
I(Jeither cleanf DIf)C, or wear scajl; N ’ R tN-2) BRI
surfaces after 2400 and 4800 cycles)
R, clean DLC & R, clean DLC 6 0,98561 | 11,66190 | 0,000309
R, 2400 & R, 2400 12 0,964918 | 11,6219 0,000009
R, 4800 & R, 4800 12 0,920671 | 7,4587 0,000022
2. Correlation between geometrical
parameters for different surfaces
R, clean DLC & R, 2400 12 0,460539 | 1,6407 0,131894
R, clean DLC & R, 2400 12 0,510651 | 1,8782 0,089795
R, 2400 & R, 4800 12 0,838950 | 4,8750 0,000647
R, 2400 & R, 4800 12 0,814846 | 4,4452 0,001244
R, clean DLC & R, 2400 12 0,678483 | 2,9206 0,015284
R, clean DLC & R, 4800 12 0,522998 | 1,9404 0,081028
R, 2400 & R, 4800 12 0,741259 | 3,4923 0,005801

freedom. Sample size N is the number of observations included in a statistical sample. In practice,
90% is the minimum of confidence level for statistically significant results.

Table 2 shows significant correlation between R, and R, corresponding to the three kinds
investigated surfaces, namely, initial DLC surface and wear scar surfaces created after 2400 and
4800 cycles of the test. Among the geometrical parameters, the most sensitive ones were R, and R,,
i.e. the highest correlation coefficient between these parameters for different surfaces were found.
In the case of particular surface, i.e. either initial DLC or wear scar, there is a strong correlation
between R, and R,. It must be expected, as higher roughness means higher difference between the
highest peak and the lowest valley, therefore the correlation coefficient must be positive. The
correlation between geometrical parameters corresponding to a different kind of a surface was
observed as well. For instance, there is correlation between R, and R, measured on the wear scar
and clean DLC surfaces, which is particularly remarkable between R, parameters corresponding to
the different surfaces. The existence of such correlation can indicate that, probably, wear correlates
with the large asperities distribution and properties. The latter suggestion can be supported by the
following reasons. First, this finding is in a good agreement with the statement in the Introduction
that the roughness of the DLC surface is an important factor in the characterization of wear.
Second, in the case of polytetrafluoroethylene (PTFE) composites, parameter Rs, is well correlated
with the COF and linear wear, as mentioned by Wieleba [17]. Roughness parameter Rj, is similar to
R, except that less extreme peaks and valleys are included into the evaluation of the roughness
parameter Rs,.
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Table 3. Coefficient of correlation R between the COF (within the range of 5-200 cycles) and R,
and Ry, of the initial DLC surface. The significant correlation is highlighted in bold.

Spearman
R

R, clean DLC& COFs 24 | -0,552611 | -3,1100 | 0,005105
R, clean DLC & COFyy | 24 | -0,527803 | -2,9147 | 0,008030
R, clean DLC & COF,y | 24 | -0,534065 | -2,9629 | 0,007185
Raclean DLC & COF;3¢ | 24 | -0,420362 | -2,1730 | 0,040828
R, clean DLC & COFso | 24 | -0,462398 | -2,4460 | 0,022903
R, clean DLC & COFgy | 24 | -0,449975 | -2,3633 | 0,027364
Ra clean DLC & COFgy | 24 | -0,359544 | -1,8073 | 0,084417
Raclean DLC & COFg | 24 | -0,230008 | -1,1086 | 0,279595
R, clean DLC & COF;59 | 24 | -0,018786 | -0,0881 | 0,930570
R, clean DLC & COFy | 24 | 0,044749 | 0,2101 | 0,835523

N t(N-2) p-value

Ryu clean DLC & COFs | 24 | 0,509406 | 2,7766 | 0,011005
Ry, clean DLC & COFy, | 24 | 0,497284 | 2,6885 | 0,013422
Ry clean DLC & COFy | 24 | 0,502574 | 2,7267 | 0,012318
Ry clean DLC & COF3 | 24 | 0,396683 | 2,0269 | 0,054961
Ry clean DLC & COFsy | 24 | 0,437233 | 2,2803 | 0,032636
Riu clean DLC & COF¢ | 24 | 0,430274 | 2,2357 | 0,035840
Ry clean DLC & COFg | 24 | 0,370237 | 1,8694 | 0,074935
Ry clean DLC & COF | 24 | 0,252279 | 1,2228 | 0,234327
Ry clean DLC & COF;s | 24 | 0,037032 | 0,1738 | 0,863601
Ry clean DLC & COFyg | 24 | -0,065275 | -0,3068 | 0,761865

Table 4. Coefficient of correlation R between the COF (within the range of 2000 - 3000 cycles) and
Ry of wear scar surfaces produced after 2400 cycles of the test. The significant correlation is
highlighted in bold.

N | Spearman | t(N-2) p-value
R

Ry 2400 & COFp00 | 24 | 0,234628 | 1,1321 | 0,269780
Ry 2400 & COFpqo | 24 | 0,360306 | 1,8117 | 0,083712
R 2400 & COFa400 | 24 | 0,384650 | 1,9545 | 0,063463
R 2400 & COFae00 | 12 | 0,640861 | 2,6400 | 0,024736
Ry 2400 & COFagq9 | 12 | 0,605955 | 2,4088 | 0,036759
Ry 2400 & COF3900 | 12 0,518182 | 1,8176 | 0,102492

The correlation between the COF corresponding to the running-in period (5- 200 cycles) and
geometrical parameters for the initial DLC surface are shown in Table 3. Total sample size was 24,
i.e. 12 tests with 2400 and 4800 cycles, respectively. The correlation between R, and the COF is
significant for the level of confidence of 90 %. The sign of the correlation coefficient between R,
and the COF is negative, i.e. the COF decreases with an increase in roughness R,. A similar
relationship between the COF and R, was established (not shown). Negative correlation between
the COF and R, (R,) is in contradiction with the statement mentioned in the Introduction for the
steady state period of the test, i.e. higher roughness leads to higher friction. Positive correlation
between the COF and kurtosis contradicts with the theory developed by C. A. Kotwal and B.
Bhushan [9].
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Tribological properties of a material under lubricated conditions differ from those under non-
lubricated ones. It is a well known fact in industry that tools show better performance under
lubricating conditions if an optimal surface finish is used, such an interconnection between the COF
and R, is shown in Fig. 2, see reference [18]. The lubricant film can be effectively confined by
surface asperities. The same conclusion was drawn by B. Bhushan et al. for diamond films [19]. In
the case of carbon nanofibers (CNFs), it was suggested that nanofibers can be interlocked within the
surface asperities [20,21]. On the other hand, surface kurtosis or excess is a measure of
"peakedness" (or "flatness") of the height distribution function, therefore a more flat (i.e. most
peaks of similar height) surface exhibits lower kurtosis. In conclusion, as related to the running-in
period, correlation between the COF and R, and the COF and Ry, indicates that average roughness
and flatness of the clean DLC surface affect friction during an initial transient. By analogy with the
aforementioned instances, surface morphology of the DLC coating influence the formation of a
stable lubricant layer (or a transfer layer).

For the steady state period of the test, the most significant correlation between the COF (within
the range of 2200 - 2800 cycles) and roughness parameters of the wear scar surfaces created after
2400 cycles is shown in Table 4. The correlation between the COF and kurtosis is positive, which
means that optimal surface flatness and the COF value are related, namely the surface with perfect
flatness should exhibit the lowest COF.

In the case of tests with 4800 cycles no significant correlation between the COF and geometrical
parameters measured on the wear scar surfaces was found. However, insignificant correlation does
not mean statistical independence of variables [22]. Regarding to the present study, the main
reasons can be insufficient variation in geometrical parameters of the DLC surfaces, limited
resolution of equipment used in the measurements, etc.

Conclusions

The present study focuses on the influence of geometrical parameters of the DLC surface on the
tribological properties. Geometrical parameters were investigated on three kinds of surfaces,
namely clean DLC and wear scar created after 2400 and 4800 cycles of the fretting test,
respectively. Correlation between R, and R, parameters corresponding to the clean DLC surface
and wear scar surfaces was found, which means that large asperities on the DLC surface affect the
wear. In the course of the steady state period, i.e. 2200-2800 cycles of the test, the COF correlates
positively with kurtosis measured on the wear scar surfaces after 2400 cycles, therefore optimal
surface flatness is an important factor in the friction behavior of the DLC coating.
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