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Introduction

Synthetic diamond was developed in the second half of the twentieth century.
The developments in the deposition methods have contributed to applications of
diamond coatings in the industry. Nowadays, thin diamond coatings have a wide range
of applications. These coatings can be used in the manufacture of scratch-resistant
optical lenses, highly loaded engine parts, microelectromechanical systems, etc. Due to
high hardness and Young's modulus of diamond, one of the main tribological applications
of diamond coatings is protection of cutting tools against wear [1].

Understanding of the mechanisms of wear of diamond coatings is necessary for
improvements in the wear resistance of coatings. In previous studies, several
characteristic types of the coefficient of friction (CoF) vs cycle curves were addressed
during sliding [2, 3]. Formation of a carbonaceous layer, ripple and groove patterns were
found within the wear scar [2, 4, 5], which indicates self-organization during friction.
Self-organization is a process of formation of spatial, temporal, or functional structures
due to the transformations of the nonequilibrium phase in an open system [6].
In previous studies, deflection of a diamond coating deposited on a silicon substrate was
reported [3]. Coating deflection is a plastic deformation of the whole coating/substrate
system during sliding.

Department of Mechanical and Industrial Engineering of Tallinn University of
Technology has long-term experience in hard coating technologies, including preparation
of different types of diamond coatings. The present PhD study is furthering previous
research in the field of tribological properties of diamond coatings. The PhD thesis
investigates the tribological behavior of different types of diamond films against a
ceramic counterbody at room and high temperatures. Understanding of adaptive wear
mechanisms of diamond coatings at room and elevated temperatures is the main goal of
the thesis.

The results of the work are interpreted from the point of view of self-organization,
and influence of the substrate properties, crystal structure of coatings and the
temperature.

Scientific novelties of the PhD thesis:

1) Adhesive and abrasive wear of diamond coatings are explained as a consequence
of self-organization.

2) Superlubricity on the NCD and MCD coatings tested at 300 °C was found for the
first time.

3) Method of protection and preservation of the tribological properties of diamond
coatings against oxidation at high temperature by deposition of an Al.Os layer on
top of the diamond coating has been developed.

Results of the present doctoral study have been published in four scientific journals and
one invention was submitted. The results were presented at two international
conferences: 25th International Baltic Conference of Engineering Materials & Tribology
2016, 3 - 4th November, 2016, Riga, Latvia and 26th International Baltic Conference
Materials Engineering 2017, 26 - 27 October, 2017, Kaunas, Lithuania.
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AFM
CoF
CvD
DLC
HFCVD
HPHT
HT
MCD
MWPECVD
NCD
N-V center
PCD
Recip.
Ref.
Rotat.
RT
SCD
SEM
UumMT
UNCD
XRD

Atomic Force Microscopy
Coefficient of Friction

Chemical Vapor Deposition
Diamond-Like Carbon
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High Pressure High Temperature
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Scanning Electron Microscopy
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Average surface roughness [um]
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Velocity of sliding test [RPM]

Radios of wear scar [mm]
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Volume of wear scar [mm?]

Surface area ratio [%]
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1 Theoretical background

Diamond is an allotrope of carbon. The word ‘diamond’ is derived from the ancient Greek
word adapag (adamas), "unbreakable" [7]. Diamond is the hardest known natural
mineral in the Mohs scale [8]. Diamond is the metastable form of carbon which
transforms into graphite with time. Carbon C'% is the element of the fourth group of the
Periodic System. It has the electronic configuration of external orbitals 2s22p? (Fig. 1).
Carbon atoms are in the state of sp3-hybridization in diamond. Four new sp3-hybrid
orbitals are formed due to the hybridization of one 2s-orbital and three 2p-orbitals (See
Excited state). The hybrid orbitals are angled at 109.5° to each other and directed to the
vertexes of the tetrahedron formed by carbon atoms. Carbon atoms in diamond are
bound with strong covalent bonds. These types of bonding of carbon atoms explain the
high hardness of diamond [9].

Is: 2s: 2[):

—H

Ground state
Is: 2s 2ps

—

Excited state

Is:  2sps

=]

spshybridizatin

Relaxation Excitation

t

Figure 1. Scheme of hybridization of carbon [10].

1.1 Properties and application of diamond

Diamond possesses excellent properties due to specific crystal structure. Because of the
material's exceptional properties, diamond has a wide range of applications. The properties
of diamond are listed in Table 1.

The main distinguishing features of diamond are the highest hardness among
materials [11]. High hardness causes exceptional wear resistance of diamond to abrasion.
Diamond has a very low coefficient of friction to metal in the air. This is because of the
formation of a thin carbonaceous tribolayer on the surface of diamond. The highest
modulus of elasticity and the lowest compression ratio are characteristics of diamond.

Due to high hardness, diamond coatings are used to protect cutting tools: cutting
inserts, twist drills, square end and ball nose end mills [12] used for machining of copper
and aluminum alloys and composite materials. Besides that, diamond coatings are used
for improving wear resistance of surgical instruments, for example, dental burs [13].

Pure diamond has very high thermal conductivity at room temperature [14].
This property makes it possible to use diamond as heat sink for high-power laser diodes
and high-power transistors.

Diamond as a chemically inert material does not interact with the strongest acids and
alkalis. Diamond oxidation does not occur in air at room conditions [15]. Biocompatibility
allows the use of diamond in the manufacture of coatings on implants.
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Diamond doped with boron or phosphorus is a wide-gap semiconductor [16]. High
charge-carrier mobility and breakdown field strength are the characteristics of diamond
[17]. The use of diamond as an active element of microelectronics, especially in
high-current and high-voltage electronics, is a promising future trend [18].

A nitrogen-vacancy center (N-V center) is a type of the defect in diamond structure.
A diamond-based quantum computer was developed using the N-V centers [19].
In addition, N-V centers can be used in scanning thermal microscopy [20].

Diamond has a wide optical transmission range [21]. This property enable use of
diamond as window material for transmitting infrared and microwave radiation.
Therefore, diamond coatings are used in the manufacture of windows for outputting
radiation from high-power gyrotrons and lasers [22].

Table 1. Properties of diamond [11, 14, 16].

Properties Unit Value
Knoop Hardness GPa 113
Young’s Modulus GPa 1053

Bulk modulus GPa 442

Shear modulus Gpa 574
Poisson’s ratio 0.1
Anisotropic ratio 1.21
Density g/cm3 3.52
Thermal Conductivity W/m-K 900 - 2300
Thermal expansion coefficient 106 K1 0.8

Debay temperature K 1200
Resistivity Q-cm 1013 -10%°
Dielectric constant 5.7

1.2 Classification of diamond coatings

Application of single-crystal diamond (SCD) in industry is complicated and expensive.
An alternative is the production of synthetic diamond. Diamond coatings can be grown by
chemical vapor deposition (CVD) methods on different substrates (WC-Co, steel, Si, etc.).
These coatings have a wide range of tribological applications due to their low coefficient of
friction (CoF), high hardness and Young’s modulus, and chemical inertness [23].
Diamond coatings can be divided into two types, i.e., SCD and polycrystalline diamond
(PCD). PCD, unlike SCD, consists of crystallite grains. Properties of the PCD coating
strongly depend on diamond grain size, which is an important characteristic of diamond
films. PCD coatings can be classified as microcrystalline diamond (MCD), nanocrystalline
diamond (NCD) and ultra-nanocrystalline diamond (UNCD) coatings [24]. The size of the
diamond grains determines the surface roughness of the diamond coating. MCD coatings
possess high surface roughness. High wear of the counterbody against MCD films is
observed during friction. MCD coatings consist of columnar grains and show significant
anisotropy properties in different directions. Properties of PCD coatings are shown in
Table 2. The size of diamond grains for specific coating can vary, for instance, in the case
of MCD coating, the grain size is about 2 um, see Ref. [25]. The surface roughness of NCD
and UNCD coatings is significantly lower than that of MCD coatings, because these
coatings have smaller grain size [26].

Unlike diamond coatings, DLC coatings have amorphous structure. DLC is a mixture of
sp3 and sp? carbon bonds, the surface of DLC coatings is smoother in contrast to diamond
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coatings [27]. The present study focuses mainly on the investigation of the properties of
the diamond coatings.

Table 2. Classification of diamond coatings [26].

Polycrystalline Grain size Surface roughness Electronic bonding
Diamond (PCD)

Microcrystalline 0.5-10 um 0.4—-1um sp?

diamond (MCD)

Nanocrystalline 50-100 nm 50-100 nm sp3 + up to 50% sp?
diamond (NCD)

Ultra-nanocrystalline | 2—-5nm 20-40 nm sp3 + 2 — 5% sp?
diamond (UNCD)

1.3 Tribological mechanisms of the wear of diamond coatings

Tribological application of diamond coatings related with friction and wear of these
coatings under different conditions. Surface roughness, formation of tribological layer,
environmental conditions, temperature, etc. have significant influence on the
tribological behavior of diamond coatings. Investigation of these mechanisms is
necessary to deeper understanding of friction and wear of diamond coatings.

1.3.1 Surface roughness

Surface roughness is an important factor influencing the wear of diamond coatings.
The fragmentation of diamond coatings occurs due to the contact between the
irregularities of the counterbodies during sliding. The formed particles lead to
micro-plowing of the surface [28]. In other words, self-polishing of the surface of the
diamond coating occurs. Previous studies show that with decreasing roughness of the
surface of the diamond coating, the CoF and the running-in period are reduced [29].
The size of the diamond grains and their orientation have influence on the surface
roughness. For example, while the diamond coatings with [100] growth orientation have
flat surface and show lower CoF during friction, diamond coatings with [111] texture have
pyramidal shape of diamond grains [30]. Asperity interlocking and breaking and
micro-ploughing occur at high roughness (Ra = 0.1 — 1 um) of coatings, i.e., for MCD and
partially for NCD coatings. Diamond coatings with Ra = 0.01 — 0.1 pum show
transformation sp®> - sp? in sliding under high contact pressure and elevated
temperatures [31].

1.3.2 Tribological layer

A CoF value in the sliding test on diamond coatings against a number of materials is low
[32, 33]. A thin tribolayer forms on the coating surface, which plays a role of a solid
lubricant and decreases the wear. Gradual phase transformation of diamond in graphite
causes formation of a tribolayer [33, 34, 35]. Thickness of the tribolayer formed on the
surface of the coating is about 10 — 100 nm [36, 37]. The necessary conditions for the
formation of a tribolayer assume energy transfer into the contact area between the
counterbodies to generate sp> > sp? transformation. It is estimated that more than 90%
of all the energy due to friction is located within the surface film [38]; this energy can be
consumed to the formation of a tribolayer as well as to the wear.
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Graphitization

Graphitization of diamond coatings is the transformation of diamond into graphite
sp3 = sp?. This is a polymorphic transition, i.e., phase transition between different crystal
structures of single chemical composition and involves extensive internal rearrangement
and reconstruction of the crystal, which requires high quantity of energy [39]. Chemical
analyses have shown that significant graphitization occurs after heating of single crystal
diamond at 1600 °C in vacuum [40]. Diamond transforms completely to graphite when
heated at about 2000 °C [40, 41]. Depending on the crystal size and crystallinity,
oxidation of diamond coatings begins after heating to > 450-550 °C [42, 43, 44]. It is worth
noting that graphite oxidation temperature is about 450 °C [45]. The graphitization
temperature of carbon-related material coatings is about 200 °C for amorphous carbon
coatings and 300 °C for DLC coatings [46].

Graphitization can occur during friction. Investigations by Raman spectra and TEM
have revealed that a thin graphite layer is formed in the area of the wear scar [47]. It can
be explained by the transformation of diamond to graphite under deformation [48] and
HT during sliding [28]. Formation of a graphite layer can lead to a decrease of the CoF
and the wear rate [28].

Graphitization and anisotropy of properties of diamond coatings

Wear of single crystal diamond is anisotropic because wear depends on the
crystallographic direction in diamond. There are «soft» and «hard» directions of
polishing of monocrystalline diamond. High wear loss volume is observed in the «soft»
direction under sliding wear [49]. Amorphous sp? form of carbon was found in the wear
scars formed along the «soft» directions. Noise, heat generation and low vibrations occur
during sliding along «soft» directions [50]. Poisson's ratio is high in «soft» directions.
Relatively high expansion corresponds to the bending of chemical bonds. Stretching and
compressing of bonds require more energy than bending. Rehybridization from sp3 to sp?
occurs by bending of the bond during the sliding in «soft» directions. In other words, less
energy is required to process rehybridization [51]. Diamond has greater wear resistance
in «hard» directions [49]. Particles with sp3 bonding of carbon were observed in the wear
scar after polishing in «hard» directions. It means that the fracture of the diamond occurs
during friction. Large vibrations and little emitted heat were found when sliding in «hard»
directions [50]. A large quantity of energy is required for stretching and compressing the
bonds. The Poisson’s ratio is smaller than for the «soft» directions [51].

Influence of high temperature on friction behavior

Because there is shortage of data on the tribological behavior of diamond films at high
temperature [52, 53, 54, 55, 56], it is constructive to consider the DLC behavior at HT as
well. Namely, at 100 — 300 °C and at 600 °C, superlubricating behavior (super low CoF)
was observed (u = 0.008 — 0.067). In the case of the tests at 100 — 300 °C, it is explained
by graphitization of the DLC coating surface due to influence of HT and high contact
pressure [52]. On the other hand, at 600 °C the formation of self-generated composite
oxide on the contact surface occurred, i.e. at this temperature, the low lubrication cannot
be explained only by the properties of DLC [52]. Between 300 —500 °C, the CoF was high
(L =0.3-0.54) and at 700 °C, i = 0.45 in the early period of sliding and after 20 min,
the DLC was worn out rapidly [52]. It can be concluded that the DLC coating is stable and
has good tribological properties at 100 — 300 °C or at special condition (e.g., as a result
of composite oxide formation). However, with the temperature increasing, the DLC
coating becomes unstable and can be worn out due to oxidation.
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At the increase of the temperature, oxidation of the diamond coating surface
increases, the CoF increases and tribological behavior becomes unstable. After 600 °C,
surface oxidation occurs on the diamond coating [53, 54]. Results of the sliding test
against SiC show an increase in sp? bonds and degradation of tribological behavior of
diamond coatings after heating to 400 °C [55].

However, diamond properties to resist oxidation at HT can be improved, for instance,
by alloying with boron [56].

The fundamental drawback of carbon based coatings used in industry is the oxidation
at HT under ambient conditions, which strongly reduces the applicability of these
materials at elevated temperature.

Environmental conditions

Tribological behavior of diamond coatings strongly depends on the environment, namely
relative humidity plays a key role in sliding. The CoF and the loss volume wear of diamond
coatings have low values in the sliding wear under room conditions. However, it
increases several times with a decrease in the relative humidity or in vacuum [35, 57].
It is believed that this is due to the formation of a tribolayer on the surface of the
diamond coatings. This layer is formed as a result of passivation of dangling bonds of
carbon atoms with water particles and gases from the environment (hydrogen, oxygen
etc.). Formation of the passivated layer leads to a decrease in the adhesion component
of friction, and low CoF value can be observed during the sliding tests. The influence of
passivation of dangling bonds can be confirmed by the sliding test in N2 medium [28, 58].
Results show that the loss wear volume on diamond coatings in open air is less than in
dry Na.

70
40
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10 15 20 25 30 35

10
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N
0 05 10 15 20 25 30 35 40 45

Figure 2. Examples of ripple patterns on the NCD coating after the wear tests at 2N, 5 Hz, 36000
cycles, AFM image of the bottom of the wear scar after sliding against @ 3 ZrO, ball (a and b), line
scan of ripples (c) [4].
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In conclusion, graphitization, passivation of dangling bonds, material of sliding
counterbodies accumulating near the border of the wear scar and falling in the area of
sliding [28, 58], and other factors can influence on the formation of the tribolayer. These
processes occur during the entire sliding time. Because of complexity of the processes,
the process of deterioration (wear) within the wear scar can differ at different stages of
sliding.

1.3.3 Ripple patterns
Previous studies carried out in Tallinn University of Technology have found that ripple
and groove patterns are formed within the wear scars after sliding tests on different
types of diamond coatings [2, 5, 27, 4]. Examples of ripple patterns are shown in Fig. 2 a
and b. Fig. 2 c shows the shape and size of ripples. Similar morphological structures were
observed in other tribosystems on macro/micro/nano scales [59, 60, 61, 62].
It was suggested that ripple patterns are formed due to shear stresses between the
counterbody and the diamond coating [4]. Frequency, load, sliding distance and duration
can influence the morphology of ripple patterns [27, 2]. Formation of ripples and grooves
is a dynamical process, for instance, density and size of ripples can vary during sliding
[27].

Ripple and groove patterns are well-formed repeatable structures, indicating that
self-organization takes place during sliding.

1.3.4 Plastic deformation within coating/substrate system

Wear, plastic and elastic deformations of coatings occur during sliding. Although studies
of wear are widely discussed in the literature, the mechanisms of plastic and elastic
deformation in the sliding wear have not been thoroughly investigated. The influence of
substrate on the coating properties is an important aspect of coatings tribology.
The load-carrying capacity of the film/substrate system is an ability to withstand pressure
in the system without loss of the system functionality. Different types of
coating/substrate systems are shown in Fig. 3.

HARD SLIDER
COATED CONTACT F % ﬂ
HARDNESS HARD
OF COATING E E ——— -
SOFT
a) 0) )
THICKNESS x—» ngj
OF COATING Z (
PLOUGHING LOAD SUPPORT SUBSTRATE
FROM COATING N, DEFORMATION

Figure 3. Schemes of coating/substrate systems [31].

Diamond is the hardest material, therefore in the case of diamond coating substrate,
deformation can be expected during sliding (Fig. 3 d). One of the main goals of the
present doctoral thesis is to estimate the influence of the plastic and elastic deformation
on the wear and tribology behavior of diamond coatings under dry sliding for a hard/soft
coating/substrate system.
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Coating deflection

Deflection of the coating was observed during the friction tests with different loads and
durations on the NCD coating deposited on Si substrate in previous studies conducted in
Tallinn University of Technology [3]. It was explained as a fatigue-induced evolution of
the coating interface. Plastic and elastic deformation can be considered as an adaptation
mechanism and therefore it is related to self-organization because it leads to a decrease
in the contact pressure and thus the wear.

Elastic and plastic deformations within the substrate and coatings influence the
friction and wear. The deflection is considered as a plastic and elastic deformation of the
entire film under the contact zone between the diamond coating and the counterbody.
It should be distinguished from the plastic and elastic deformation of the asperities of
surface roughness [63]. This can occur when a load is applied to a thin hard coating
deposited on a soft substrate. Diamond is harder in comparison to other substrate
materials.

Before loading
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\ g
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scar diamond material
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Figure 4. Scheme of diamond coating deflection (a, b), example of coating deflection on the NCD
coating after 0.5 N load and 72000 cycles during the sliding test: line scans of the wear scar (c) and
SEM image of the bottom of the wear scar (d) [3].

In addition, the conditions of the diamond coating deposition process cause plastic and
elastic deformation. Namely, diamond particles are seeded on the surface of the
substrate before deposition, at which the diamond coating growth begins. In tribological
tests under the load, the hard seeding particles of diamond penetrate into the substrate,
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as the small contact area between the seeding particles and the substrate can experience
strong stress between the particles and the substrate. Figure 4 shows a scheme of
diamond coating deflection. Diamond grains, hard seeding particles and ballas-like
nano-diamond material were found in the interface of the diamond coating [64]. Change
of the interface of the diamond coating after loading is shown in Fig. 4 (a). Depth of the
top of irregularity in the bottom of the wear scar should be deeper than the border of
the lower valley of surface roughness of the surface out of the wear scar (see Fig. 4 b).
In addition, the morphology of the bottom of the wear scar should contain islands of
pristine surface (Fig. 4 c) [3, 5].

The presence of coating deflection can also be proved by comparing the contact
pressure of the seeding particle and the fracture strength of the substrate. If Hertz
contact is suggested between the diamond coating and the counterbody, the maximum
of contact pressure can be calculated. Figure 4 a shows the experimental set-up and the
structure of the diamond coating. The load applied on the counterbody leads to loading
of the seeding particles. The pressure between the seeding particles and the substrate
can be calculated by the contact area. The distribution density of the seeding particles is
about 10° — 10%° particles/cm? or 1 particle per 103 — 10* nhm? area [65]. According to
other sources, nucleation densities are 10! particles/cm? [66]. The diameter of the single
particle is about 20 nm [65]. This data allows the calculation of the contact area.
For instance, contact pressure between the seeding particles and the Si substrate at 3 N
normal load was calculated in a previous study [64]. Its value was 80 GPa at the
distribution density of 10'° particles/cm? and 8 GPa for the distribution density of
10! particles/cm? [64]. The obtained values of the contact pressure are higher than the
fracture strength of Si (about 6.1 GPa [67]). Elastic deformations and local fracture of the
Si substrate occur due to the high contact pressure on single seeding particles. It can
result in coating deflection.

1.3.5 Summary on the wear mechanisms of diamond coatings

Formation of ripple and groove patterns indicates that the self-organization takes place
in diamond coating/ substrate tribosystem during sliding. Development of theoretical
basis of self-organization for diamond coating/ substrate system is necessary to deeper
understanding of adaptive wear mechanisms of diamond coatings. The phenomenon of
diamond coating deflection was not thoroughly investigated in the past. Additional
studies are crucial to investigate in more details deflection phenomenon, as well as to
improve understanding the causes of deflection.

HT resistance is important factor for application of diamond coatings in industry. Thus,
investigation of tribological behavior of diamond coatings at HT is of special interest.
Diamond coatings become unstable due to oxidation, therefore the development of
methods to protect diamond coatings against oxidation and preserve excellent
tribological properties of diamond coatings at HT is necessary.

1.4 Goals of thesis

The present thesis focuses on the tribological behavior of different types of diamond
coatings in the sliding tests against ceramic counterbodies. Understanding of adaptive
wear mechanisms of diamond coatings at room and elevated temperatures is the main
goal of the thesis.

19



In the following section, the main goals are shown in more detail:

1. Achieve a comprehensive understanding of the mechanisms of friction and wear
based on the self-organization theory and interpret the experimental results
within the framework of the self-organization theory. Estimate the influence of
surface morphology, surface roughness, real contact area between the
counterbodies and the deflection of the diamond coating on the friction and
wear mechanisms.

2. Achieve a deeper understanding of the influence of substrate properties on
diamond coating deflection.

3. Achieve a deeper understanding of the influence of high temperature on the
friction, wear and coating deflection of diamond coatings.

4. To develop a method for protection of diamond coatings against oxidation

attack at high temperature and preserve excellent tribological properties of
diamond coatings.
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2 Materials and methods

2.1 Method of deposition of diamond coatings

Diamond coatings and DLC are usually produced by the chemical vapor deposition
(CVD) method. The growth of a diamond coating is a complex multi-step process
involving chemical reactions on the surface of the substrate [27]. There are two main
conditions to grow diamond films by the CVD methods, namely using carbon and
hydrogen containing gases (CHa4, CoHz, Ha, etc.). The activation of chemical reaction can
involve thermal methods (e.g. HFCVD), electric discharge (e.g. DC, RF or MW), or a
combustion flame (e.g. oxyacetylene torch). The substrate is heated above 700 — 900 °C
to form diamond rather than amorphous carbon [68, 69].

Microwave plasma enhanced CVD (MWPECVD) is one of the most common methods
of depositing diamond coatings (Fig. 5 a). This method is more expensive than the
method of HFCVD. Microwave power is coupled into the chamber via dielectric quartz
window in order to create a discharge. The dissociation of the gas mixture occurs under
the influence of a gas-discharge plasma. lons and active radicals are deposited on the
surface of the substrate, which is immersed in the plasma [68, 70]. Commonly,
microwave frequency of 2.45 GHz and power of up to 5 kW are used. Working pressure
is 20 — 50 Torr, but for high power, MWPECVD pressure is 100-200 Torr [70].
The temperature of the substrate is 900 — 1200 °C [70]. Duration of deposition can reach
for many hours. Plasma is formed immediately above the epy substrate. In such systems,
the growth rate is well in excess of 10 pm- h™ [68].

Another method of diamond coating deposition is the hot filament CVD (HFCVD)
(Fig. 5 b). HF reactors use conditions approximately similar to the PECVD method.
However, dissociation of the working gas occurs by HT of filament [68]. The pressure in
the chamber is about 20 — 30 Torr. The substrate is heated by means of a heater to a
temperature of 700 — 900 °C. The clearance between the filament and the substrate is a
few millimetres. The filament is electrically heated to a temperature above 2200 °C.
The filament is made of materials such as tungsten and tantalum that can stand high
temperatures and not react with the working gas. The HFCVD method is relatively cheap
and easy to operate. The deposition rate of a polycrystalline diamond film of acceptable
quality is 1 — 10 um-h [68].

The samples for the present study were prepared on UPSA-100 (MWPECVD method).
Maximum power of a microwave generator is 5 kW, frequency is 2.45 GHz. The working
gas pressure in the chamber is 20 — 120 Torr and the substrate temperature 700 — 1200 °C.

a) b)
Microwave generator CH+/H:
C!lg s Hot filament
Plasma e .
Customizable )
' | resonator ) -
. ? f Substrate
! Substrate
Waveguide | joater | -~ Vacuum Heater| /- Vacuum
' pump pump

Figure 5. Scheme of the MWPECVD method (a) and the HFCVD method (b) [68].
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Table 3. Types of the samples investigated in the present study [3, 64, 65].

Type of NCD-1 NCD-2 NCD-3 NCD-4 MCD-1 MCD-2 DLC
coating
Substrate Si (100) Si (100) SCD WC- WC- Si (100) WC-
(110) Co/CrN Co/CrN Co/CrN
Thickness 2.7;4.8;9; 0.8 2.2;8; 4 4 4 1.3
[um] 22 10.5;
14;22.5
Roughness Sq =55; 0.019 0.014; 0.22 0.2 0.33 0.3
Ra [um] 62; 63; 0.037;
99 nm 0.02;
0.023,
0.058
Type of Recip. Recip. Recip. Rotat. Recip. Rotat. Recip.
sliding test
Length of 1 1 1 - 1 - 1
wear scar |
[mm]
Radius of - - - 1.5 - 1.5 -
the wear
scar r [mm)]
Counter Si3N4 Si3N4 Si3N4 Si3N4 Si3N4 Si3N4 Si3N4
body ball ball ball ball ball ball ball
@3 mm @3mm | @3 mm @10 @3 mm @10 @3 mm
mm mm
Tempera- RT RT RT RT, 300, RT RT, 300, RT
ture 450, 600 450
T [°C]
Normal load 0.5;2;3 2 0.5 10 0.5;2 3 0.5;2
FN]
Velocity 300 120, 300 300 300 300 300
V [RPM] 300, 600
Duration 9000; 14400; 72000 54000 18000; 54000 18000;
N [Cycles] 36000; 21600; 36000; 36000;
72000 36000; 72000 72000
54000;
72000;
108000
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Figure 6. Scheme of reciprocating (a) and rotation (b) sliding tests.

2.2 Sliding tests

Sliding wear tests were carried out on a ball-on-plate servo-controlled tribometer (CETER
/Bruker® UMT-2), using the reciprocating regime and then the unidirectional rotation
regime. CoF was evaluated by dividing the friction force by the loading force, which was
measured by a sensor. The system is based on a two-direction sensor and three drives.
High temperature chamber with a rotation drive (S21ME-1000) was used for the sliding
tests at HT. SisN4 ball (surface roughness Ra = 0.012 um) (REDHILL, Czech Republic) was
selected as a counterbody, as it possesses high hardness (Hardness is 1400 — 1700 HV,
E =310 GPa and v = 0.27) [3, 71]. Figure 6 shows the scheme of the sliding tests, where
F —normal load, V — velocity of sliding test, r — radius of the wear scar, | — length of the
wear scar. These parameters as well as the duration of the test and the temperature
varied in the tests. Table 3 shows the conditions of the sliding tests for each sample.

Ball-cratering tests (calotests) using a @ 20 mm steel ball were carry out for an additional
investigation of tribological behavior of diamond coatings. The rotational speed and the
duration of the test were 400 rpm and 20 min, respectively. The ball-cratering tests were
conducted without diamond slurry.

2.3 Methods of structural study

Chemical compositions of diamond coatings were characterized by Raman spectroscopy
(Horiba® LabRam HR 800) and X-ray diffraction (XRD). Each measurement was taken
before and after the sliding test in the wear scar and on the pristine surface of the films.
Scanning Electron Microscopy (SEM) (TM-1000 HITACHI®), Atomic Force Microscopy
(AFM) and Optical microscopy were used for the investigation of the surface morphology
of diamond coatings, and length, width and morphology of the wear scars on the
diamond coatings after sliding tests and the surface morphology of the wear scars on the
counterbodies. Shape and sizes in the cross section of the wear scars were estimated by
Optical (Bruker® ContourGT-KO) and Mechanical profilometry (Mahr Perthometer®
equipped with PGK 120 tracing arm). The five line scans were taken across each wear
scar, they were averaged and final line scan was obtained. The volume of the wear scar

(Vs) was estimated using (Eq. 1), where Ss is the cross-section area and | is the wear scar
length.

Vs=Ss - I (1)

23



The surface area ratio (Sar) parameter was used in the present study to characterize
the contact area between the diamond coating and the SisN4 ball. Sdr is defined as the
increment of the total (nominal) surface area relative to the sampling area in the XY
(surface) plane.

The contact pressure can be calculated by (Eq. 2), where pmax — contact pressure,
F —normal load, R — radius of SisN4 ball, a — contact area of radius. E can be estimated by
(Eq. 3), where E1 and E2 — Young's modulus of counterbodies, vi and v2 — Poisson's ratios
of counterbodies [72].

1
3F 1 /6FE?\3
Pmax = 2l = 7\ R2 (2)

1 1-vi 1-V} 3
E E E, ®
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3 Results and discussion

3.1 Structure of the investigated diamond coatings and DLC

600 nm
700 nm

Figure 7. AFM images of surface morphology of NCD-1 coating with thickness of 2.7 um (a) and 22
(b) um [65].

NCD coatings with the thickness of 2.7, 4.8, 9 and 22 um were prepared. AFM images
of the surface of the NCD-1 coating with different thicknesses are shown in Fig. 7.
Morphology of diamond coatings is homogeneous and cusp-like granular surface
features can be observed. Surface morphology depends on the thickness of the coating.
The 2.7 um thick NCD-1 (Fig. 7 a) has relatively flat surface with cusp-like morphology. In
the case of NCD-1, a thick 22 um mountain-like structure can be observed. It should be
noted that diamond particles for the seeding process were used before deposition in the
case of NCD grown on the Si substrate [65, 73]. Thus, growth centres of the NCD-1 coating
are located on the seeding particles. The morphological peculiarities occurred on the
early stage of growth, which influence further growth dynamic. Conformal growth
regime leads to the formation of the mountain-like patterns on the surface of NCD-1
coatings. The cusp-like patterns can be formed due to non-local effects and noise [74].

Raman spectra of the NCD-1 coating can be observed in Fig. 8 a. The diamond peak is
at 1332 cm™. The peaks at 1136, 1190 and 1478 cm™ relate to trans-polyacetylene (t-PA)
at the grain boundaries. The peaks at 1358 and 1557 cm™ are the D and G bands
corresponding to six-fold ring breathing vibrations of sp? sites and the in-plane stretching
of sp? bonds, respectively. Figure 8 b shows the XRD pattern measured on a 22 pum thick
NCD-1 coating. The reflections from the diamond films Si and B-SiC were found. Five
peaks correspond to diamond: (111) at 43.94°, (200) at 56.34°, (220) at 75.54°, (311) at
91.7° and (004) at 119.9°, which indicates the formation of diamond crystallites.
However, a wide peak at 26 ~ 10° to 60° refers to an amorphous phase in the diamond
coating. The SiC was formed between the diamond and the substrate during the
deposition process. Evolution of the dependence of the intensity ratio and the strongest
reflections (220) and (111) of the diamond versus the thickness of the coating is shown
in Fig. 8 c. The orientation (220) becomes dominant for thicknesses > 5 um.
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Figure 8. Raman spectra (a) XRD patterns measured on 22 um thick NCD-1 coating (b), Intensity
ratio between (220) and (111) XRD reflections (c) for coatings with different thicknesses [65].
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Figure 9. AFM image of surface morphology of NCD-2 coating (a) and Raman spectra (b) [5].

NCD-2 coating has a cauliflower-like surface morphology (Fig. 9 a). Thickness of the
coating is 0.8 um. Cusp-like granular surface can be observed. The grain size is about
0.5 um. Raman spectra (Fig. 9 b) have a number of peaks which correspond to the
characteristic peaks of the NCD coating.
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Figure 10. AFM images taken on the NCD-3 coating. The thickness of was as follows: 2.2 um (a) and
22.5 um (b) [Publication Ill].

The batch of samples NCD-3 were deposited on top of HPHT single crystal diamond
(110) (Fig. 10). Thickness of the NCD-3 coatings varied between 2.2 — 22.5 um. Surface
morphology changed with the increase of thickness. In the case of a thick coating
(Fig. 10 b), a long chain of cusps was observed.

Scaling concept was used to estimate the growth kinetics of both types of the NCD
coating [65, 75, 76]. The growth of the NCD coating is an unstable process because the
growth rate and the value of roughness exponent change during deposition [77, 78].
Cauliflower-like morphology of the surface of the NCD-3 coatings was observed in both
cases. Deposition of NCD-3 coatings was carried out on an SCD substrate, thus no seeding
was used. It led to homogeneous growth of the NCD-3 coating along the entire surface
of the SCD (110) substrate. At the early stage of growth, the single crystal thin layer forms
on the SCD surface, which is fast transformed into the growth of the NCD coating.
The shadowing, diffusional instabilities and other processes are the main processes
during the NCD-3 coating growth [79, 80].

Raman spectra and XRD showed changes in the structure of NCD-3 coatings, which
correlates with the thickness [Publication IIl]. Raman spectra are shown in Fig. 11 a.
Several peaks can be observed, which correspond to diamond, sp? structures (D and G
bands) and trans polyacetylene. The intensity of the diamond peak decreases with the
increase of coating thickness. It can be explained by high absorption of the NCD material.
Figure 11 b shows the XRD patterns. The (111) and (311) peaks correspond to the
diamond structure. Strong (220) peak relates to the SCD (110) substrate. It gives evidence

27



4x10°

—~ 3x10°

—— 8C(110)
2.2um
g um
10.5 pm
22.5um

t-Pa

i a)

dia mondi N
D band
B q‘.band

tPa T
2x10°

Intensity (a.u

1x10°4_ L ’ T R

1200 1400 1600
Raman shift (cm™')

800 1000 1800 2000

Intensity (a.u.)

b
6,0x10"

4,0x10° 4

2,0x10%4

0,0

(220)

(111

|
@311)

I\\_uLﬂl KJ

y y T
20 40 €0

Q20

80 100 120 140 160

0,040

0,035+
0,030+
0,025+
0,020+
0,015+
0,010+
0,005+
0,000+

Intensity ratio \m/ L,

T T T

10 15 20
Thickness (um)

Figure 11. Raman spectra (a), XRD patterns measured on 22.5 um thick NCD-3 coating (b) and
intensity ratio between (220) and (111) XRD reflections for coatings with different thicknesses
(c) [Publication Il1].

of the formation of well-ordered crystallites. The ratio of (220) and (111) peaks
intensities can be observed in Fig. 11 c. Increase of the thickness of the coating leads to
the increase of the fraction of the (111) oriented crystallites. These results show a
correlation with the growth mechanisms of NCD-1 coating. In other words, there is no
significant difference in growth for the later stages of the growth of NCD-3 with the
growth of NCD-1. Similarity between Raman and AFM was observed as well.

A series of NCD-4 coatings was deposited on WC-Co substrates coated with a CrN
layer. The coating has a cauliflower-like morphology (Fig. 12 a and b). The size of the
diamond grains is about 0.1 — 0.15 um, surface roughness Ra is about 0.22 um. Raman
spectra (Fig. 12 c) have several peaks, which correspond to the peaks characteristic of
NCD-4 coatings [Publication IV]. The peaks correspond to t-Pa (trans-polyacetylene at
the grain boundaries), diamond, D band (disordered graphite) and G band (well-ordered
graphite).

D band G band
Diamond,
y,

r
-

000 1200 1400 1600

Raman shift (cm™)

1800

Figure 12. SEM image of surface morphology (a, b) and Raman spectrum (c) of the NCD-4 coating
[Publication 1V].
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Figure 13. Surface morphology of MICD-1 coating (a) and Raman spectra (b) [Publication Il].

An MCD-1 coating was deposited on a WC-Co substrate coated with a CrN layer as a
buffer layer. Surface morphology is shown in Fig. 13 a. Thicknesses of the obtained
MCD-1 coating and CrN were 4 and 2 um, respectively. The surface roughness Ra was
0.2 um. The diamond grain size is about 0.5 — 1.5 pm. Raman spectra of MCD coatings
are shown in Fig. 13 b [Publication IlI]. It has several peaks corresponding to
trans-polyacetylene at the grain boundaries, diamond, D and G bands.

30 um

Figure 14. Surface morphology of the MCD-2 coating.
A series of MCD-2 coatings were deposited on Si plates with a thickness of 4 pum.

Surface morphology is shown in Fig. 14. Grain size is about 1 — 3 um. Sliding tests were
carried out at room, 300 and 450 °C.
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Figure 15. Surface morphology of the DLC coating (a) and Raman spectra (b) [Publication Il].

Surface morphology of the DLC coating (Fig. 15 a) has a bubble shape of grains. DLC
possesses amorphous structure, the size of cusps is about 1 — 2 um, surface roughness is
about 0.3 um. Thickness of the DLC coating and the CrN layer is 1.3 and 3.3 um
respectively. A WC-Co plate was used as a substrate. Figure 15 b shows the Raman
spectra of the DLC coating [Publication Il]. Two characteristic peaks corresponding to G
band at 1500 cm™ and D band at 1300 cm™.

3.2 Wear behavior of diamond coatings

3.2.1 Theory of self-organization for diamond coating/ substrate tribological system
Theoretical basis of self-organization for the diamond coating/ substrate system was
developed during the course of the present PhD work. This theory is based on the
concept of irreversible thermodynamics. The theory was initially developed by Nobel
Prize winner I. Prigogine [81]. The present theoretical research is further development
associated with the intensive experimental and theoretical studies of the friction and
wear including approach based on irreversible thermodynamic developed by B. E. Klamecki
[82], concept of tribo-film elaborated by B. I. Kostetsky [83], the concepts of tribological
compatibility of N. A. Bushe [84] and “dissipative heterogeneity” of L. . Bershadsky [85].

Self-organization is a process of spontaneous ordering, i.e., an emergence of spatial,
temporal, spatial-temporal or functional structures formation in open non-linear systems
[6]. Such dissipative structures cause a decrease of wear in the tribosystem including
diamond coatings. Self-organization can occur at the loss of thermodynamic stability in
the system. This phenomenon can be described by (Eq. 4), where Y is the probability of
loss of thermodynamic stability and n is the number of the interrelated process in the
tribosystem [86].

1
Y=1-— 4
o 4

Equation (4) shows that the probability of losing thermodynamic stability increases
with an increase in the number of interrelated processes. According to the Curie principle
[87], any flows could correlate with each other in nonlinear areas [88]. The flows or the
processes considered in section 1.3 can interact in nonlinear areas. In other words,
roughness alternation, coating deformation, passivation of dangling bonds, external load
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and velocity of sliding variation, influence of temperature, structure variation
including doping of coating by different elements are processes that can be interrelated
under nonequilibrium thermodynamic conditions, leading to elastodynamic,
thermoelastodynamic, etc. instabilities [89, 90]. As a result of interaction between
processes different in nature, self-organization can occur.

According to three friction laws (Amonton’s First Law: The force of friction is directly
proportional to the applied load, Amonton’s Second Law: The force of friction is
independent of the apparent area of contact, Coulomb's Law of Friction: Kinetic friction
is independent of the sliding velocity), CoF does not depend on the nominal area of
contact, speed and normal load. The real contact area in friction is an important factor
[91]. It is a small part of the nominal contact area, because real contact occurs between
the highest asperities on the surfaces. The real contact area is nearly directly
proportional to the applied normal load [92]. The consequence of this is the linearity of
the Amonton law Ff= uF (Fr — friction force, u — CoF, F — normal load). However,
experiments show that CoF can non-linearly depend on the load, speed and area of
contact [93, 94, 95].

The real contact area influences the type of the wear. Stronger adhesion occurs
between the sample and the counterbody with a larger area of real contact, which causes
stronger adhesive wear. In the case of abrasive wear, hardness of materials plays a
decisive role. The smaller the contact area, the higher will be the stress between the
counterbodies, therefor the hardness of materials will determinate the wear.

Nonequilibrium thermodynamics can be used to describe the nonlinear nature of
friction [37, 89]. Reduced wear may occur due to self-organization under certain
conditions. The formation of dissipative structures causes stationary processes, which
lead to the negative production of entropy [37, 89, 90]. The wear volume depends on the
amount of energy induced by sliding. However, due to self-organization, part of the
induced energy can be consumed by the formation of dissipative structures; therefore,
the wear can be reduced [37, 96]. It is believed that the work of the friction force Ff= uF
dissipates in a thin contact layer and it is uFV per unit time, where V is velocity [97].

Equation (5), where thermodynamic flow is J = uFV, thermodynamic force is
X =UuFV/(AT2A), A —real contact area, S — entropy, t — time, T—temperature, and A — heat
conductivity, describes the rate of change of entropy under the influence of processes in
the tribological system [37, 98].

as

LapunoV’s function is the second variation of entropy 62 S. This function can be used
to study the stability conditions of a thermodynamic system, namely if inequality /2t
(62 S) > 0is not held, self-organization can occur. This derivative can be written as follows
(Eq. 6) [37, 99]:

a (WFV)?

1 WFvV
29t (95) =57 ( AT2A ) = oXJ = 5(“FV)5</1T2A) = 0. (6)

This means that the estimation of the variations of entropy is possible by the
investigation of the variations of the thermodynamic flow and force.

Variation in roughness in the contact zone, deformations of the contacting surface
and other factors have influence on the real contact areas between the counterbodies.
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The influence of each factor can be described by the parameters s, >, etc. [37].
For simplicity, in the present study, parameter ) describes either the influence of the
roughness alternation or surface deformation. Therefore, the dependence between the
CoF and the real contact area on ¢ can be described as u = u () and A = A (). Equation
(7) shows the variation of Eq. (3) with the parameter (.

d #5) = (FV)? [<au)2A oA

20t ATA? \oy) © avay

] (ow)? = 0. (7)
Self-organization can occur if the second term in the square brackets is greater than
zero and Eq. (7) is not satisfied. Four cases satisfying the conditions are possible:

a . a . .
1. Ifﬁ/ > 0 (A and vy increase), ﬁ > 0 (as v increases, i must increase).
a a
2. Ifﬁ/ > 0 (A and y decrease), Eu/ > 0 (as y decreases, i must decrease).
3. Ifg—j/ < 0 (Aincreases, y decreases), Z—E/ < 0 (as y decreases, p must increase).

0A . a .
Ifaj < 0 (A decreases and y increases), Eu/ < 0 (as y increases, W must decrease).

Non-constructive self-organization can be observed in cases 1 and 3. It means that the
real contact area can increase indefinitely, which leads to a seizure, i.e., a decrease in
wear [37, 97]. In practice, however, adhesive wear is often observed [31]. This type of
wear is caused by stress, which breaks the cohesive bond between the atoms. This leads
to a change in the morphology of the sliding counterbody surfaces, i.e., adhesive wear.

Constructive self-organization is observed in cases 2 and 4. CoF value decreases due
to the infinite reduction in the contact area between the sliding counterbodies. Wear is
due to a strong increase of pressure in certain points of contact. In this case, abrasive
wear is the leading type of wear.

The principle by Le Chatelier - Braun is formulated as follows: “the external influence
that deviates a body from equilibrium enhances the processes in this body, which, in
turn, strive to weaken the results of this influence” [87]. Therefore, the mentioned cases
1-4 can be considered as a reaction of a tribological system to reduce the wear.
The system strives to adapt wear either by stop moving (seizure) or to decrease the
contact between counterbodies to infinity.

It should be noted that the parameters ¢, u and A can vary in the course of sliding,
which results in difficulty in data analysis use (Eq. 7).

Other factors also can influence friction, for instance, the velocity of sliding and the
load affect the wear of the diamond coating (see above-mentioned three laws of
friction). Neither was the influence of temperature included in the theoretical study.
The main factor that should be taken into consideration is the oxidation of the surface at
high temperature. Oxidation lead to change in chemical composition of diamond coating
surface and therefore it influences to friction and wear. The presented model fails to
describe in detail the influence of the carbonaceous lubricating layer and chemical
passivation of dangling carbon bonds by particles from the environment. It is assumed
that after the run-in period, the full carbonaceous layer is already formed. In fact, the
model can be extended to explicitly assume that they both effect the determinate value
of the friction coefficient p as well, i.e., i can be written u = u (Y1, Y2, Y3, Pa), where
Y1 - influence of roughness, 2 — surface deflection, 3 — influence of the carbonatious
layer, and 4 — influence of passivation of dangling bonds. Also, the influence of
temperature can be included in theory.
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3.2.2 Self-organization and wear types of diamond coating

Figure 16 shows two typical CoFs vs the number of cycle curves observed on the MCD
and NCD coatings at room and HT in the course of the present doctoral thesis (see
sections 3.2.3 and 3.2.4) [Publication Il, Publication Ill, Publication IV]. Similar curves have
been reported in other studies as well [3, 5, 2, 4]. It should be stressed that the shape of
the CoF curve can vary between the tests carried out on the same sample under
similar conditions. The friction and wear involved many different interacting processes
as predicted by the Curie principle. Local character of the friction mechanisms is also an
important factor influencing tribological behavior.

Observation of type 1 or 2 curves depends on the friction and wear mechanisms
occurring during sliding. The fracture and self-polishing of the surface asperities take
place at the beginning of sliding, i.e., at stages 1 and | [29, 100, 101]. Increasing of the
real contact areas (A) due to polishing of diamond grains is expected. The roughness and
therefore parameter { decrease, along with CoF decreasing. However, not all the cases
described in (Eqg. 7) correspond to this situation. Similar analysis at the surface deflection
leads to the same conclusion. It indicates that initial polishing of the diamond coating
does not lead to self-organization, in agreement with Gershman et al. [97]. Initial
smoothing of the surface and formation of a carbonaceous layer can lead to a decrease
in the CoF at stages 1 and I.

A change of the wear rate can give evidence of self-organization [97]. Change in the
friction behavior (CoF) can be related to the change of the wear rate. Stages 1 and | look
similar; however, due to bifurcation at the following stage the friction behavior can vary.
The CoF can be stable or continuously descending, which corresponds to stage Il of type
1. On the other hand, increase in CoF corresponds to the stage 2 of type 2. The behavior
of the CoF curve in stage 2 can be explained by (Eg. 7). The CoF value increases at the

. . . a -,
increase of coating deflection () [3]. It means that a—“ > 0. In addition, the real contact
174

IV type 2

Figure 16. Schematics of two types of coefficient of friction (CoF) vs cycle curves observed during
reciprocating sliding wear test on diamond coatings [Publication 1].

area (A) increases due to the deflection of NCD or g—j/ > 0. These conditions correspond

to the adhesive wear regime of sliding (Eq. 7. Case 1). The behavior of stages 2 and |l can
be understood also by taking into account the initial wear of diamond grains and
increasing of polishing areas during stages 1 and I. Thus, an increase in the real contact
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areas can be expected (Stage 1 and ). Therefore, in the case of type 2 stage 2, adhesive
wear can be expected. In the case of stage Il of type 1 curve, other wear and friction
mechanisms can influence and the CoF value is approximately stable, i.e., there is no
particular mechanism that would exclusively determine the wear, in contrast to the
example of type 2 stage 2.

The surface morphology on the wear scar of the diamond coating and SisN4 ball is
formed due to dynamic changes and coexistence of peaks, scratches, ripples and
grooves. The shape of ripples and grooves can be changed and the peaks can be
fractured. It can lead to permanent changes in the surface morphology of the wear scar
of the counterbodies. The mentioned changes in morphology can occur locally. These
aspects are important for understanding mechanisms occurring during stages Ill and 3.
Various wear mechanisms can occur within different zones of contact. For instance, the
real contact area can locally decrease, due to the formation of large grooves, etc.
The CoF value decreases for stages Ill and 3. Decreasing of the CoF (i) and the real
contact area (A) corresponds to Eq. 7 in cases 2 and 4. Changes of the parameter |
(surface roughness and coating deflection) occur in the course of sliding. However,
for cases 2 and 4, variation of Y has no influence on occurrence of constructive
self-organization (Eq. 7). The abrasive wear can be the main wear mechanism in stages 3
and IIl.

The stabilization of the CoF value for stages Il and IV can be related to passivation of
carbon bonds, adhesive and abrasive wear, coating deflection and formation of a
tribolayer. No significant changes were observed in the CoF in the steady stage regime
IV (Fig. 16). It can be explained by the influence of different mechanisms.

Permanent changes in the landscape of the contact areas have been found to
correlate with the adhesive and abrasive wear [102]. Mutual alignment of the surface of
the diamond coating and the ball is a process of adaptive self-organization. In the present
study, the running-in period of wear is explained as this process.
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Figure 17. COF versus the number of cycles taken on the 4.8 um thick nanocrystalline diamond
coating NCD-1 [Publication I].
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Figure 18. CoF versus the number of cycles taken on the 22 um thick NCD-1 coating at normal load
atthe 0.5 N (a) and 3 N (b). Two tests at the 3 N normal load were taken at different places on the
sample [Publication I].
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Figure 19. CoF versus cycle curves taken on the NCD-2 coating. The sliding wear test parameters
were as follows: (a) 2 N and 2 Hz; (b) 2 N and 5 Hz; and, (c) 2 N and 10 Hz [Publication I].

3.2.3 Analysis of tribological behavior of NCD-1 and NCD-2 coatings

The evolution of the CoF recorded during sliding on NCD-1 (4.8 um) is shown in Fig. 17.
Under the same test conditions (0.5 N and 5 Hz), after 72000 cycles of the wear test,
the shape of the obtained curve corresponds to type 2 (Fig. 16); however, for the test of
36000 cycles to type 1. In other words, the bifurcation takes place.

Figure 18 shows the CoF versus the number of cycle curves on NCD-1 (22 um).
The shape of the CoF curve corresponds to type 2 (Fig. 16) in the case of the sliding test
performed at 0.5 N load. The shape of the CoF curves is different for the tests with
different duration. It can be explained by the nonuniformity of surface roughness.
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In addition, two tests at the 3 N normal load were carried out at different places of the
NCD coating. The CoF curve recorded during the tests corresponds to type 2, but the CoF
value differs significantly, indicating a different tribological behavior.

The CoF curve after the sliding tests at the NCD-2 coating (0.8 um) is shown in Fig. 19.
The CoF recorded after sliding at 2 N load and 2 Hz (Fig. 19 a) corresponds to types 1 and
2 (see Fig. 16). The results of the sliding tests at 5 Hz (Fig. 19 b) and 10 Hz (Fig. 19 c)
indicate type 1 curve with variations. The stages Il, Ill and IV can be recognized.
The duration of stage Il is variated for tests at 5 and 10 Hz, i.e., it decreases due to the
increasing sliding frequency.

The SisNs balls were investigated after the sliding tests on the NCD-1 coating with
4.8 um thickness (Fig. 20). The surface of the wear scar on the ball after the test at 9000
cycles is smooth. Scratches and grooves were observed only after longer sliding tests at

Figure 20. Surface morphology of the SisN4 balls after the sliding wear tests on the 4.8 um thick
NCD-1 coating. The test parameters were as follows: (a) 0.5 N, 5 Hz, 9000 cycles; (b) 0.5 N, 5 Hz,
36000 cycles; and, (c) 2N, 5 Hz, 72000 cycles [Publication I].
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Figure 21. Surface morphology of the SisN4 balls after the sliding wear tests on the 22 um thick NCD-
1 coating. The sliding wear test parameters were as follows: 0.5 N, 5 Hz, 9000 cycles (a), 0.5 N, 5
Hz, 36000 cycles (b), and 3 N, 5 Hz, 72000 cycles (c) [Publication 1].

36000 and 72000 cycles (Fig. 20 b and c). The wear scars after sliding at 9000 and 36000
cycles have oval shape; however, the wear scar after the test at 72000 cycles has a
circular shape. Two different types of wear regimes after all sliding tests can be
recognized on the surface of the ball: one stripe-like area (l) in the centre of the wear
scar and two semicircle-like areas (1) on the sides. The surface morphology of both zones
looks different. In addition, it indicates that different real contact areas exist between
the zones of the ball and the NCD coating. The most significant difference between zones
I and Il can be observed after the sliding test at 36000 cycles (Fig. 20 b). The width of area
| increases from 70 to 120 um with the increase of the duration of sliding (Fig. 20).
The two different zones observed on the ball, the presence of the grooves and scratches
at different places of the wear scars indicate local character of the friction. One of the
reasons can be the deflection of coatings.

The surface morphology of the wear scars on the SisN4 balls after the sliding test on
the 22 um thick NCD-1 coating is shown in Fig. 21. Areas | and Il are not clearly seen in
Fig. 21 a. However, these areas can be found on the wear scar after the tests at 36000
and 72000 cycles. The wear scar at 9000 cycles has a circular shape unlike those on the
4.8 um thick NCD-1. It can be due to weaker deformation of a thick coating [3]. The width
of area | increases with the increase of the duration of sliding, i.e., deformation of the
diamond coating depends on the number of cycles. On analogy with the tests with
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4.8 um thick film, the presence of the grooves and scratches indicates locality of the

friction.

It should be noted that diameters of the wear scars after all tests on both types of
coatings (4.8 um and 22 um thick) have approximately the same values about
200 — 220 pum. This means that the influence of a normal load, duration of the test and
thickness of a coating have insignificant influence on the size of the wear scar on the

counterbody.
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Figure 22. Line scans and SEM images taken on the wear scars of the 4.8 um thick NCD1 coating.
The sliding wear test parameters were as follows: (a) 0.5 N, 5 Hz, 9000 cycles; (b) 0.5 N, 5 Hz, 36000
cycles; and, (c) 2 N, 5 Hz, 72000 cycles [Publication I].
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Figure 23. Line scans and SEM images taken on the wear scars of the 22 um thick NCD1 coating.
The sliding wear test parameters were as follows: (a) 0.5 N, 5 Hz, 9000 cycles; (b) 0.5 N, 5 Hz, 36000

cycles; and, (c) 3 N, 5 Hz, 72000 cycles (1) [Publication I].

The local character of friction can be observed on the wear scars on the diamond films
as well. Similar to the results observed on the balls, zones | and Il with different types of
wear can be found on the wear scars. The width of zone | after the sliding test on the
NCD-1 coating (4.8 um) steadily increases from 70 to 120 um (Fig. 22). The width of the
wear scars does not change significantly, remaining at about 200 um. This value
corresponds to the width of both areas | and Il of the wear scars on the SizsN4 ball.
The single peak can be observed in the center of the wear scar after the sliding test at



2 N load and 72000 cycles (Fig. 22 c). The height of this peak corresponds to the level of
pristine surface. Position of scratch on the wear scar of the ball (Fig. 20 c) corresponds to
the position of this peak within the wear scar of the NCD coating. It means that the lowest
wear on the NCD coating is observed at the peak and the highest wear on the ball on the
scratch, i.e., wear can be locally very non-uniform.

In the case of NCD-1 (22 um), results in Fig. 23 show correspondence between the
width of the wear scars on the diamond coating with the worn areas on the Si3N4 balls.
The size of area Il is very small unlike the wear scars after the sliding test on the NCD-1
coating (4.8 um). The width of area | varies from 150 um to 220 um. The width of the
wear scar is approximately 200 — 220 um. In addition, in Fig. 23 c¢ four peaks are
presented. Two peaks were found within the central part of the wear scar, and two more
peaks at the border of the wear scar. As in the case of the NCD-1 coating, (4.8 um)
positions of peaks within the wear scar on the coating correspond to the position of
scratches on the ball (Fig. 21 c). It is expected that the contact between the counterbodies
occurs just between the corresponding peaks and scratches.

In conclusion, the asymmetric shapes of the wear scars were observed after the sliding
tests on the NCD-1 samples of different thickness. Grooves, scratches and peaks were
found on the wear scars of the coatings and balls. It indicates the locality of the friction
and shows the variety of the types of contact between the counterbodies.

The AFM images taken on the bottom of the wear scars after the sliding tests on the
NCD-2 coating (0.8 um) are shown in Fig. 24. Grooves and ripples can be observed on the
surface of the wear scar. Surface area ratio Su¢r (see Section 2.3) can be used to
characterize the real contact area between the NCD coating and the counterbody.
The Sqr value is higher for shorter tests (Fig. 24 a and b). It indicates that different types
of contact areas can be expected between the counterbodies for shorter and longer
tests. Namely, because Sq is higher for shorter tests, the contact area should be higher
for shorter tests.
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Figure 24. Atomic force microscopy (AFM) images taken on the wear scars of the NCD-2 coating
after the sliding wear tests. The test parameters were as follows: (a, b) 2 N, 2 Hz, 14400 cycles;
(c) 2 N, 2 Hz, 21600 cycles; (d, e) 2 N, 5 Hz, 36,000 cycles; (f, g) 2 N, 5 Hz, 54000 cycles; (h, i) 2 N,
10 Hz, 72000 cycles; and, (j, k) 2 N, 10 Hz, 108000 cycles [Publication 1].

The shape of the CoF curves, surface morphology of the wear scars on the SizsNa4 ball
and the NCD coating support the conclusion that the conditions for self-organization
described in (Eqg. 7) can be fulfilled for NCD 1 and NCD 2 coatings.

In the case of the sliding test at 72000 cycles on NCD-1 (22 um), type 2 of the CoF
curve was observed (Fig. 18 b). Noises and oscillations were observed after increasing
the CoF value, see curve |, which can be regarded as evidence of seizure like contact
between the counterbodies. The position of scratches on the balls corresponds to the
peaks on the diamond film, indicating the mechanism of seizure. It occurs locally, i.e.,
within the restricted zone of the contact. Formation of the local surface corrugations
(peaks) in the area of the wear scar leads to an increase of surface roughness within this
area of contact. The CoF and the contact area increase due to the increase in the size of
the peaks on the film and scratches on the ball. It means that the adhesive wear
regime is predominant during the sliding test on NCD-1 (22 um) and unconstructive
self-organization occurs (Case 1 Eq. 7).

In the case of shorter tests on NCD-2, adhesive wear can be indicated by the formation
of grooves and ripples (Fig. 24 a, b and c) in the early stage of sliding for the NCD-2 coating
(0.8 um). The highest value of Sdr and the denser arrays of grooves of thinner width were
found after a short duration sliding. It means that the contact area between the diamond
coating and the sliding counterbody is high. The CoF value for the test at 21600 cycles
increases after the running-in period and corresponds to type 2 (Fig. 19 a). However, CoF
decreases at the end of the tests. In other words, CoF decreases for both tests (14 400
and 21 600 cycles), the contact surface (A) decreases also because Sdr = 0.628 % (14 400
cycles) changes to 0.323 % (21 600 cycles), i.e., it corresponds to case 2 or 4 of Eq. (7).
It can mean that the abrasive wear regime is predominant at the end of short tests.
However, high absolute value of Sar points out that adhesive wear plays a role at the early
stage of sliding, as compared to the discussion (the text right below) regarding to longer
tests.

In all longer tests (Fig. 19 b and c), a steady state regime can be observed as the CoF
value is relatively stable. Because friction is a local process, the stabilized value of CoF
can be explained by the relationship between the abrasive and the adhesive wear,
passivation of dangling bonds, formation of a carbonaceous tribolayer and coating
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deflection (see previous paragraph). A number of peaks observed on the CoF curve
(Fig. 19 b) can be related to a local removal of the carbon-based tribolayer from the
surface of the wear scar [58] and as well as with the seizure. It is assumed that all the
processes mentioned above can be correlated. The Sdr value after sliding (Fig. 24 d, f, h
and j) is lower than in the case of a short duration test (Fig. 24 a and c). It means that the
real contact area is smaller for longer tests. The ripple size is the smallest and the density
is the highest for shorter tests (Fig. 24 a, b, d and e). The groove size is the smallest and
the density of the grooves is the highest for shorter tests (Fig. 24 a, b), the size of grooves
increases for longer tests (Fig. 24 h, |, j and k). These results suggest that there is a
difference in the contact area for longer and shorter tests. Although, different
mechanisms of friction and wear lead to a constant CoF, probably the abrasive wear is
predominant for longer tests, as the decreasing real contact area corresponds to cases 2
and 4 in (Eq. 7).

3.2.4 Investigation of deflection of diamond coatings

Comparative analysis of tribological behavior of MCD and DLC coatings

The behavior of CoF recorded during the sliding tests on MCD-1 and DLC coatings is
shown in Fig. 25. The CoF value of the DLC coating stabilizes after a short run-in period
for the test at 0.5 N. The CoF curve after sliding at 2 N on the DLC coating has
approximately the same behavior during half number of cycles. But after that it starts to
increase. In the case of MCD-1, CoF values recorded during sliding at 0.5 N and 2 N, an
increase starts after the running-in period. However, after increasing to the highest
value, the curves start decreasing. CoF value decreases more significantly after the sliding
testat 2 N.

Figure 26 shows the average profile of the wear scar on the DLC coating after the
sliding test at 2N load during 18000 cycles. Surface morphology of the bottom of the
wear scar is shown in Fig. 26 b and c. The line scans were taken on the wear scars as
shown in Fig. 26. Dark areas (Il) in the area of the wear scar (Fig. 26 b) correspond to the
pristine surface of the DLC coating (Fig. 26 a). Peak (ll) has approximately the same height

0.4

T T
0 20000 40000 60000
Cycles

Figure 25. CoF versus the number of cycles recorded on the DLC and MCD-1 coatings [Publication II].
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Figure 26. Line scans, optical microscope and SEM images taken after sliding tests with 0.5 N (18000
cycles) on the DLC (a — c) and MCD-1 (d — e) [Publication II].
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Figure 27. Line scan (a) taken on the wear scar after the test with 2 N (72000 cycles) on the MCD-1
coating. The optical microscope (b) and SEM (c — g) images taken on the same wear scar
[Publication I1].

level as the area out of the wear scar (Fig. 26 a). Bright areas (I and Ill) (Fig. 26 b)
correspond to the valleys on the profile of the wear scar (Fig. 26 a), these values
correspond to the polished structure of the DLC coating. The wear scar line scan after the
sliding test at 0.5N load and 18000 cycles on MCD-1 coating is shown in Fig. 26 d, f and
e. Clearly visible concave shape on the line scan (Fig. 26 d) could suggest that diamond
coating is worn out significantly. However, only small islands of polished diamond grains
can be observed in the centre of the wear scar (Fig. 26 e and f).

After the sliding test on the DLC coating at 2N load and 72000 cycles (not shown),
it was found that the DLC coating is worn out during the sliding test.
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Figure 28. Lines scan (a) and SEM images (b, c) taken on the crater after calotest on the MCD-1
coating [Publication Il].

Line scan of the wear scar after the sliding test at 2N load and 72000 cycles on the
MCD-1 coating and surface morphology of the bottom of the wear scar are shown in
Fig. 27. SEM images (c-g) were taken across the whole width of the wear scar, and its
positions are shown in Fig. 27 b. Profile of the wear scar has no symmetrical shape.
Apexes of peaks on the bottom of the wear scar (zones e and f in Fig. 27 a) are lower than
the valleys on the pristine surface. The bright areas in Fig. 27 b correspond to the worn
diamond surface, and dark areas correspond to the pristine surface or the surface with
negligible wear. Slightly polished areas of the MCD-1 coating were found only on the
bottom of the wear scar (Fig. 27 e and f). In conclusion, on analogy with the test with
0.5 N and 18000 cycles, the significant size of the wear scar profile along with insignificant
worn parts of the diamond films provide a reason for a suggestion that coating deflection
has taken place.

The result of the ball-cratering test is shown in Fig. 28. Three line scans were
performed after the ball cratering test at 400 rpm during 20 min. Namely, the first was
taken through the center (1), the second one on the side of crater (2) and the third one
on the pristine surface of the MCD-1 coating (3) (Fig. 28 b). The SEM images (Fig. 28)
show slightly polished diamond grains in the center of the crater with steel debris from
the ball. The center of the crater is located below the level of the native surface of the
coating is at about 0.2 um. Therefore, it also indicates deflection of the diamond coating.

Table 4. Dependence of the wear loss volume on the number of cycles for the DLC and MCD-1
coatings.

Wear loss volume [mm3]
MCD-1 DLC
Number
of cycles 0.5N 2N 0.5N 2N
18000 0.004 0.031 0.0422 0.071
36000 0.015 0.038 0.0481 0.142
72000 0.016 0.043 - -

The wear volume on the MCD-1 and DLC coatings after the sliding test was evaluated
and the results are shown in Table 4. In the case of the DLC coating, only the wear volume
for short duration tests (36000 and 18000 cycles) can be estimated, because it was worn
out during the sliding test at 72000 cycles. Values of the wear volume of the MCD-1
coating are lower than those for the DLC coating in all cases. However, in the case of the
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MCD-1 coating, plastic and elastic deformation influences wear, see discussion above. In
other words, real wear volume of the MCD-1 coating can be even lower than the
calculated values. It means that the MCD-1 coating has higher wear resistance than the
DLC coating.

Comparative analysis of tribological behavior of diamond coatings deposited on single
crystal diamond (110) and Si (100) substrates

NCD coatings were prepared on two types of substrates to investigate the influence of
substrate properties on the tribological behavior of diamond coatings. Because
substrates SCD and Si possess different mechanical properties, the normal load should
be carefully applied to carry out sliding tests at the same contact pressure.
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Figure 29. CoF versus the number of cycle curves taken on (a) the NCD-3/SCD (110) and

(b) NCD-1/Si (100) samples [Publication IlI].

06 NCD-4 on SCD (110) a) | %8 NCD-1 on Si (100) b)
04 thick 2.2 ym 0.4 thick 2.7 um
200 um The borders of the|
0,2 3 2 low-lying valleys of
| ristine diamond
0 (el N~~~ S = coating
——9000 43 50 !“ ,LW¥ 200 250 300 2000
. 36000 o A r | Y =——36000
-0, — -0, A L
72000 f 72000
0,6 06 f
08 08
1 -1
1,2 1,2
06 NCD-4 6n SCD (110) c) | o6 NCD-T on Si (100) d)
04 thick 8 um 04 thick 9 um
150 170 um
02 < Hm y 02
o 0 ISR 23

w9000 250 300 =—=9000
-0,2

=—=36000 =—=36000

——72000 |04 72000
06 06
038 08
1 1

Figure 30. Line scans of wear scars of NCD-3 with 2.2 um (a) and 8 um (c) thickness and NCD-1 (100)
with 2.7 um (b) and 9 um (d) thickness after sliding at contact pressure 1.4 GPa.
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Figure 31. SEM images of the bottom of the wear scar after the test at the contact pressure of
1.4 GPa and distance of 36000 cycles on the 2.2 um thick NCD-3 (a) (see Fig. 31 a for 36000 cycles)
and 2.7 um thick NCD-1 (b) coatings (see Fig. 31 b for 36000 cycles).

The NCD-3 coating deposited on SCD (110) has a contact pressure of 1.4 GPaat 0.5 N
load. In case the sample is growing on the Si (100) substrate, the same contact pressure
can be obtained at 2 N load.

The behavior of the CoF is very similar on both types of substrates (Fig. 29). The CoF
on samples deposited on Si (100) substrate is stabilized at about 0.14. The same value
was observed on the NCD-3 coating after stabilization. For the coatings deposited on SCD
(110), the CoF value for the tests with higher contact pressure (2.3 GPa) was also about
0.14.

Profiles of wear scars after the sliding test at the 1.4 GPa contact pressure are shown
in Fig. 30. The depth of the wear scar is significantly higher for the diamond films
deposited on the Si (100) substrate. Thus, the wear loss volume is higher on the diamond
films prepared on the Si (100).

Figure 31 shows the surface morphology of the wear scar after the sliding test at the
same contact pressure on 2.2 um thick NCD-3 (a) and 2.7 um thick NCD-1 (b) coatings.
Ripples and grooves can be observed in both cases. Presence of the pristine surface areas
in the case of the NCD-1 coating can provide evidence of film deflection.

Evolution of the loss wear volume versus the number of cycles can be seen in Fig. 32.
The wear volume increases with the increase of sliding test duration in both cases.
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Figure 32. Wear loss volume versus cycles on NCD-1 (100) sample (a) and NCD-3 (110) sample (b)
[Publication Il1].
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The graph shows that the value of the loss wear volume on the NCD-3 coating is two
times lower than that of NCD-1. Therefore, the substrate properties influence the wear,
namely, due to the film deflection, the volume of the wear scar on the Si (100) is larger
than on the SCD (110). The deflection was observed on the diamond films deposited on
Si (100), see subsection 1.3.4.

3.2.5 Analysis of tribological behavior of diamond coatings at high temperature

In subsection 1.3.2, it is assumed that a carbonaceous layer is formed already after
run-in. Evidence here is provided by the observation that the average CoF value for a
steady state period usually does not strongly differ from the CoF value just after the
run-in period. In addition, it was mentioned in the same subsection that the temperature
can influence tribological properties due to the oxidation of the surface. The present part
of the study focuses on the tribological behavior of diamond coatings at HT. The main
goal of the study of wear at elevated temperatures is to obtain data to develop a method
of protection of diamond coatings against oxidation attack.

NCD-4

The CoF curves recorded during the sliding tests are shown in Fig. 33; samples were
tested at room and high temperature. At RT, the run-in period is relatively short, after
that CoF value stabilizes at 0.12. Noises and small oscillations can be observed. However,
duration of the running-in period increases with the increase of the temperature.
CoF value stabilized at 0.35 during the sliding test at 300 °C and 0.4 at 450 °C.

Early period of running-in

600 °C

COF

0 10000 20000 30000 40000 50000
Cycles

Figure 33. CoF vs the number of cycles curves recorded on the NCD-4 coating at room and elevated
temperatures [Publication IV].
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Figure 34. Line scans taken on wear scars (a), SEM images of wear scars after the test at room
temperature (b), 300 °C and 450 °C, and bottom of wear scars after tests at room temperature (b)
and 450 °C (c) [Publication IV].

Figure 34 a shows line scans and surface morphology of the wear scars. Depth and
width of the wear scar increase with the increase of temperature. The shapes of wear
scar after the test at RT and 300 °C are similar. However, the shape changed after the
sliding test at 450 °C. The deepest part of the wear scar locates at the place closer to the
axis of rotation, and the wear scar elongates in the opposite direction. The width of the
wear scar increased significantly up to 2000 um.

Images were taken in the deepest parts of the wear scars (Fig. 34 b — f). In all cases,
grooves and islands of the pristine surface of the diamond coatings were observed.
It should be noted that the level of the valleys at the bottom of the wear scars is lower than
the level of the valleys located out of the wear scar in all cases. Presence of islands of the
pristine surface in the bottom of the wear scar can indicate the deflection of NCD-4. Areas
of the polished surface increase with the increase of the temperature of the tests.
Changes in the behavior of CoF, shape and size of the wear scar can relate to changes in
the wear mechanisms with the increase of the temperature. Increase of polished areas
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Figure 35. Wear loss volume of the NCD-4 coating versus temperature after the sliding tests at
10 N (pmax = 1.08 GPa) and 54000 cycles.

in the bottom of the wear scar can provide evidence of the increase of real wear
of the diamond coating. Deflection was observed after the sliding tests and its value
increased with the temperature increasing.

Wear loss volume of the NCD-4 coating after the sliding tests at different
temperatures was estimated and the results are shown in Fig. 35. Wear volume after the
sliding test at RT is one order lower than that at 300 and 450 °C.

MCD-2

Figure 36 shows the CoF versus the number of cycle curves. The CoF value recorded after
the sliding test at RT decreases after the run-in period and is stabilized at 0.1. With the
increase of temperature to 300 °C, an effect of superlubricity is observed. CoF value
stabilizes at about 0.006. The highest value of CoF observed during the sliding test is at
450 °C. After a short run-in period, CoF value drops to 0.15 and after 30000 cycles of
sliding, CoF increases to 0.2.
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Figure 36. CoF versus the number of cycles recorded on the MCD-2 coating at room and elevated
temperatures.
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MCD-2 coatings have a relatively large size of diamond grains (see theoretical
background), and possess high wear resistance.

Line scans of the wear scars and the surface morphology of MCD-2 coatings are shown
in Fig. 37 a. The width of the wear scars did not significantly change with the increase of
temperature. Depth of the wear scars after the sliding test at room and 300 °C is about
0.5 um. However, the depth increases to 0.9 um after the sliding test at 450 °C. Difference
between high levels of peaks in the bottom of the wear scar and valleys of the area out
of the wear scar is about 0.3 — 0.4 pm.

After the sliding test at RT, small islands of the polished surface are observed in the
bottom of the wear scar (Fig. 37 e, f and g). With the increase of temperature, areas of
polished surface increase. However, in the case of the sliding test at 450 °C, an island of
the pristine surface can be observed in the bottom of the wear scar. Although the effect
of coating deflection cannot be estimated in the sliding test at RT and 300 °C, it has visible
influence on the wear scar depth at 450 °C.

4, )
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x50k 20 um ~ x50k 20um x50k 20um

Figure 37. Line scans taken on the wear scars on the MCD-2 coating after room and HT sliding tests
(a), SEM images of the wear scars after sliding tests on the MCD-2 coating at RT (b), 300 °C (c) and
450 °C (d) and SEM images of the bottom of the wear scar at RT (e), 300 °C (f) and 450 °C (g).
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Figure 38. Wear loss volume of MCD-2 versus temperature after the sliding tests at 3 N
(Pmax = 1.06 GPa) and 54000 cycles.

Evolution of the wear loss volume versus the temperature of the sliding test on the
MCD-2 coating can be observed in Fig. 38. Its value has no significant difference for
results at RT and 300 °C. However, the value of the wear loss volume after sliding at
450 °C is twice higher.

3.2.6 Protection of diamond coatings against oxidation attack at high temperature

It was found that the CoF and the wear loss volume increase after the sliding tests at 300
and 450 °C on the NCD-4 and after 450 °C on the MCD-2 coatings. Therefore, a solution
is required to protect diamond coatings against oxidation attack and preserve excellent
tribological properties of diamond coatings at HT.

Al>Os layer was deposited on top of the NCD coating. Al.O3 coating was chosen as a
barrier layer due to its good mechanical and tribological properties. Rotation
unidirectional sliding test at RT, 300 and 450 °C was carried out. A SisN4 ball was used as
sliding counterbody. Superlubricity on the NCD and Al.Osz /NCD coatings tested at 300 °C
was found for the first time with the COF value within the range from 0.004 to 0.04.
Width of the wear scars was sufficiently smaller for protected NCD coatings, in contrast
to the unprotected NCD coating after the test at 450 °C. XPS analyses showed a difference
in the chemical structure of the coating surfaces between the protected and the
unprotected NCD coatings after the tests at different temperatures. The wear loss
volume observed on the NCD coating coated with the Al,Oz layer decreased as compared
with unprotected NCD coatings tested at 450 °C. More details can be found in the
invention [Publication V].

3.2.7 Summary of comparison of tribology behavior of MCD, NCD and DLC coatings

Comparison of tribological behavior of NCD-1 and NCD-2
Type of the wear of the NCD coating was estimated after reciprocating sliding tests at
room temperature. Tribological behavior was interpreted from the point of view of
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self-organization. Increase of the real contact area and the CoF value indicates an
adhesive wear regime in the case of the NCD-1 coating. Decrease of the contact area and
the CoF value with an increase of test duration was observed during the sliding test on
the NCD-2 coating, which corresponds to the abrasive wear.

Comparison of tribological behavior of NCD-1, NCD-3, NCD-4, MCD-1, MCD-2 and DLC
at RT

No evidence of coating deflection was found after sliding on the NCD-3 and the DLC
coatings. However, it was observed in the case of NCD-1 and MCD-1 coatings. These
variations of tribology behavior can be explained by the difference in the growth process
of diamond coatings. Seeding was used only in cases of NCD-1 and MCD-1 coatings.
According to previous research (subsection 1.3.3), hard seeding particles penetrate into
the substrate, which leads to coating deflection.

Although the contact pressure was lower in the case of the sliding test of the NCD-1
coating than in the case of the MCD-1 coating (1.4 GPa and 1.62 GPa respectively), larger
polished areas were observed within the wear scar after sliding on the NCD-1 coating
(Fig. 31 b) than in the case of the MCD-1 coating (Fig. 27 c — g). It can be connected with
larger diamond grains size of the MCD-1 coating.

Comparison of tribological behavior of NCD-4 with MCD-2 at HT
The MCD-2 and NCD-4 coatings were tested under HT sliding. The contact pressure was
approximately the same in both cases (1.06 GPa for MCD-2 and 1.08 GPa for NCD-4).

Presence of coating deflection was found after sliding at RT, 300 and 450 °C on the
NCD-4 coating. However, it was observed only after the wear test at 450 °C on the MCD
coating. The reason can be that diamond coatings with large size of diamond grains
possess higher stiffness than NCD coatings. Island of the pristine surface in the bottom
of the wear scars decreased after the HT sliding tests in both cases. This indicates an
increase of the real wear volume of diamond coatings.

Superlubricating behavior (super low CoF value) was found during the sliding test at
300 °C on the MCD-2 coating (i1 = 0.006). It can be related with the changes within the
thin carbonaceous layer on top of the MCD coating (according to subsection 1.3.2).
In addition, at HT the passivation of film surface can be changed as well [42]. Although
this effect was not found on NCD-4, we do not exclude appearance of this phenomenon
under other tests conditions. In addition, changes in the wear mechanisms with
increasing temperature occur.

Superlubricity was found on the NCD coating deposited on the Si substrate after
sliding at 3 N load and 300 °C (nonpublished) [Publication V].

The influence of temperature was not taken into account in the theoretical part
(subsection 3.2.1). It can be expected that at HT chemical reactions occur on the surface
of the diamond coatings, which can influence the CoF value and the wear behavior.
However, the deflection probably plays some role in the tribological behavior at high
temperatures as well.

The method of protection and preservation excellent tribological properties of
diamond coatings was developed based on the results of sliding tests at elevated
temperatures.
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4 Conclusions

Different types of diamond coatings were tested under various sliding conditions.
The friction and wear are complex phenomena. Initial polishing of diamond grains,
passivation of carbon bonds, formation of a tribolayer, coating deflection, etc. are
processes occurring during friction and wear. Instabilities during sliding caused by
changes in surface roughness, coating deflection, etc. lead to bifurcation behavior,
resulting in different sliding regimes during the tests.

The main conclusions are as follows:

1. The abrasive and adhesive wear of diamond coatings were explained based on
the self-organization theory. Two characteristic types of CoF curves were
observed during sliding. Correlation between the wear mechanisms and
changes in the surface morphology within the wear scars, real contact area
between counterbodies, coating deflection and CoF behavior were found.
Increase of the real contact area and the CoF value indicates an adhesive wear
regime. In contrast, decrease of the contact area and the CoF value corresponds
to the abrasive wear.

2. Mechanisms of deflection of diamond coatings under sliding were investigated
in more detail. It was found that under similar test conditions, the apparent
wear loss volume observed on the NCD coatings deposited on SCD (110)
substrate is two times lower than in the case of the NCD coating deposited on
Si (100). It is explained by the influence of coating deflection caused by the
growth process. In the case of the NCD coating deposited on Si (100), the
seeding of the Si surface with diamond particles prior to the deposition of NCD
coating was used, which results in the penetration of the seeded diamond
particles into the Si substrate under high contact pressure.

3. Diamond coating deflection was found after the test at elevated temperature.
The magnitude of deflection increases with the temperature increasing. After
high temperature sliding, the depth of the wear scar increases three times with
the room temperature test in the case of the NCD-4 coating, and twice in the
case of the MCD-2 coating. Increase of polished areas within the wear scars after
high temperature wear tests indicate an increase in the real wear as compared
to tests at room temperature.

4. The effect of superlubricity was observed on the MCD and NCD diamond
coatings for the first time (1 = 0.006 in the case of the MCD and p = 0.004 - 0.04
in the case of the NCD and Al20s/NCD coatings tested at 300 °C).

5. Deposition of an Al.Os layer on top of the diamond coating leads to an
improvement of tribological properties at high temperature. After high
temperature sliding tests, the CoF value and the wear loss volume are lower
than those of an unprotected diamond coating.
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Future work

Further development of the self-organization theory and the relation between self-
organized criticality (SOC) and self-organization is necessary for better understanding of
the wear mechanisms of diamond coatings and other materials.

Further investigation of diamond coating deflection is necessary. The plastic and
elastic deformation of thin coatings including carbon based coatings is insufficiently
studied. Plastic and elastic deformation within the UNCD coatings is the present research
interest.

Future research can focus on the development of methods to preserve excellent
tribological properties of diamond coatings against oxygen attack at high temperature.
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Abstract
Adaptive Wear Mechanisms of Diamond Coatings at Room
and High Temperatures

High hardness and wear resistance, low coefficient of friction and chemical inertness are
the key properties of diamond coatings that enable a wide range of tribology
applications. One of the main applications is protection of cutting tools in the engineering
industry.

Previous studies in Tallinn University of Technology have revealed the formation of a
carbonaceous layer, ripples and grooves patterns on the wear scars surface and
deflection of diamond coatings. These results indicate self-organization during the
friction. Theoretical basis of self-organization and wear mechanisms of diamond coatings
is necessary for deeper understanding of excellent tribological properties of the diamond
coatings. In addition, effective protection of cutting tools is required for high
temperature applications of the coatings. Therefore, the present PhD work deals with
tribological investigation of MCD and NCD coatings at room and high temperature sliding,
development of the self-organization theory within the nonequilibrium
thermodynamical approach and investigation of diamond coating deflection.

The main goals of the present study were: a) understanding of friction and wear
processes of diamond coatings based on the self-organization theory, b) investigation of
the effect of the substrate and temperature on coating deflection and c) development of
a method for protection of diamond coating against oxidation at high temperatures.

Diamond coatings were grown by the MWPECVD method on Si and hard metal
substrates. Raman spectra, XRD, SEM, AFM, optical microscopy and mechanical
profilometry were used for the analysis of the results of sliding tests.

As a result of the present research, the wear behavior of diamond coatings was
interpreted from the point of view of self-organization. Interconnection between the
change of the real contact area, surface roughness, coating deflection, behavior of CoF
and adhesive and abrasive wear was found. Conditions of occurrence of adhesive and
abrasive wear were identified.

The mechanisms of coating deflection were investigated. It was found that part of
apparent wear volume of the diamond coating is due to deflection. Correlation between
growth mechanisms of diamond coatings and coating deflection was confirmed.

The wear loss volume measured after sliding at elevated temperature on MCD and
NCD coatings increases in contrast to the results at room temperature. A super low CoF
value (superlubricating behavior) was found after high temperature wear tests on MCD
and NCD coatings. The deflection was found on both coatings after the tests at high
temperature as well.

The effective method for protection and preservation of the tribology properties of
diamond coatings under high temperature sliding was developed. Deposition of Al.03
layer on top of a diamond coating leads to a decrease in the wear loss volume and CoF
value in comparison with unprotected coating.
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Liihikokkuvote
Teemantpinnete adaptiivkulumise mehhanismid toa- ja
korgendatud temperatuuridel

Teemantpinnete suur kdvadus, hea kulumiskindlus ja madal hddrdekoefitsient on nende
votmeomadused, vdimaldades neid kasutada laialdaselt triboloogilistes rakendustes.
Uheks teemantpinnete p&hiliseks kasutusalaks masinaehituses on Idikeriistad.

Varasemad uuringud TTU-s puudutavad sisinikku sisaldavate kihtide moodustumist,
kulumisel lainete ja vagude teket pinnal ja teemantpinnete labipainet. Saadud tulemused
osutasid pinde iseseadustumisele hddrdumisel. Teemantpinnete pinna iseseadustumise
teoreetilised alused ja kulumise mehhanismid on vajalikud pinnete triboloogiliste
omaduste sligavamaks moistmiseks. Lisaks sellele on IGikeriistade efektiivse kaitse
vajalik t6oks pinnete korral k&rgtemperatuursetes kasutustes. Kdesolev doktorit6o
kasitleb mikro-(MCD) ja nanokristalsete (NCD) teemantpinnete tribouuringuid toa- ja
korgendatud temperatuuridel, nende iseseadustumist ldhtudes mittetasakaalulisest
termodiinaamilisest kasitlusest ja teemantpinnete labipaindest.

T66 eesmarkideks oli a) hoordumisel ja kulumisel aset leidvate protsesside m&istmine
lahtudes iseseadustumise teooriast, b) selgitada vélja alusmaterjali ja temperatuuri mdju
kulumisel pinde labipainele ja c) arendada meetodit teemantpinde kaitseks
okslidatsiooni vastu kdrgetel temperatuuridel.

Teemantpinded saadi mikrolaine-plasmakeemilise sadestuspindmise (MWPECVD)
teel rdnialusele. Liugekulumise katsete tulemuste wuuringutes kasutati Raman
spetroskoopiat, XRD, SEM, AFM meetodeid, optilist mikroskoopiat ja mehaanilist
profilomeetriat. Teemantpinnete kaitumist kulumisel interpreteeriti iseseadustumise
seisukohalt. Leiti seosed reaalse kontaktpinna, pinnakareduse, pinde ldbipainde ja
hdordeteguri vahel adhesiiv- ja abrasiivkulumisel. Mé&aratleti tingimused adhesiiv- ja
abrasiivkulumise ilmnemiseks.

Uuriti teemantpinnete labipainde mehhanisme. Leiti, et ndhtav kulumine on tingitud
teemantpinde labipaindest. Leidis kinnitust korrelatsioon pinde kasvumehhanismi ja
labipainde vahel. Kdrgtemperatuursel liugekulumisel méddetud pinnete (MCD ja NCD
pinded) mahuline kulum suurenes vorreldes tulemustega toatemperatuuril. MCD ja NCD
pinnete korral tdheldati kdrgtemperatuursetel kulumiskatsetel eriti madalat
hdordekoefitsienti. Pinnete labipaine kdrgendatud temperatuuril kulumiskatsetel leidis
aset molema pinde korral.

To6 tulemusena selgitati valja kulumise mehhanismid, vGimalik ldbipaine nii toa- kui
korgtemperatuursel kulumisel ja supermadrimise ilming, arendati valja efektiivne
moodus triboomaduste tagamiseks kdrgtemperatuurse liugekulumise tingimustes.
Alumiiniumoksiidpinde (Al203) sadestamine pealmise kihina tdi kaasa mahulise kulumi ja
hoordeteguri vaartuste vahenemise vorreldes mittekaetud pinnaga.

66



Appendix

Publication |
V. Podgursky; A. Bogatov; M. Yashin; S. Sobolev; J. S. Gershman, Relation between Self-
Organization and Wear Mechanisms of Diamond Films. Entropy, 20 (4) (2018) 279-295.

67



z entropy MBPY)

Article
Relation between Self-Organization and Wear
Mechanisms of Diamond Films

Vitali Podgursky "*?, Andrei Bogatov !, Maxim Yashin !, Sergey Sobolev 2 and
Tosif S. Gershman 3

1 Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Ehitajate tee 5,
19086 Tallinn, Estonia; andrei.bogatov@mail.ru (A.B.); mayash@ttu.ee (M.Y.)
Department of Mechanical Engineering, Gubkin Russian State University of Oil and Gas,
Leninsky Prospect 65, 119991 Moscow, Russia; sobolev.ceo@gmail.com
Joint Stock Company Railway Research Institute, Moscow State Technological University
“Stankin” (MSTU “STANKIN”), 3rd Mytischinskaya Street 10, 129851 Moscow, Russia;
isgershman@gmail.com
*  Correspondence: vitali.podgurski@ttu.ee; Tel.: +372-620-3358

check for
Received: 1 February 2018; Accepted: 10 April 2018; Published: 13 April 2018 updates

Abstract: The study deals with tribological properties of diamond films that were tested under
reciprocal sliding conditions against SisNy balls. Adhesive and abrasive wear are explained in
terms of nonequilibrium thermodynamic model of friction and wear. Surface roughness alteration
and film deformation induce instabilities in the tribological system, therefore self-organization
can occur. Instabilities can lead to an increase of the real contact area between the ball and film,
resulting in the seizure between the sliding counterparts (degenerative case of self-organization).
However, the material cannot withstand the stress and collapses due to high friction forces, thus this
regime of sliding corresponds to the adhesive wear. In contrast, a decrease of the real contact area
leads to the decrease of the coefficient of friction (constructive self-organization). However, it results
in a contact pressure increase on the top of asperities within the contact zone, followed by material
collapse, i.e., abrasive wear. Mentioned wear mechanisms should be distinguished from the
self-lubricating properties of diamond due to the formation of a carbonaceous layer.

Keywords: self-organization; tribology; diamond films

1. Introduction

Friction and wear mechanisms were intensively investigated in the past. Three laws of friction
state that a friction force (F) depends linearly on the normal load (W) and does not depend on the
nominal area of contact and velocity (V). These laws can be also formulated as dynamical coefficient of
friction (COF) independence of applied normal load, nominal area of contact, and velocity [1].

The real contact area (A) is a key parameter for tribological characterization. The real contact area
is only a fraction of the nominal contact area, since contacts occur only on top of asperities. The linearity
of Amontons friction law F = yW (u—coefficient of friction) is a consequence of the fact that the real
contact area is almost directly proportional to the applied normal load. The linear dependence of the
real contact area on the small normal load was shown theoretically by Greenwood and Williamson [2]
for Gaussian and by Bush et al. [3,4] for randomly rough surfaces, respectively. It was suggested
by Bowden and Tabor [5] that F = TA, where T is shear strength due to adhesion on the interface.
In practice, friction is nonlinear in nature. For instance, it was shown that the COF can depend on the
sliding velocity, load, and contact area [1,6-10].

By definition, the adhesive and abrasive wear are related to the concept of the real contact area.
The larger real contact area between the sample and counterbody (other things being equal) leads

Entropy 2018, 20, 279; d0i:10.3390/€20040279 www.mdpi.com/journal/entropy
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to stronger adhesion between bodies, thus to the stronger adhesive wear. Hardness is the important
material property for the understanding of the abrasive wear, it is characteristic of material to withstand
the stress without plastic deformation. Material with the higher hardness experiences lower abrasive
wear. However, the amount of stress in the material body depends on the real contact area and the
applied load.

The nonlinear character of friction can be described by nonequilibrium thermodynamics [11,12].
Theory predicts conditions that can lead to self-organization, which can reduce wear. The definition and
physical meaning of self-organization relate to the formation of dissipative structures [11-13]. These are
stationary processes leading to the negative excessive entropy production [11,14,15]. Elastodynamic,
thermoelastodynamic, etc. instabilities can trigger the formation of dissipative structures [12,13].
Wear is one of the many processes occurring during sliding. The energy that is induced by friction can
be consumed by other processes, thus reducing the wear rate [14]. The entropy production (95/9dt),
i.e., a rate of change in entropy due to processes that are occurring within the tribological system,
can be written as follows:

9S/ot = JX, (1)

where thermodynamic flow | = WV, thermodynamic force X = yWV /(AT2A), entropy (S), time (),
temperature (T), and heat conductivity (A) [11,15]. It is assumed that the work by friction force F = yW
is yWYV per unit time, which dissipates within the thin contact layer. The derivation of thermodynamic
flow and force for frictional sliding can be found elsewhere [15,16].

The stability conditions for the thermodynamic system can be analyzed using the Lapunov’s
function 625 (where 425 is the second variation of entropy). Self-organization can occur in the system
if inequality 9/29t (62S) > 0 is not fulfilled. The next equation shows how the calculation of this
derivative can be simplified [11,16]:

3 oy oWyt B WV
ﬁ(a s) = ¢ (ATZA) — 5X6] = 5(;4WV)5<AT2A> > 0. )

In other words, only variations of thermodynamic flow and force must be evaluated in order to
estimate the variation of entropy.

Wear of diamond is a velocity- and load-dependent process [9,10]. In the case of sliding in
the air, the chemical passivation of dangling carbon bonds by species from ambient environment
decreases COF [17-20]. Tribological behavior of diamond films during running-in is affected by
the initial roughness of contacting bodies. Higher surface roughness results in higher initial
friction with a following decrease of COF value due to surface smoothing [21-23]. In addition,
stress-induced mechano-chemical formation of the carbonaceous lubricating layer takes places already
at the beginning of running-in, leading to a decrease of COF value as well [21-27]. In spite of the
counterbodies smoothing and formation of carbonaceous layer, the different types of COF curves were
observed after the tests on diamond films. An increase of the COF value at the beginning of sliding
was found in the tests with a larger normal load on the thicker films [28,29] and on the thinner films
with the same normal load [30], which indicates the importance of stress and deformation to explain
the tribological behavior of diamond films.

The present review is based on the analysis of deflection phenomenon on diamond films
investigated in our recent studies [31-35]. The deflection is considered as a plastic deformation
of the whole film within contact zone and it should be distinguished from the plastic deformation of
the asperities [36]. Diamond is a brittle material, thus the fracture of asperities can occur [1]. The origin
of deflection phenomenon can be the film/substrate structure and film bending (elastic and plastic
deformation) during sliding [31,32]. The film deflection increases with an increasing of the test duration
and normal load and can be explained in terms of fatigue [31].
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The study aims to estimate the variation of the real contact area with the film bending
and surface roughness alteration and interpret tribological behavior of diamond films by means
of self-organization.

2. Materials and Methods

The tribological system that is under investigation can be viewed as a thin hard film (diamond film)
on a softer substrate (Si, WC-Co). Two types of diamond films (nanocrystalline diamond (NCD),
microcrystalline diamond (MCD)) were investigated, see for details our publications [26,31-35,37,38].
The NCD films were grown under different conditions, therefore they are abbreviated by
NCD-1 [31,32,37], NCD-2 [26,38] and NCD-3 [33]. The thickness of the NCD films was as follows:
4.8, 9 and 22 pm (NCD-1) and 0.8 pm (NCD-2, NCD-3). The thickness of MCD films was 5 um.
The films were characterized by Raman spectroscopy, optical microscopy, atomic force microscopy
(AFM), scanning electron microscopy (SEM), and mechanical profilometry. The reciprocal sliding
tests [26,39] were carried out at room temperature in ambient air using Si3Ny balls. The frequency
varied between 2-10 Hz and normal load between 0.5-3 N. ISO 3D parameter Surface Area Ratio
(Sdr) was used in the current research to characterize the contact area between the ball and the film.
Sdr is defined as the increment of the total (nominal) surface area relative to the sampling area in the
XY (surface) plane.

3. Theoretical Background

The real contact area between the counterparts changes during sliding due to the variation of the
local roughness (wear of material), deformation of the contacting surfaces, etc. In general, the influence
of each of the mentioned factors on the real contact area can be described by introducing parameters
11, P, etc. [11]. In the present study, for the sake of simplicity, parameter 1p corresponds to either the
diamond film deformation or surface roughness. It is assumed that 4 and A depend on the parameter
1, as follows: pu = (1) and A = A (). By varying parameter  in inequality (2), we end up with:

2
<ai‘> A oA } (5y)* > 0. 3)

2 (s75) - (Wv)?
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Self-organization can occur if inequality (3) is not fulfilled, i.e., the second term in the square
brackets is positive. There are only four cases with the positive second term:

1. Case 1: If derivative dA/9dy is positive (¢ increases, A increases), dji/dyP must be positive
(as 9 increases j must increase).

2. Case 2: If derivative dA /0y is positive (i decreases, A decreases), du/dyP must be positive
(as 1 decreases y must decrease).

3. Case 3: If derivative dA /9y is negative (ip decreases, A increases), djt/9dP must be negative
(as 1 decreases y must increase).

4. Case 4: If derivative dA/diy is negative (i increases, A decreases), du/9dyPp must be negative
(as i increases y must decrease).

Cases 1 and 3 correspond to a situation when the real contact area can infinitely increase up
to the instant when counterbodies stick together. Thus, a seizure can be considered as an effect
that reduces wear (unconstructive self-organization) [11,14]. In practice, it is not always observed
that counterbodies tend to stop moving. The cohesive bonding between the atoms can be broken
by induced stress, therefore adhesive wear occurs and a morphology of contact surfaces changes
instantly. In other words, an indication of adhesive wear regime in the test might be the COF increase.
On the other hand, Cases 2 and 4 correspond to the situation when the real contact area can decrease
up to a fictional loss of contact between sliding counterbodies, resulting in COF and wear decrease
(constructive self-organization). At a certain instant, the pressure on certain contact points strongly
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increases, causing material collapse. The harder material can withstand higher stress than softer one,
therefore Cases 2 and 4 can correspond to the abrasive wear. In analogy with the adhesive wear,
the COF decrease can be associated with the abrasive wear.

The application of obtained inequality (3) to the analysis of the experimental data can be hampered
due to the estimation of the behavior of ¢, 4 and A parameters, as they can vary during the different
stages of sliding.

4. Results and Discussions

Two typical COF versus cycles curves (with some variations) were observed in sliding tests with
NCD [26,31,33,38] and MCD [34,35] films (Figure 1). The shape and length of stages 1-3 and I-IV can
vary for the tests that are performed on the same sample under the same test conditions. Stage IV was
observed in the COF curve of type 1, which corresponds to the steady state regime of sliding. The COF
curve of type 2 corresponds to the running-in regime of sliding.

Figure 2 shows the COF versus cycles curves taken on the 4.8 pm thick NCD-1 film. The shape of
the curve after the test with 72,000 cycles is similar to the shape of type 2 curve (Figure 1). The surface
morphology of the SizNy balls after the tests with 9000 and 36,000 cycles (0.5 N, 5 Hz) and 72,000 cycles
(2 N, 5 Hz) is shown in Figure 3. Circles (dashed lines) are shown as a guide for eyes.

type 1

type 2

Cycle;

Figure 1. Schematics of two types of coefficient of friction (COF) versus cycles curves observed during
reciprocation sliding wear test on diamond films.

08
.8 |1 T T T T T T T

|12 N, 5 Hz, 72,000 cycles (see Ref. [31]) 1

0.6

0.5

COF

0.44

0.5 N, 5Hz, 9000 cycles 1
0.5N, 5 Hz, 36,000 cycles

0.1+ T : - : .
0 10,000 30,000 50,000
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Figure 2. COF versus cycles curves taken on the 4.8 um thick nanocrystalline diamond (NCD)-1 film.
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The surface of the ball after 9000 cycles is considerably smoother than that after 36,000 cycles,
namely no grooves and scratches were observed. A stripe-like area and two semicircle-like areas are
marked by I and II on the ball surface, respectively. The morphological patterns on the ball surface
for both of the areas look the same (Figure 3a). However, the patterns within the areas I and II look
differently after the test with 36,000 cycles (Figure 3b), indicating the dissimilarity of wear regimes
at the different parts of the ball. This can mean that real contact areas between the ball and film
within the areas I and II are different, due to the difference in surface morphology. In other words,
single type of wear regime dominates for the test with 9000 cycles of sliding, and for the longer tests
(36,000 cycles), a differentiation of wear mechanisms occurs, namely at least two types of wear regimes
can be distinguished. The width of the area I increases steadily from 70 to 120 um (Figures 3 and 4).

By

S

grooves

Figure 3. Surface morphology of the Si3N4 balls after the sliding wear tests on the 4.8 pm thick NCD-1
film. The test parameters were as follows: (a) 0.5 N, 5 Hz, 9000 cycles; (b) 0.5 N, 5 Hz, 36,000 cycles;
and, (c) 2N, 5 Hz, 72,000 cycles.

Figure 5 shows the COF versus cycles curves that were taken on the 22 um thick NCD-1 film.
The film roughness Sq (root mean square) was 99 nm in comparison with 62 nm for 4.8 um thick
film [31]. The COF curves that are similar to the type 2 curve (Figure 1) can be seen for the tests
that were taken at the 0.5 N load (Figure 5a). The position and shape of the stage 2 for the tests with
9000 and 36,000 cycles differ from the one with 72,000 cycles. It indicates that the running-in regime of
sliding can vary for similar tests, due to probably fluctuation of the surface roughness. Variation of
tribological behavior in sliding tests with the higher load (3 N, 5 Hz, 72,000 cycles) was found as well
(Figure 5b).

Figure 6 shows the surface morphology of the balls after the sliding tests on the 22 pm thick
NCD-1 film. There is some difficulty in distinguishing between areas I and II on the wear scar after the
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test with 9000 cycles, however, these areas can be clearly discriminated after 36,000 cycles (Figure 6b).
The shape of the wear scars after 9000 cycles is circle-like in contrast to ones that were observed
on thinner film (Figure 3a), likely due to a weaker deformation of the thicker film [31]. In addition,
the increase of area II suggests that the film deformation (deflection) increases gradually for the tests
from 9000 to 36,000 cycles (Figure 6a,b). This finding indicates fatigue [31]. Interesting that the width
of the wear scars on the balls (Figures 3 and 6) after the shorter (9000 cycles) (not shown in Figure 3a)
and longer (36,000 and 72,000 cycles) tests is nearly the same, i.e., about 200-225 pum, and is nearly
independent of film thickness, load (0.5, 2 and 3 N), and duration. It worth comparing the size of areas
I and II for both of the films (4.8 and 22 um) that were tested in similar tests, i.e., at 0.5 N and 5 Hz
(36,000 cycles) (Figures 3b, 4b, 6b and 7b). The size of area I is 80 and 150 pum, and area Il is 120 and
70 um for 4.8 and 22 um thick films, respectively. The difference in size of areas as well as in the shape
and depth of line scans (Figures 4b and 7b) clearly indicate the difference in wear regimes. In addition,
morphological patterns after the tests on 22 um thick film differ from those on the 4.8 um thick film.
Scratches can be observed already after 9000 cycles of sliding, which is probably due to the higher
roughness of the 22 um thick film.
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Figure 4. Line scans (see Ref. [31]) and SEM images taken on the wear scars of the 4.8 um thick NCD-1
film. The sliding wear test parameters were as follows: (a) 0.5 N, 5 Hz, 9000 cycles; (b) 0.5 N, 5 Hz,
36,000 cycles; and, (¢) 2 N, 5 Hz, 72,000 cycles.
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Figure 5. COF versus cycles curves taken on the 22 pm thick NCD-1 film: (a) at the 0.5 N; (b) 3 N normal
load condition. Two tests at the 3 N normal load were taken at the different places on the sample.

The position of the scratch on the ball surface corresponds to the position of the peak on the wear
scar (Figures 3c and 4c). The strongest wear of the ball occurs within the scratch, and, correspondingly,
the lowest wear of the diamond film is on the peak. For the longer tests, a highly asymmetric profile of
the wear scars was often observed on the different types of diamond films [31,34,35]. In other words,
wear can be locally highly non-uniform. Thus, a variation of the real contact area can be expected
within the contact zone. For instance, a contact between two bodies could take place mainly between
the peak and area II on the film, and between the scratch and area II on the ball, thus a reduction in
real contact area can be expected within the area I (Figures 3c and 4c). Another type of the contact
between the ball and film can be distinguished after the observation of the surface morphology of the
ball and film in Figures 6¢c and 7c. There is a correspondence between the positions of the scratches on
the ball and the peaks on the film, which indicates the primary regions of contact between the ball
and film. Thus, the reduction in the real contact area can be expected within the central part of the
wear scar (area I). In conclusion, grooves, scratches, and peaks of the different shapes and sizes were
observed on the surface of balls and films (Figures 3, 4, 6 and 7), thus a diverse range of contact types
between the film and ball can be expected, leading to the different tribological behavior.

Figure 8 shows the COF versus cycles curves taken on the 0.8 pum thick NCD-2 film.
Generally, the shape of the curves in Figure 8 is similar to the shape of the curve type 1 (Figure 1).
Type 2 curve was observed, for instance, for the test with 21,600 cycles (2 N, 2 Hz) (Figure 8a). Stage 11
of the curve type 1 corresponds to the sliding regime with a nearly constant or slightly descending
COF value. The duration of this stage varies, i.e., it decreases with an increasing of sliding velocity.
The COF value decreases for the longer tests and stabilizes to value 0.05 at stage IV.

Figure 9 shows the surface patterns that were observed on the NCD-2 film after sliding tests.
AFM images were taken at the central part of corresponding wear scars. The real contact area between
the sliding counterparts can be characterized by the surface area ratio parameter Sdr, see Experimental.
The Sdr value is greater for shorter tests (Figure 9), i.e., for the tests with 2 Hz, and it is smaller for the
longer tests with 5 and 10 Hz, which can be clearly seen in the higher resolution images. Higher contact
surface area for shorter tests means more adhesive contact between the counterbodies. For the longer
tests, the Sdr value decreases together with a COF value decrease and stabilization. In other words,
the decrease of contact area within the central part of wear scars for the longer tests is similar to the
that were results obtained on NCD-1 film, see discussion above.
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Figure 6. Surface morphology of the Si3N4 balls after the sliding wear tests on the 22 um thick NCD-1
film. The sliding wear test parameters were as follows: 0.5 N, 5 Hz, 9000 cycles (a), 0.5 N, 5 Hz,
36,000 cycles (b), and 3 N, 5 Hz, 72,000 cycles (I) (c).
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More similarity between the surface morphology of NCD-1, NCD-2, and NCD-3 films can be
found in Figures 3, 4, 6 and 9. The distance between small peaks within the wear scar (Figure 4a) is
about 16 um for the NCD-1 film, which is in good agreement with the distance between the peaks that
were found on the NCD-2 film, i.e., 13 um (Figure 9h). The height of peaks for both of the patterns is
similar, namely about 100 nm, see height bar in Figure 9h. In addition, the distance between two peaks
is 18 um (Figure 4c), which could indicate that the large peak (Figure 4c) is formed from a smaller
peak, which is similar to ones in Figure 4a. On the other hand, the emergence of shallow grooves and
deeper scratches on the surface of balls (Figures 3 and 6) also suggests the dynamic formation and
annihilation of these peculiarities during sliding. The groove and ripple patterns on the surface of
wear scars were observed on all NCD (NCD-1, NCD-2, and NCD-3) films, indicating the formation of
the well-ordered spatial structures during sliding [11,40].

The tribological behavior of MCD films was investigated in our studies [34,35]. The shape of
the COF versus cycles curves (not shown) corresponds to the type 2 curve (Figure 1). The grooves,
ripples and film deflection were observed [34,35]. The wear scar profile (not shown) on the film similar
to one shown in Figure 4c (i.e., with the large peak within the wear scar) was found after the sliding
test on the MCD film [34].

There is a correlation between Cases (1-4) describing conditions for self-organization to occur,
the shape of the COF curves (Figures 1, 2, 5 and 8) and the morphological patterns on the balls
(Figures 3 and 6) and films (Figures 4, 7 and 9) surfaces. An interpretation of results needs
an estimation of influence of all types of friction and wear mechanisms to tribological behavior.
The principal mechanism (or mechanisms) is mostly predetermined the type of COF curve, for instance,
the emergence of either stage 2 or II. The shape of the COF versus cycles curves can depend on many
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processes [41,42]. Both kinds of stages (2 and II) were found in the COF curves after the tests on the
same film tested under the same test conditions (Figure 8a). A more complete description of the friction

needs to take into account the possible synergetic effects or the mutual relationships between the all
involved processed as well.
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Figure 7. Line scans (see Ref. [31]) and SEM images taken on the wear scars of the 22 um thick NCD-1
film. The sliding wear test parameters were as follows: (a) 0.5 N, 5 Hz, 9000 cycles; (b) 0.5 N, 5 Hz,
36,000 cycles; and, (¢) 3 N, 5 Hz, 72,000 cycles (I).



Entropy 2018, 20, 279 10 of 16

055 T T T 0.55 e e e ——
050 ¥ 55 B
0.45 045
0.40 0.40
0.35| 035
% 0304 % 030
© pas o
25 ] 0.251] | 2N, 5 Hz, 36,000 dycles (see Ref. [38])
0207 |\ 2 N, 2 Hz, 14,400 cycles (see Ref. [38]) 0.20
0.15 015
0.107 0.10
0054 2N, 2 Hz, 21,600 cycles 0.05] 2N, 5 Hz, 54,000 cycles SE——
: = v ; el uec el g ~ ]
0 4000 8000 12,000 16,000 20,000 0 10,000 20,000 30,000 40,000 50,000
Cycles Cycles
0.55 . .
05019 1
0.451 1
0.40
035
% 030
Oop2s

0.20
0.15
0.10
0.05

2 N, 10 Hz, 108,000 cycles (see Ref. [38])

2N, 10 Hz, 72,00

T - —T T —TT
0 20,000 40,000 60,000 80,000 100,000
Cycles

Figure 8. COF versus cycles curves taken on the NCD-2 film. The sliding wear test parameters were as
follows: (a) 2 N and 2 Hz; (b) 2 N and 5 Hz; and, (¢) 2 N and 10 Hz.

At the beginning of sliding test, the surface asperities interlocking results in material fracture and
self-polishing [21-23]. These wear mechanisms, as well as passivation of dangling bonds and bonds
breaking, formation of carbonaceous layer, and surface deformation influence on the diamond film
tribological behavior at the early stages of the sliding, see stages 1 and I (Figure 1). The real contact area
increases due to the initial polishing of surface asperities. In the case of surface roughness alteration,
parameter i decreases (as the roughness decreases) along with the decrease of y and increase of A.
This situation cannot correspond to any of the mentioned above cases, see Theoretical background.
Therefore, the fracture and initial polishing mechanisms cannot be related with self-organization,
which is in good agreement with conclusions by Gershman et al. [14]. In the case of surface deformation,
1 increases as the film deflection increases [31], together with a decreasing in i and an increasing
in A, thus no self-organization occurs as well. The decrease of COF value at stages 1 and I can be
related with the formation of carbonaceous layer as well, however during some initial period of sliding,
the fracture and the initial polishing mechanisms should dominate, as formation of the carbonaceous
layer needs a certain period of time [26].

An indication of self-organization can be a change of the wear rate [14]. The evaluation of
the wear rate of the tribological system with deflection is a challenge as the surface deformation
influences on the estimation of the wear volume [31,32]. The change of the wear rate can be related
to a change of the wear regime. For instance, after relatively similar stages 1 and I, a bifurcation
takes place, and the COF value follows the dynamics corresponding to either stage 2 or II (Figure 1).
Different processes (dangling carbon bonds passivation and bonds breaking, adhesive and abrasive
wear, film deformation, and formation of carbonaceous layer, etc.) can be distinguished for the
later stages of sliding, which can cause to formation of the dissipative structures. A fraction of the
friction energy can be dissipated into the breaking or passivation of the dangling bonds, formation of
carbonaceous layer, and well-ordered morphological patterns, etc. [14]. A thermodynamical analysis
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of mentioned processes should show if they proceed with negative or positive entropy production,
thus decreasing or increasing wear, respectively.
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Figure 9. Atomic force microscopy (AFM) images (see Ref. [38]) taken on the wear scars of the NCD-2
film after the sliding wear tests. The test parameters were as follows: (a,b) 2 N, 2 Hz, 14,400 cycles;
(c) 2N, 2 Hz, 21,600 cycles; (d,e) 2 N, 5 Hz, 36,000 cycles; (f,g) 2 N, 5 Hz, 54,000 cycles; (h,i) 2N, 10 Hz,
72,000 cycles; and, (j,k) 2 N, 10 Hz, 108,000 cycles.

Tribological behavior during stage 2 (Figure 1) can be explained by using inequality (3), as follows.
With regard to the role of film deformation, the film deflection increases at the early stages of sliding [31],
i.e., parameter i increases. The COF value increases, i.e., dy/di > 0. The deformation of film causes
the real contact area increase, thus dA/dy > 0 as well. Therefore, the behavior corresponds to the Case 1
and adhesive wear regime of sliding. A correlation between the surface corrugation and COF behavior
of NCD-1 film can be found in Figures 5b, 6¢c and 7c. Noise, oscillations, and an increase of COF
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value can be observed in Figure 5b, likely indicating a seizure-like contact between the ball and film.
Increasing contact surface area between the peaks and corresponding scratches (Figures 6¢ and 7c) due
to the shape of these peculiarities could cause to adhesive wear and seizure. In other words, the surface
corrugation increases at stage 2, i.e., i increases along with y and A. Therefore, it corresponds to the
Case 1 as well. The formation of the groove patterns on the early stages of sliding (Figure 9) can be
additional evidence of an adhesive wear regime. For the NCD-2 film, the denser arrays of grooves
and the highest Sdr value were observed after shorter tests (Figure 9a,b). The predominance, or at
least the manifestation, of the adhesive wear regime can be expected for these tests due to a higher
contact area between counterbodies. The existence of the adhesive wear regime at the early stages of
sliding (parts 2 and Il in Figure 1) can be easily understood as a consequence of the wear mechanisms
occurring within parts 1 and I (Figure 1), namely due to the initial polishing of the asperities the
contact area increases, see discussion above. However, further increase of contact area can result in
COF value increase (part 2). In the case of type 1 curve (Figures 1 and 8), the nearly constant COF value
for part Il indicates an interplay between adhesive and other friction and wear mechanisms. It was
assumed that the real surface area can infinite increase in the case of adhesive wear, see Cases 1 and 3
in Theoretical background. A fractal surface is an object with the infinite surface area, see, for example,
Koch fractal [1].

The justification of the type of wear regime occurring during stages II, 3, III, and IV of the
COF curves is as follows. First, the analysis of tribological behavior of diamond films for stages 3
and III is presented. The COF value decreases at stages 3 and III. The wear mechanisms can differ
within the separate regions of contact zone. The real contact area can locally decrease, for instance,
within the central part of the wear scar, as it was shown for NCD-1 and NCD-2 films, see discussion
above. In the case of NCD-2 film, the surface morphology alteration leads to the formation of
larger grooves, and finally to relatively flat contact surface within the central part of the wear scar
(Figure 9f-k). It can be a leading factor, which influences tribological behavior. The decrease of both
A and COF corresponds to the Cases 2 and 4. It is interesting that variations of ¢ is not important,
i.e., independent of changes in surface roughness and film deformation constructive self-organization
can occur. In conclusion, the dominant type of wear mechanism corresponding to stages 3 and III can
be the abrasive wear. The relationship between the bonds passivation and bonds breaking, adhesive
and abrasive wear, film bending and formation of carbonaceous lubricating layer can lead to the COF
value equalization observed for the stages Il and IV. The COF value slightly varies during the steady
stage regime IV (Figure 8), which can be attributed to the interplay between different mechanisms.
However, the intensity of COF value fluctuations is lower in comparison to the processes occurring at
the earlier stages of sliding (I-IIl and 1-3).

The surface patterns on the balls and films appear as a consequence of a dynamic coexistence
of ripples, grooves, scratches, and peaks. The grooves can undergo a structural transformation into
the scratches and the peaks can be destroyed, which changes the landscape of the contact zone
on the ball and film. A close relationship between adhesive and abrasive wear explained in terms
of permanently changed surface morphology is in good agreement with the results of a study by
Mortazavi and Nosonovsky [43]. In this study, the running-in period of sliding was explained as the
adaptive self-organization process or the mutual adjustment of counterbodies.

5. Conclusions

The friction and wear of diamond films originate from the complex processes. There is
a relationship between the fracture and the initial polishing of the surface asperities, dangling bonds
passivation and bonds breaking, formation of carbonaceous layer, adhesive and abrasive wear, and film
deformation during the different stages of sliding. The adhesive and abrasive wear of diamond films
can be explained as a consequence of self-organization in the tribological system. After an initial period,
the bifurcation behavior is caused by instabilities that were induced by surface roughness alteration,
film bending, etc. The bifurcation denotes a sudden change of the real contact area. The increase of the
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real contact area between the sliding counterparts indicates the adhesive wear regime. On the other
hand, the decrease of the real contact area corresponds to the abrasive wear.
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Abstract. The study investigates the wear of microcrystalline diamond (MCD) and diamond-like
carbon (DLC) coatings. The MCD and DLC coatings were grown by plasma enhanced chemical
vapor deposition (PECVD) method on WC-Co substrates. The sliding wear tests were performed on
the ball-on-plate type of tribometer in reciprocating mode. The ball-cratering wear tests were
carried out using Calo tester. The mechanical profilometer, optical and scanning electron
microscopes (SEM) were used for investigation of the surface morphology of the wear scars. The
wear of DLC coating is more intense in comparison to the MCD coating. In contrast to the MCD
coating, no evidence of the DLC coating deflection was found.

Introduction

Diamond and diamond like carbon (DLC) coatings are the well-known wear-resistant coatings.
They have low coefficient of friction (COF), high hardness and chemical inertness [1, 2]. These
coatings are widely used for protection of the cutting tools.

The tribological properties of diamond coatings deposited on Si substrates were investigated in
our previous studies. It was shown that the surface morphology of the wear scars depends on load,
frequency and tests duration [3, 4] of the sliding tests. In addition, formation of the ripple patterns
on the wear scars surface and the deformation (deflection) of the coating were observed [5].

Hard metal (WC-Co) is important engineering materials for tooling and machining industry.
Therefore, WC-Co was used as the substrate for the deposition of microcrystalline diamond (MCD)
and DLC coatings. The main goals of the present study are to compare wear rates of MCD and DLC
coatings in dry sliding and to investigate the phenomenon of coating deflection.

Experimental

WC-Co substrates were polished on grinding machine (PHOEIX"™ 4000) to the average
roughness R, = 0.03 pm. Polished substrates were cleaned in ultrasonic bath with acetone and
alcohol. MCD and DLC coatings were grown using plasma enhanced chemical vapor deposition
(PECVD) method. Prior the deposition of MCD and DLC coatings a layer of CrN hard coating was
deposited by physical vapor deposition (PVD) method. The thickness of DLC/CrN coating was
1.3/3.3 um and MCD/CrN one 3-5/2 pm, respectively.

Sliding tests were carried out on the ball-on-plate tribometer (Bruker® CETER-UMT-2) in
reciprocating regime. Si3Ny balls © 3 mm were used as a sliding counter body. The ball holder was
fixed to the 1 kg sensor (DFM-1). The tests conditions were as following: the stroke length 1 mm,

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 Trans
Tech Publications, www.ttp.net. (#69956028, Tallinn University of Technology, Tallinn, Estonia-27/09/16,13:21:00)
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Fig. 1. Surface morphology of the DLC Fig. 2. Raman spectra of the DLC (a) and MCD
(a) and MCD (b) coatings. (b) coatings.

the normal loads 0.5 N and 2 N and the number of cycles 18000, 36000 and 72000. Sliding tests
were carried at room temperature and relative humidity of 35 %. The tribological properties of
MCD coating were estimated in ball-cratering tests (calotests) using @ 20 mm steel ball. The
rotational speed was 400 rpm. The calotest duration was 20 min and no diamond slurry was used.

The wear scars were investigated by mechanical profilometry (Mahr Perthometer® equipped with
PGK 120 tracing arm). The wear rate was estimated using Eq. 1, where V - volume of worn
material, F - normal load, L - sliding distance.

W=V/(FxL) (1)

The optical microscope and scanning electron microscope (SEM) (TM-1000 HITACHI®) were
used for investigation of the surface morphology. The structure of MCD and DLC coatings was
characterized by Raman spectroscopy (Horiba® LabRam HR 800).

Results and discussions

Figure 1 shows the surface morphology of coatings. The grain size of DLC and MCD coatings is
about 1-2 um and 0.5-1.5 um, respectively. The average roughness R, of the DLC coating is 0.3 um
and 0.2 pm for the MCD coating.

The Raman spectra of the DLC and MCD coatings are shown in Fig. 2. In the case of the DLC
coating, there are two main characteristic peaks corresponding to two bands: G band at 1500 cm™
and D band at 1300 cm™. The Raman spectrum of the MCD coating has several peaks: at 1150 cm™
corresponding to t-Pa (trans-polyacetylene at the grain boundaries), at 1350 cm™ to diamond and
the peaks at 1370 cm™ related to D-band, corresponding to the disordered graphite, and 1540 cm™
related to the G-band corresponding to the well-ordered graphite. There is a shift of diamond peak
value from 1332 cm™ to a higher value of 1350 cm’ indicating a stress in the diamond film [6].

Figure 3 shows the COF versus number of cycles after sliding wear tests with 0.5 N and 2 N of
normal load and test duration of 72000 cycles. In the case of DLC coating, after a short run-in

0.5N
DLC
0.5N
MCD
2N
DLC
—2N
MCD

0 20000 40000 60000
Cycles

Fig. 3. COF versus number of cycles recorded on the DLC and MCD coatings.
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Fig. 4. Line scans, optical microscope and Fig. 5. Line scan (a) taken on the wear scar
SEM images taken after sliding tests with after the test with 2 N (72000 cycles) on the
0.5 N (8000 cycles) on the DLC (a-c) and MCD coating. The optical microscope (b) and
MCD (d-e) coatings. SEM (c-g) images taken on the same wear scar.

period, the COF value stabilizes about 0.1 for the test with 0.5 N. However, the COF value after
30000 cycles steadily increases to 0.14 for the test with 2 N. Run-in period for the MCD coating is
longer than for DLC one. For instance, this period continues for 60000 and 40000 cycles for the
tests with 0.5 and 2 N, respectively. The COF value is about 0.1 after run-in for the test with 2 N.

The depth profiles were taken at five different positions of each wear scar. The averaged depth
profiles of the wear scars after the tests with 0.5 N (18000 cycles) are shown in Fig. 4 (DLC (a) and
MCD (d)). Two valleys (I and III) correspond to brighter areas (worn surface) at the wear scar
(Fig. 4b). The peak (II) corresponds to a darker area (either pristine or weakly polished surface) on
the same image. The peak (II) is located at approximately the same height level as the level of the
pristine surface, see the line scan outside of the wear scar. It is worth noting that, although the wear
scar depth on the DLC coating is larger than on the MCD coating, the wear scar width on the DLC
coating is about 160 pum, in contrast to the MCD coating which is 230 pm. In addition, no wear can
be observed on the large area of the MCD surface (Fig. 4(f, ¢)), only very few islands can be
characterized as polished areas (worn surface). However, a concave shape of the depth profile in
Fig. 4d could suggest that there is a sizable wear of the MCD coating.

Figure 5a shows the line scan taken after the test with 2 N (72000 cycles) on the MCD coating.
The wear scar depth is about 0.3 pum. In analogy to Fig. 4, the darker areas in the optical microscope
image (Fig. 5b) correspond to pristine or slightly polished coating surface and the brighter areas to
the strongly polished surface of the MCD coating. The wear scar was scanned with SEM across the
scar as it shown in Figs. 5b and 5(c-g). The locations of these SEM images are also shown on the
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Fig. 6. Lines scan (a) and SEM images (b,c) taken on the crater after calotest on the MCD coating.

line scan (Fig. 5a) by small segments denoted with c-g. There is an interesting difference between
the locations of segments d and f (or €), namely, the level of segment f (or ¢) is below the level of
segment d, however pristine surface can be seen on both segments. The difference is about 0.15 -
0.2 um. This observation suggests that the MCD coating can be inhomogeneously deformed
(deflected) during sliding, i.e. a part of coating can be deformed stronger than another one.

The results of calotests on the MCD coating are shown in Fig. 6. Two depth profiles were taken
through the center (1) and the side (2) of the crater. For the sake of comparison, the line scan (3)
taken on the pristine MCD surface is shown in Fig.6a,b. The crater depth is about 0.3 um. Steel
debris can be observed on the crater surface (Fig. 6b, ¢). The wear of diamond grains located close
to the center of the crater is negligible, however a concave shape of the line scan could suggest that
there is the wear of MCD coating. The apparent contradiction can be resolved by assuming MCD
coating deflection. This conclusion is also in good agreement with the above-mentioned results
obtained after sliding tests, see Figs. 4 and 5 with corresponding text.

The wear rates were evaluated for DLC and MCD coatings after sliding tests. The wear rate of
the DLC coating can be estimated only for short duration tests (for the tests with 2N), as the COF
value increases after 30000 cycles, likely due to the fact that DLC layer was worn away (Fig. 3).
The wear rate of the DLC coating is about 2.3x10®and 1.0x10"® mm?/Nm after 18000 cycles at 0.5
and 2 N, respectively. In the case of MCD coating, the wear rate was about 6.2x10” and 4.3x107”
mm’/Nm after 18000 cycles at 0.5 and 2 N, respectively. In other words, the wear resistance of
MCD is one order higher than for DLC coating. However, this difference can be even higher
because the effect of MCD coating deflection on the wear rate was not excluded.

It was shown that the tribological behavior of the MCD coating can be explained taking into
account coating deflection. No clear signs of the DLC coating deflection were found. Indeed, as it
was mentioned above, the peak (II) in Fig. 4a,b locates at the center of the wear scar, however the
level of this peak height is coincided with the level of the pristine surface profile.

Conclusions

The wear behavior of MCD coating can be explained based on the concept of MCD coating
deflection. No clear evidence of the DLC coating deflection was found. The DLC coating shows
lower wear resistance compared to MCD one in the reciprocating sliding tests. The wear rate of
DLC coating measured in dry sliding tests is one order higher than for MCD one. The development
of new methods for calculation of the wear rate of diamond coating is a challenge for further
studies.
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ARTICLE INFO ABSTRACT

Keywords: Nanocrystalline diamond (NCD) films were grown on the High Pressure High Temperature (HPHT) (110) single
NCD crystal (SC) diamond substrates by Microwave Plasma Enhanced Chemical Vapor Deposition (MPCVD) in me-
Single crystal thane/hydrogen/nitrogen plasma. The thickness of the films was varied between 2.2 and 22.5 um. The cauli-
Tribology flower-like surface morphology was observed by means of Atomic Force Microscopy (AFM) and Scanning
Wear Electron Microscopy (SEM). The scaling behavior of NCD films growth was investigated. The relatively high
value of the roughness exponent as = 1.5-1.6 was found indicating anomalous scaling. Therefore, shadowing
and diffusional instabilities can affect the film growth. The tribological properties of the NCD films deposited on
the SC(110) diamond were compared with the NCD films prepared on the Si(100) substrates. Both types of
specimens were tested under similar Hertzian contact pressure. The lower wear volume losses were observed on
the NCD/SC(110) specimens. Therefore, the influence of substrate and substrate/film interface properties on the

tribological behavior of the NCD films grown on Si(100) can be expected to cause NCD films deflection.

1. Introduction

Diamond films have outstanding properties including high hard-
ness, Young's modulus, chemical inertness and wear resistance.
Therefore, diamond films are important engineering material for
tooling industry, biomedical applications, etc. Tribological behavior of
the diamond films can be characterized by different frictional and wear
mechanisms. Wear on diamond is a load, velocity and sliding direction
dependent process [1,2]. Material fracture, micro-ploughing and aspe-
rities polishing [3,4], chemical passivation of dangling carbon bonds by
species from ambient atmosphere [5,6], formation of carbonaceous
tribolayer [6-9] and morphological patterns [9] are among the most
fundamental tribological mechanisms. The morphological adaptation of
the contacting surfaces during run-in on diamond films can be con-
sidered as a process of self-organization initiated due to the coupling
between friction and wear [10].

The influence of substrate on the coating properties is an important
aspect of coatings tribology [11-16]. For instance, there is a difference

* Corresponding author.
E-mail address: vitali.podgurski@ttu.ee (V. Podgursky).

https://doi.org/10.1016/j.diamond.2018.12.024

between the tribological behavior of the soft film on hard substrate and
the hard film on soft substrate [12]. The load-carrying capacity of the
film/substrate system is an ability to withstand pressure in the system
without loss of the system functionality. In the past duplex coatings
technology was developed to improve the tribological properties of
coating/substrate system [14], including, for instance, diamond like
coatings (DLC) prepared on the TigAl4V substrates [15]. However, the
influence of substrate on tribological properties of the diamond films
has not yet been thoroughly investigated. The deflection of the nano-
crystalline diamond (NCD) films grown on the Si(100) and WC-Co
substrates was observed after sliding tests [13,16]. The nature of this
phenomenon remains unclear, likely the properties of the diamond film,
substrate and interface between them must be taken into account to
realize the mechanisms contributing to the film deflection. In practices,
the NCD films are prepared on the Si(100) and WC-Co substrates using
seeding with diamond particles prior deposition. The NCD/substrate
interface consists of seeding particles, diamond grains and ballas-like
nano-diamond material between the grains [17-19], which can
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significantly affect tribological properties [20].

It is instructive to consider wear related phenomena on the different
size scales, as wear and friction are multiscale phenomenon [12]. The
Hertzian contact pressure is calculated on the macro level (i.e. mm)
[12]. Different processes occurring on contact spots between the ball
and surface asperities are aspects of the micro level asperity tribology
(i.e. pm) [12]. Diamond is a brittle material, thus the fracture of as-
perities can take place [21]. The deflection of diamond films occurs on
the macro level, as a part of the film located within the wear scar be-
comes deformed [16,20].

Ashkinazi et al. [22] investigated the growth of NCD films on the
single crystal (SC) diamond substrates with the different orientations. It
was shown that NCD films can be grown on the (110), (111), (211) and
(311) faces of SC diamond. Moore et al. [23] observed the NCD films
growth on the SC (100) diamond.

The growth dynamics of diamond films was investigated using
scaling concept [24-26]. The scaling is related to the properties of a
fractal surface and shows high versatility and applicability to describe
film growth [27]. In this method, the deposition process is character-
ized by a finite set of scaling exponents derived directly from experi-
mental data. In the case of NCD films growth, different scaling regimes
were found for cauliflower-like morphology of growing interface,
namely Kardar-Parisi-Zhang (KPZ) [24,25] and Edwards-Wilkinson
[25]. The growth dynamics of relatively thick Microcrystalline diamond
(MCD) films is correlated with the KPZ model as well [26]. The KPZ
regime is characterized by low sticking probability, conformal growth
[28] and a large average surface gradient (local slope) [29]. It is worth
mentioning that NCD and MCD films were grown on the Si(100) sub-
strates using seeding of diamond particles prior deposition [24-26].

In the context of the present work, theoretical and experimental
studies of the growth with the high value of roughness exponent (a)
are of interest. High value of a; > 1 corresponds to anomalous scaling
regimes, i.e. local and global surface roughness fluctuations have dif-
ferent scaling exponents [30]. The anomalous scaling behavior of 1D
Steppen model of the growth with faceting was investigated elsewhere
[30,31]. There are two types A and B of Steppen model [31]. For type
A, or a trivial case, the facets are formed by finite number of identical
segments of constant slope, in this case as = 1.5. In contrast, if facets
are formed by not identical segments the value of o differs from 1.5
[30]. The super-rough growth dynamics with the high value of a; = 1.6
was found for cauliflower-like surface morphology in the case of growth
of Ni on steel [29] and ZnO on glass [32]. On the other hand, unstable
nonlocal interface dynamic was investigated by Nicoli et al. [33,34], it
was found for superballistic interface diffusion (Lévy flight type)
as =1.52 = 0.03 and ag = 1.55 *= 0.05 for 1D and 2D models, re-
spectively [33]. For elongated needle-like structures prepared by
sputtering deposition of NiW on steel [29] and Nb on MgO (001) [35],
the value of o is equal to 1.35 and 1.38, respectively. The origin of
anomalous scaling can be non-local effects including shadowing and
diffusional instabilities during growth [32,36,37]. There is a relation
between the local slope of surface segments and anomalous roughening
[29,37], namely anomalous scaling can occur for smaller slopes [29].
To our knowledge, no growth dynamics with a; > 1 was found for
diamond films deposition.

In the present work the NCD films were deposited on High Pressure
High Temperature (HPHT) SC (110) diamond substrates. A primary
goal of the study is to compare tribological properties of NCD films
prepared on the SC(110) diamond and Si(100) substrates, to understand
an influence of the substrate on the tribological properties of the NCD
films. Secondly, the study aims to compare the structure and the growth
mechanisms of NCD films deposited on the SC(110) diamond and Si
(100) [24].

2. Experimental
The HPHT (110)

single crystal polished (R, =8 * 4nm)
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3 X 4 x 1.5mm in size diamond plates (Euro Superabrasives Limited®)
were used as substrates. The NCD films were grown under next con-
ditions: power 2.5 kW, pressure in chamber 80 Tr, temperature on the
sample 1050-1100 °C. The gas mixture was as follows: H; - 460 sccm,
CH,4 - 20 scem and N - 20 scem. The growth time was 32, 54, 73 and
130 min. Two samples were prepared in each single deposition batch.
Specimens were mechanically fractured and the thickness of the films
was measured. The thickness of films was 2.2, 8, 10.5 and 22.5um,
which corresponds to the growth rates of 0.07, 0.15, 0.15 and 0.18 pm/
min, respectively.

Reciprocating sliding tests (normal load 0.5 and 2N, displacement
amplitude 1 mm, frequency 5 Hz, air relative humidity about 35%, ball
diameter @ 3 mm) were carried out by means of a CETR® UMT-2 trib-
ometer. The test durations were 9000, 36,000 and 72,000 cycles. Si3Ny4
balls (surface roughness R, = 0.012pum) (REDHILL®) were used as
counter bodies. According to the producer provided data, the hardness,
Young's modulus and Poisson ratio of the SizN4 counter bodies were
1400-1700 HV, 310 GPa and 0.27, respectively. The properties of bulk
diamond and Si(100) used for the calculation of Hertzian contact
pressure were as follows: Young's modulus 1050 and 180 GPa [38] and
Poisson ratio 0.2 and 0.278 [39], respectively. Monocrystalline Si (100)
possesses a hardness of about 12 GPa [40] and the fracture strength is
6.1 GPa [41].

The max Hertzian contact pressure was calculated for the two types
of specimens, namely flat diamond surface against SizN,4 ball in the case
of NCD/SC(110) and flat Si(100) surface against Si3N,4 ball in case of
NCD/Si(100) for two normal loads 0.5 and 2N. The Hertzian contact
pressure was calculated following the method suggested by Erdemir
et al. [42], i.e. between either SC(110) or Si (100) surfaces and SizN,
ball assuming that the same stress is within the NCD film. The max
contact pressures for NCD/SC(110) samples are 1.4 and 2.3 GPa and for
NCD/Si(100) ones 0.9 and 1.4 GPa under 0.5 and 2N of load, respec-
tively.

The surface roughness of the films was evaluated using Atomic
Force Microscopy (AFM) (Bruker® MultiMode 8 AFM with Application
Module based on Nanoscope V controller, J scanner) in non-contact
mode with Si cantilevers and tips (PPP-NCHP tips, NanoAndMore
GMBH®), with a tip radius of < 7nm. The AFM image sizes were
20 x 20 and 5 x 5um? The root mean square roughness or interface
width (Sy) was evaluated.

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 10-15kV and 6.5-8.5 mm working
distance (WD). In addition, the surface morphology were investigated
using high-resolution scanning electron microscope (HR-SEM Zeiss
Merlin) equipped with an In-Lens SE detector for topographic imaging
and In-Lens energy selective backscattered detector for compositional
contrast. Measurements were carried out using accelerating voltage of
2-15kV and WD was 2.5-9.3 nm.

Wear scars depth profiles were investigated by stylus profilometry
(Mahr Perthometer).

The micro-Raman measurements were carried out on a Renishaw
inVia micro-Raman setup equipped with an Ar + ion laser (514 nm
wavelength).

X-ray Diffraction (XRD) patterns were recorded by a Rigaku Ultima
IV diffractometer with Cu Ko radiation (A = 1.5406 A, 40 kV at 40 mA)
and using the silicon strip detector D/teX Ultra with a scan range of
26 = 10.0-150°, scan step 0.02°, scan speed 5°/min. The scan axes were
0/26.

3. Results and discussion
3.1. Structure characterization

Figs. 1 and 2 show the surface morphology of the NCD films in-
vestigated by means of AFM and SEM techniques. Secondary electron
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Fig. 1. AFM and SEM images taken on the NCD films grown on the SC(110) diamond. The thickness of the diamond films was as follows: (a) and (e) 2.2 um, (b) and

() 8 um, (¢) and (g) 10.5 pm and (d) and (h) 22.5 pm.

(SE) SEM and AFM images look differently, due to inherent difference
between SEM and AFM techniques. The cauliflower-like surface mor-
phology can be observed, which is similar to the surface morphology of
the NCD films prepared on the Si(100) substrates [24]. The SEM in-
vestigation revealed changes in morphology with the increase of film
thickness, namely, cusps can be observed on the thinner (Fig. le) and
thicker films (Fig. 1f and g), but this is not evident in the case of
22.5um thick film (Fig. 1h). Several morphological features can be
observed on the images taken by both techniques. For instance,
mountain-like structure with the size of islands about 1 pm can be seen
in Fig. 1d and h. The higher resolution AFM and SEM images were
taken on the NCD films (Fig. 2). The AFM investigation revealed that
the morphology of the 2.2 and 22.5 um thick films are apparently si-
milar, i.e. they are formed by a coalescence of the cusps. The cusps on
the SEM images look coarser than those on the AFM images, which look
smoother due to probably tip convolution. Interesting that cusps can be
observed on the AFM (Fig. 2a) and SEM (Fig. 2b) images for the 2.2 ym
thick film. However, in the case of 22.5 pm thick film, in spite of reg-
ulation of accelerating voltage between 2 and 15kV and WD between
2.5 and 9.3nm, cusps can hardly be identified on the SEM image
(Fig. 2d), although they can be seen on the AFM image (Fig. 2c).
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Finally, well-formed chains of cusps can be found on the 22.5 ym thick
film (Fig. 2¢). The cross section of 22.5 um thick film is shown in Fig. 3.

Fig. 4 shows Raman spectra of the NCD films grown on the SC(110)
diamond surface. The Raman spectra are similar to ones taken on the
NCD films prepared on Si(100) [24]. The diamond peak is at
1332cm ! and peaks at 1134, 1190 and 1472cm ™ relate to trans-
polyacetylene (t-PA). The peaks at 1358 and 1557 cm ™! are the D and
G bands correspond to six-fold ring breathing vibrations of sp? sites and
the in-plane stretching of sp® bonds, respectively. The intensity of
diamond peak tends to decrease with the thickness of NCD films, due to
high absorption of NCD material. A reduction of the peak intensity
corresponding to t-PA and G bands was observed for thicker films in
both studies. In contrast to the present study, in the case of NCD films
grown on Si(100) the stronger and broader G and t-PA peaks were
observed [24]. A relatively strong 1332 cm ™! peak for the 2.2 um thick
film corresponds to the Raman emission from the SC(110) substrate
surface and epitaxially grown film at the early stages of deposition. SEM
and AFM images suggest that this film is fully formed. Indeed, the
height bar on the AFM images is between 229 nm for 20 X 20 ym? and
313nm for 5 x 5pum? (Figs. 1a and 2a). These values are considerably
smaller than the film thickness. Therefore, the 2.2 um thick film is
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Fig. 2. AFM and SEM 5 X 5 um? images taken on the NCD films grown on the SC(110) diamond. The thickness of the diamond films was as follows: (a) and (b) 2.2 ym

and (c) and (d) 22.5 pm.

Fig. 3. Cross section of 22.5 um thick NCD film on SC(110).

continues. This conclusion is also supported by the fact that the film
growth on the SC(110) diamond surface should homogenously start
along the whole surface area. An epitaxial growth is expected at the
early stage of the growth followed by formation of the NCD films due to
re-nucleation activated by deposition conditions [19,22]. In contrast,
there are preferable growth centers located on the diamond grains in
the case of deposition on the Si(100) substrate due to prior seeding.
Fig. 5a shows XRD pattern taken on the 22.5 pm thick NCD film. The
(111) peak at 26 = 43.94°, (220) at 75.54° and (311) at 91.7° corre-
spond to diamond structure and indicate formation of well-ordered

162

4x10° T T T
——5C(110)
22um J‘\
A e
3 || ——105um iamon |
= 3x10 22.5um \?bggt; G band
\:; (»g’a MY \
2 o 03-*~»\H//// /"\/"/\ \\_\ﬁ;
g
= - /'f TN B
o \
Tt I
800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Fig. 4. Raman spectra taken on the clean SC(110) diamond and NCD/SC(110)
samples.

crystallites. Strong (220) peak reflects the structure of SC(110) HPHT
substrate, as well as could correspond to the orientation of diamond
crystallites in the NCD film. Fig. 5b shows the ratio of (220) and (111)
peaks intensities, i.e. a fraction of the (111) oriented crystallites in-
creases with the film thickness. Similar behavior was observed in the
case of NCD films growth on Si(100) [24].

The NCD films growth kinetics was investigated within scaling
concept. Figs. 6 and 7 show the interface width and roughness exponent
as, respectively. It was unable to draw a straight line across data points
in Fig. 6 to estimate the growth exponent (f). A varying growth rate
between 0.07 and 0.18 um/min was found (see Experimental part) in-
dicating an unstable growth [34]. The unstable growth rate in the case
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Fig. 5. XRD pattern measured on (a) 22.5 pm thick NCD film grown on the SC(110) diamond and (b) intensity ratio between (220) and (111) XRD reflections for
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of growth of NCD on the SC(100) diamond during 3 h of deposition was
reported as well [23]. The roughness exponent can be calculated from
power spectral density (PSD) function using linear regression method.
The value of oy changes from 1.5 to 1.6 at the length scale of about
100 nm (Fig. 7a and b) indicating unstable growth as well. At the larger
length scale, o, changes to 1.0 in case of the 8.0 pm thick film, however
no region with a; = 1.0 was found for the 2.2 pm thick film (Fig. 7a).
The region of the PSD curve with as = 1.0 can be related with the
formation of cauliflower-like structure [24,29] and the length of this
region increases with the increase in film thickness. The Raman and
XRD measurements revealed alterations in the structure of the films and
orientation of diamond crystallites, depending on the film thickness. In
conclusion, nonlocal effects like shadowing and diffusional instabilities
[32,36,37] and transition from the epitaxial to re-nucleation type of
growth determine the NCD films surface morphology.

Finally, it is instructive to compare the growth kinetics of the NCD
films prepared on the Si(100) and SC(110) diamond substrates. The
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Fig. 7. PSD versus k for NCD/SC(110) samples: (a) 2.2 and 8 um, (b) 10.5 and 22.5 pym thick films and (c) collapse of the data shown in (a) and (b).
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deposition rate is higher on the SC(110) diamond (~0.07-0.18 pm/min,
see Experimental part), than that on Si(100), which was ~ 0.03 pm/min
[24]. NCD films deposited on the SC(110) diamond were smoother (Sq
varied between 33 and 78 nm for the 2.5-22.5um thick films), than
those deposited on Si(100) (S, varied between 55 and 99 nm for the
2.7-22 um thick films) [16,24]. Due to the seeding of Si(100) wafers
prior the deposition, the growth of diamond film is precipitated on the
seeded diamond grains, which likely leads to the higher surface
roughness. Raman and X-ray diffraction measurements confirmed that
the structure of the NCD films grown on both types of substrates is
relatively similar. The formation of cauliflower-like structure was ob-
served on both types of specimens, this structure can be associated with
as = 1.0. In contrast, the KPZ regime of growth was established only on
the 22 um thick film prepared on Si(100), as well as relatively high
value of ay (within the range 1.5-1.6) was only found for the films
grown on SC(110) diamond. Further research is needed to evaluate
and z exponents in the case of growth NCD films on SC(110) substrates.
The cusp-like granular structures with characteristic length of 30-200
and 80-500 nm were found on the NCD/SC(110) and NCD/Si(100) [24]
samples, respectively.

3.2. Tribological properties characterization

The tribological properties of the NCD films deposited on the
SC(110) diamond were investigated in reciprocating sliding tests
against SizN,4 balls and compared with the properties of the NCD films
prepared on the Si(100) substrates [16]. Fig. 8 shows COF versus
number of cycles curves for the tribological tests taken on the NCD/
SC(110) samples (a) and pristine SC(100) diamond (b). The run-in
period is shortest for the tests taken on the pristine SC(100) diamond
(Fig. 8b), as well as run-in is shorter for the NCD/SC(110) in compar-
ison with the NCD/Si(100) samples [16]. The surface roughness is an
important factor influencing friction and wear on diamond films, the
friction tests start from higher COF value due to interlocking between
asperities on the rubbing surfaces of the counterbodies [43]. Likely, due
to smaller roughness of SC(110) diamond surface the run-in period is
shortest for these samples, as well as the longest run-in period is for the
NCD/Si(100) samples possessing highest roughness. The COF value is
smallest for the pristine SC(110) diamond surface, which is equal to
0.12 (Fig. 8b), in contrast to the COF value of 0.14 for the NCD/SC(110)
samples (Fig. 8a). The COF value for the NCD/Si(100) samples was also
about 0.14 [16], i.e. similar to the COF values observed on the NCD/
SC(110) samples. In other words, in spite of the different roughness of
NCD films prepared on different substrates no notable difference in COF
value for steady state regime of sliding was found. This finding de-
monstrates that the structures of the NCD films deposited on the dif-
ferent substrates are relatively similar. Noisy COF curves were observed
in the tests at low load on the pristine SC(110) diamond, in the tests
under higher load the COF curves look smoother (Fig. 8b). The tests
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with different loads were carried out on two SC(110) diamond samples.
Probably, the hard and soft polishing directions were accidentally se-
lected in tribological tests on different samples [2].

The apparent wear loss volumes measured on the NCD/Si(100) and
NCD/SC(110) samples and Si3N, balls increases with the increasing of
the contact pressure (Fig. 9a,b and d). Fig. 9c shows the average of data
presented in Fig. 9a and b with the error bars representing standard
deviation. The analysis only apparent wear loss volume (no wear rate)
is presented due to expected bending of the diamond films on the Si
(100) substrates [16,20]. The wear loss volume on the NCD films in-
creases with increasing of the number of cycles (Fig. 9). However, the
wear loss volumes measured on the balls weakly depend on the sliding
distance, i.e. do not follow behavior on the respective NCD films
(Fig. 9d).

The wear loss volumes measured on the NCD/Si(100) samples are
larger than those on the NCD/SC(110) samples under contact pressure
equal to 1.4 GPa (Fig. 9¢), in spite of possible variation in Hertzian
contact pressure due to the film thickness (see Introduction). Therefore,
the NCD films deposited on the different substrates show different tri-
bological behavior. We believe that the deflection of the NCD films
prepared on the Si(100) takes place, thus the wear loss volume can be
divided into two parts, due to wear and deflection of the film. Under the
load, a stress concentration on a single diamond particle seeded on the
Si(100) surface before deposition may result in local fracture of the Si
substrate and the NCD film can be impressed into the substrate [20].
Worth to mention that the wear loss volumes measured on the pristine
SC(100) diamond and NCD/SC(110) samples are similar (Fig. 9b and c),
therefore no deflection is expected for the NCD films grown on the
SC(110) diamond. The wear loss volumes measured on the SizN, balls
are slightly smaller after the tests on the SC(110) diamond in compar-
ison with the NCD/SC(110) samples (Fig. 9d), which can be linked to
smaller COF value for the pristine SC(110) diamond (i.e. 0.12) in
contrast to 0.14 for the NCD/SC(110) samples.

The wear scars depth profiles are shown in Fig. 10. The relatively
smooth and symmetrical profiles were observed for the 2.2-10.5um
thick NCD films on the SC(110) diamond independent of contact
pressure. The characteristic wear scar profiles for 8 um thick film is
shown in Fig. 10a. However, the profile for the 22.5 um thick film taken
after 72,000 cycles is relatively rough and asymmetric including a peak
within the wear scar (Fig. 10b). Such profile shape resembles the shape
of wear scars profiles observed on the NCD/Si(100) samples [16]. The
depth profiles taken on the NCD/Si(100) samples were generally rough
and asymmetric often with the peaks formed within the wear scars
[16]. The unstable sliding resulting in inhomogeneous wear can be
induced due to variation in surface roughness, chemical composition,
film/substrate interface structure, etc. [10,16].

The depth profiles observed on the pristine SC(110) diamond sur-
face after the tests with the low load are rough (Fig. 10c), which cor-
relates with the very noisy COF curve (Fig. 8b). However, smoother
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Fig. 8. COF versus number of cycles curves taken on (a) the NCD/SC(110) samples and (b) the pristine SC(110) diamond.
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wear scars profiles were observed after the tests with higher load deposited on the SC(110) diamond after the test with the contact
(Fig. 10d) in agreement with the smoother COF curve (Fig. 8b). pressure of 2.3 GPa and the sliding distance of 72,000 cycles. The sur-
Fig. 11 shows surface morphology of the 8 um thick NCD film face morphology is similar to the morphology of the NCD films
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Fig. 10. Depth profiles of the wear scars taken after the sliding tests on (a) 8 pm and (b) 22.5 um thick NCD films prepared on the SC(110) diamond, and (c,d) on the
pristine SC(110) diamond.
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Ripples

Fig. 11. Morphological peculiarities (a) grooves and (b) ripples observed on the wear scar after the test with contact pressure of 2.3 GPa and distance of 72,000 cycles

on the 8 um thick NCD film prepared on the SC(110) diamond.

prepared on the Si(100) substrates and tested in similar tribological
tests, namely transversal ripples and longitudinal grooves can be seen
on the wear scar surface [9,16]. The mechanical properties of the
counterparts like 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 [9].

4. Conclusions

The growth dynamics and tribological properties of the NCD films
deposited on the SC(110) diamond were compared with the NCD films
prepared on the Si(100) substrates. The similarity of chemical compo-
sition and crystal structure between the both types of specimens was
revealed by Raman and XRD measurements. The growth on SC(110)
diamond was unstable, probably due to the fact that the early epitaxial
stage of growth follows by re-nucleation type of growth characteristic
for NCD films. Shadowing and diffusional instabilities can influence
during film growth as well. The COF value equal to 0.14 was found for
NCD-Si3Ny tribo-pair, independent of the type of specimens. The ap-
parent wear loss volumes in the case of NCD/SC(110) were smaller than
those for NCD/Si(100) samples after the tests with similar contact
pressure equal to 1.4 GPa. The wear loss volumes on the NCD/SC(110)
samples were compared with ones on the pristine SC(110) diamond
after the tests with 1.4 and 2.3 GPa contact pressure. No difference was
observed. Therefore, the tribological properties of the NCD films can
depend on the substrate and film/substrate interface properties.

Prime novelty statement

For the first time the relatively high value of the roughness exponent
as; = 1.5-1.6 was found on diamond films indicating anomalous
scaling. The lower wear volume losses were observed on the NCD/
SC(110) in comparison with the NCD/Si(100) samples, thus the influ-
ence of substrate and substrate/film interface properties on the tribo-
logical behavior of the NCD films can be expected.
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Abstract. The present study deals with the tribological behavior of nanocrystalline diamond (NCD)
coatings under high temperature sliding conditions. The NCD coatings were grown by plasma
enhanced chemical vapor deposition (PECVD) method on hard metal (WC-Co) substrates. Friction
and wear tests were performed on ball-on-disc tribometer using a high-temperature chamber with a
rotary drive. The tests were carried out at room temperature, 300, 450 and 600 °C. Scanning
electron microscopy (SEM), optical microscopy, mechanical profilometry and Raman spectrometry
were used for investigation of the morphology and the chemical composition of the wear scars and
the pristine surface. The depth and width of the wear scars measured after the high temperature
sliding tests are larger in comparison with room temperature tests. It was observed that coefficient
of friction (COF) increased with increasing temperature. The wear rate of NCD coatings tested at
300 —450°C was about 10 times higher than that at room temperature. The mechanisms
responsible for these variations are discussed.

Introduction

Diamond coatings have a wide range of tribological applications due to high Young’s modulus
and hardness [1]. Different types of diamond coatings are used for protection of cutting tools in
engineering and mining industry [2].

High temperature wear resistance is important for cutting tools. Therefore, the study of
tribological behavior of diamond coatings at high temperatures is of special interest. Hard metal
(WC-Co) is widely used as material for manufacturing of cutting tools, thus WC-Co plates were
selected as a substrate for deposition of nanocrystalline diamond (NCD) coatings.

The reported values of coefficient of friction (COF) of NCD coatings were 0.2 and 0.4 in sliding
tests at 200 and 500 °C, respectively [3]. Oxidation and structural phase transformation of NCD
coatings were observed in sliding tests at temperatures between 627 — 1000 °C [4,5].

The main goal of the present study is the investigation of wear of NCD coating at high
temperature under dry unidirectional sliding conditions.

Experimental

Hard metal substrates were cleaned by sandblasting and polished on grinding machine (Buehler
PHOENIX® 4000) to the average roughness R, < 0.05 pm. Polished substrates were cleaned in an
ultrasonic bath with acetone and alcohol. Initially, CrN coating was deposited using physical vapor
deposition (PVD) method for better adhesion of the NCD coating. The NCD coating (3 samples)

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 Trans
Tech Publications, www.scientific.net. (#102903070-03/11/17,15:44:50)
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was grown using plasma enhanced chemical vapor deposition (PECVD) method (PECVD UPSA-
100 unit). The thickness of CrN and NCD coatings was 2 um and 3 — 5 um, respectively.
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Fig. 1. SEM image of surface morphology (a, b) and Raman spectrum (c) of the NCD coating

The tribological behavior of the NCD coating during sliding tests was estimated using a ball-on-
disk tribometer (Bruker® CETR UMT-2), equipped with a high-temperature chamber with rotary
drive (S21ME-1000). SizN4 ball was selected as a counter body, as it possesses good high
temperature resistance and high hardness [6]. The sliding tests were carried out at room temperature
on three samples. After that, the first sample was tested at 300 °C, the second at 450 °C and the
third at 600 °C. For each condition, the experiments were repeated three times at different places on
each sample. Test conditions were as follows: normal load 10 N, rotation speed 300 rpm, sliding
track diameter 3 mm and tests duration 3 hours. The structure of the NCD coating was characterized
by Raman spectroscopy (Horiba® LabRam HR 800) before and after the test on the pristine surface
and within the wear scars after each test. The surface morphology and roughness of the NCD
coating was characterized by optical microscopy, scanning electron microscopy (SEM) (TM-1000
HITACHI®) and mechanical profilometry (Mahr Perthometer® equipped with PGK 120 tracing
arm). Five line scans were taken across each wear scar, and the averaged line scan was calculated.
A volume of wear scar was estimated using Eq. 1, where the cross-section area is S and the wear
scar length is /.

y=S8xlI @)

The wear rate was estimated using Eq. 2, where V is the volume of wear scar, F' is normal load
and L is sliding distance.

W=V/(FxL). 2)

The average wear rate with the corresponding standard deviation for each temperature was
calculated using results of three repeated tests carried out at the same temperature.

Results and Discussion

Fig. 1 a and b shows the surface morphology of NCD coatings at different magnifications. The
NCD coating has cauliflower-like morphology. The diamond grains size is about 0.1 —0.15 pm.
The size of islands is about 1 — 2 pm. The average roughness R, of surface is 0.22 pm. It should be
noted, that the structure of obtained diamond coating can be characterized as transition structure
between MCD (microcrystalline diamond) and NCD.
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Fig. 2. COF versus number of cycles recorded on the NCD coating at room and elevated
temperatures
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Fig. 3. Line scans taken on wear scars (a), SEM images of wear scars after the tests at room
temperature (b) and 300 °C (c), and Raman spectra of the wear scars after the tests at room
temperature, 300 and 450 °C (d)

By definition, the roughness R, and diamond grains size of the MCD coatings is 0.4 — 1 and 0.5 —
10 um respectively, and the values of the same parameters for NCD coatings are typically 0.05 —
0.1 and 0.05-0.1 pum [7]. In this research NCD notation is used because cauliflower-like
morphology is a very characteristic property of NCD coatings [8]. The Raman spectrum is shown in
Fig. 1 c.

The peak at 1150 cm™ corresponds to t-Pa (trans-polyacetylene at the grain boundaries) and one
at 1350 cm™ to diamond. The peaks at 1370 cm™ and 1540 cm™ correspond to D band (disordered
graphite) and G band (well-ordered graphite), respectively [9]. The height and shape of diamond
peak can be an additional confirmation of the transition structure of obtained coatings, if compared
with the diamond peak corresponding to NCD [10] and MCD [11] coatings.

Fig. 2 shows COF versus number of cycles curves recorded during wear tests at room
temperature, 300, 450 and 600 °C. For the early period of running-in for all tests, COF is equal to
about 0.8.
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Fig. 4. Surface morphology (a) and Raman spectra (b) of NCD coating after the test at 600 °C
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Fig. 5. Average value of wear rates versus temperature of NCD coatings. Standard deviation is
shown on the graph

After this period, COF value recorded at room temperature, 300 and 450 °C decreases to 0.13,
0.15 and 0.2, respectively. COF for the test at room temperature stabilizes at 0.13, but at 300 and
450 °C, the COF increases after 15000 cycles and stabilize at 0.3 and 0.4, respectively. These
results are in good agreement with another study [3]. The duration of the early period of running-in
varies depending on temperature, it increases with increase of temperature. The highest COF value
of 0.7 was observed for sliding at 600 °C. Noise curves can be seen in Fig. 2, however, amplitude of
noise increases with increasing of temperature.

The line scans were taken on the wear scars (Fig. 3 a). The averaged depth and width of the wear
scar after the test at room temperature is 0.35 and 300 um, respectively. Fig. 3 b shows the surface
morphology of NCD coating after the sliding test at room temperature. Concentric grooves can be
observed on the wear surface. Islands of pristine surface can be seen as well. Wear scars after the
sliding tests at 300 °C have a larger depth and width, than that of the tests at room temperature 1.5
and 1000 pm. The SEM image was taken after sliding test at 300 °C (Fig. 3 c). The grooves are less
visible than after sliding at room temperature. The pristine surface is not observed. The wear track
after sliding test at 450 °C has the depth and width of 2 and 2400 um, respectively. The surface
morphology was similar to the wear scar after the test at 300 °C (not shown). Raman spectra taken
on the wear scars and pristine surface are shown in Fig. 3 d. A height, position and shape of the
peaks did not strongly change under the influence of high temperature.

A significant difference in tribological behavior was observed after the test at 600 °C. The
surface morphology within and out of wear scar can be seen in Fig. 4 a. Depth of wear scar was
about 7.5 um (not shown). The roughness R, of the surface located out of wear scar was about
0.11 pm, i.e. the NCD surface becomes smoother after heating up to 600 °C. Raman spectra was
taken after the test at 600 °C (Fig. 4 b). The spectrum of worn surface of NCD coating has several
peaks: the peaks at 215, 267, 284 and 586 cm™ correspond to CrN [12] and at 688 and 885 cm™ to
WC [13]. The Raman spectrum of the surface out of wear scar has the same peaks at 215 (CrN),
586 (CrN) and 688 cm™ (WC), and two additional peaks at 1350 and at 1540 cm™ corresponding to
diamond and to G band, respectively. In other words, the NCD coating was worn away in area of
wear scar, and pristine NCD coating undergone structural phase transformation.

Evolution of wear rates versus temperature is shown in Fig. 5. Wear rate can be estimated only
for the tests carried out at room temperature, 300 and 450 °C, as the NCD coating was worn away
during the test at 600 °C. The wear rate at room temperature is about 10 times lower than that for
tests at higher temperatures. Standard deviations were calculated for tests carried out at different
temperatures (Fig. 5). Standard deviation of wear rate is increased with increase of temperature,
indicating higher variation of results, probably, due to increased vibrations during sliding (it can be
seen in Fig. 2).
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Summary

NCD coating was investigated at different temperatures in sliding tests. Strong phase
transformation of the surface was observed after the test at 600 °C. The COF and size of wear scars
increased with increase of temperature. The wear resistance of NCD coatings at 300 — 450 °C was
about 10 times lower than at room temperature. However, no significant structural transformations
of NCD coating were observed in Raman spectra after the tests at 300 — 450 °C. Explanation of
such behavior is a challenge for the next studies.
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