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Introduction

Wear-resistant (hard) coatings were developed using the knowledge obtained from materials
science of bulk materials. The tribological response of a coating system depends on many
factors (coating properties, counterpart, substrate, interface and running conditions and
many other aspects); therefore, selecting an appropriate coating for a given tribological
application is still a difficult and complicated task. New deposition techniques, which provide
in addition a wide range of selections of tribological coatings, are constantly updates.

Holmberg and Erdemir [1] concluded that a huge amount of the world’s total energy
consumption, i.e., ~23%, is due to friction and wear occurring at tribological contacts.
Friction and wear of moving mechanical systems lead to energy and material losses. It causes
huge economic and environmental impacts because a significant amount of fuel and energy
is used for the exploitation of mechanical systems at high friction and remanufacturing and
replacement of worn parts. Therefore, minimization of heat generation, friction and wear
demand in industry is essential for sustainable development of global economy. In the area
of industry 4.0, the surface engineering meets the ever-increasing demands for quality,
flexibility, productivity, and environmental performance with respect to new machining and
forming technologies, including near net shape production, high speed machining, hard
turning, micromanufacturing, dry machining, and environmentally friendly machining.
Effective execution requires high performance tools. The tools must be able to endure
extreme cyclic contact with rapidly heated materials at high temperatures. The ideal tool
material should combine properties like high hardness, good toughness and chemical
stability. It is very important for these properties to hold out under a wide range of extremal
external conditions, including high temperature and aggressive environment.

In previous studies carried out in TalTech, several characteristic types of the coefficient of
friction (CoF) vs cycle curves were addressed during sliding on diamond coatings [2].
Formation of a carbonaceous layer, ripple and groove patterns was found within the wear
scars [3], which indicates self-organization during sliding. Furthermore, the diamond coating
deflection (plastic deformation) on a silicon substrate was observed in sliding tests [4].
The degradation of the diamond coatings properties in sliding tests at high temperature was
investigated in [5].

In the present thesis, the main focus is on the improvement of tribological properties of
coatings tested at high temperature in air by using thin oxide layers.

Scientific novelties of the present PhD thesis:

1. The thin alumina layer preserves the excellent tribological properties of
hydrogenated amorphous carbon doped with the Si (a-C:H:Si) coating at high
temperature. The thin oxide layer is an adaptive layer, it inhibits atmospheric
oxidation attack and improves the coating lifetime.

2. The superlubricating effect was observed on the Al,03/ a-C:H:Si coating in sliding
tests at high temperature.

3. Due to the phase transition from fcc-(AlCr)O to a-(AICr)O in the hard multilayer
coating TiN-AITiN/nACo-CrN/AICrN-AICrO-AITiCrN (HMC) in sliding tests at 800 °C,
the decrease of the CoF value and wear was observed.

4. Coating deflection was found on a-C:H:Si and HMC coatings. Therefore, coating
deflection is a general phenomenon for broad spectra of coatings.

5. Transition from self-organized criticality to self-organization during the running-in
period was found in the nanocrystalline diamond coating.
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Symbols

Greek
Pmax Maximum load (mN)
vi and vs Poisson’s ratio
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Ss Cross-section area of wear scar (um?)
T Temperature (°C)
t Time
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% Velocity of sliding test (rpm)
% Volume of the wear scar (mm?3)
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1 Overview of the literature

Advanced tribological technology can reduce wear and friction, thus a decrease of economic
expenditures together with environmental benefits can be achieved [1]. Smart tribology
systems can provide an ultra-low friction coefficient, high wear resistance, and promising
mechanical properties. Coating deposition is one of the most widely used approaches, which
allows tailoring surface morphology, improving friction and wear performance, fatigue
strength, etc., of the tribological substrate/coating system [1].

This chapter provides a brief overview of the studies of thin hard coatings.

1.1 Classification of chemical bonding

Traditionally, several types of chemical bonding are defined as ionic (heteropolar), covalent
(homopolar) and metallic bonds. Based on the type of bonding, the classification of hard
ceramic coatings is presented in Fig. 1.1. A metallic bond is a chemical bond formed by
positively charged atoms sharing their free electrons among a lattice of cations. Covalent and
ionic bonds, on the other hand, form between two discrete atoms. Ceramic coatings possess
usually several types of bonds.

Covalent

Metallic
bond

Figure 1.1. Hard ceramic materials are divided into groups based on their bonding type [6].

Coatings with metallic bond

The most common type of a chemical bond formed between metal atoms is metallic bonding.
Metallic bonds are seen in pure metals, alloys and some metalloids. For instance, graphene
has two-dimensional metallic bonding. Pure metals can form other types of chemical bonds
also between their atoms.

Metals are considered good conductors of heat and electricity. The outer energy levels of
metal atoms (the s and p orbitals) are overlapped. The valence electrons can move from one
atom to the other as the outermost shell of electrons of each metal atoms overlaps the
neighboring atoms. The electrons form an "electron sea" in which valence electrons are free
to move from one atom to another. Metallic bonding may be seen as a consequence of a
material having many more delocalized energy states than it has delocalized electrons
(electron deficiency); so, localized unpaired electrons may become delocalized and mobile.
The materials with metallic bonds show good adhesive properties and toughness. Coatings
with metal bonding are TiN, TiC, CrN, etc.
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Coatings with covalent bond

The covalent bond is an interatomic linkage that results from the sharing of an electron pair
between two atoms. The binding arises from the electrostatic attraction of their nuclei for
the same electrons. The sp? and sp® hybridizations of covalent bonds occur in carbon based
materials. Covalent bonding is one of the strongest among the other types of bonds.

The idea that two electrons can be shared between two atoms and serve as the link
between them was introduced in 1916 by the American chemist G.N. Lewis [7] who described
the formation of such bonds as resulting from the tendencies of certain atoms to combine
with one another in order for both to have the electronic structure of a corresponding
noble-gas atom. The materials with covalent bonds are hard. Carbon based SizNa4, TiN, CrN
are the examples of covalent bonded coatings.

Coatings with ionic bond
The electrostatic attraction between oppositely charged ions in a chemical compound forms
an ionic bond. When the valence (outermost) electrons of one atom are transferred to
another atom, a bond is formed. When an atom loses electrons, it becomes a positively
charged ion (cation), while when it gains them, it becomes a negatively charged ion (anion).
An ionic bond is a type of polar covalent bond that results from an unequal electron
sharing rather than completing electron transfer. When the electronegativities of the two
atoms vary greatly, ionic bonds form, while covalent bonds form when the electronegativities
are identical. The materials with ionic bonds are chemically inert and stable. Coatings with
ionic bonding structures include oxides like Al203 and ZrOa.

1.2 Types of coating

1.2.1 Carbon based coatings

Carbon-based coatings have found wide industrial applications (aerospace, automotive,
machine tools, medical implants, etc.) due to the low CoF of different types of friction pairs,
good mechanical properties and chemical inertness. Polycrystalline diamond (micro-, nano-,
or ultra-nano crystalline) [8] can be deposited on a variety of tools to mimic the properties
that are similar to single crystal diamond. Diamond coated cutting tools are used, for
instance, for machining of Al and Cu alloys and composite materials. Amorphous DLC coatings
have excellent tribological properties. The potential applications of DLC coatings for space
exploration were reported in [8,9]. Figure 1.2 shows a ternary phase diagram of various forms
of amorphous C-H materials [10]. The DLC coatings with different composition can be
prepared by using CVD and PVD deposition techniques. The surface and bulk properties can
be modified by doping (Si, W, O, etc.), annealing and irradiation. Coating surface properties
can be modified by using different lubricants and ambient environments, post-treatment of
the surface by plasma, deposition of thin adaptive layers, etc. It was claimed in the studies
reported on the thermal stability of the DLC coating that DLC becomes unstable at a relatively
low temperature, i.e., 200-300 °C, due to structural changes induced by the conversion of sp3
to sp? bonds [11-13].
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Figure 1.2. Ternary phase diagram of amorphous carbon-hydrogen materials [10].

In comparison to diamond coatings, DLC fabrication requires less processing time, hence it
reduces the production costs. Furthermore, the fabrication of CVD diamond films necessitates
very high temperatures and the surface roughness of the diamond coatings is usually higher
in comparison with DLC. DLC has become commercially viable for industrial mass production
as a result of these advantages [10].

1.2.2 Oxide based coatings

Oxides are a group of materials with a wide range of technological applications, for instance,
in optics, semiconductor industry, tooling, etc. [14,15]. One of the most commonly used
wear-resistant ceramic material is alumina (Al203). The coating properties of alumina depend
significantly on the structure (amorphous, crystalline), which is highly influenced by the
process parameters [16]. Thin chromium oxide layer (Cr203) can be applied as nucleation
inter-layers (e.g., allowing alumina growth on some substrates) and in combination with
other layers (CrN, for instance) to improve adhesion and tribological properties. Zirconium
oxide (ZrOz) coating has attracted considerable attention as a wear-resistant coating, due to
useful combination of thermal, chemical and mechanical properties. As an example, a hard
coating with an oxide layer used for dry machining is shown in Fig. 1.3.

« covering nitride; AICN, TIAIN, optional
« oxide or oxynitride; (Al Cr),0, - Al,Cr)(ON)

= Nanocomposite; nACo, nACRo
o Nitride: AICTN, TIAIN

. adhesion layer
= tungsten carbide

Figure 1.3. QUAD (PLATIT) coating with layered architecture including an oxide film [17].
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Al,05

Alumina exhibits many different metastable crystal structures. The most thermodynamically
stable structure is the corundum phase denoted by a. The corundum structure is the most
commonly sought phase of Al203 within the area of tool materials (coating or bulk) for metal
cutting. Deposition of alumina is carried out in a selective environment by PVD and CVD
methods. The transition of alumina phases with respect to the temperature is shown in
Fig. 1.4. In stage |, the amorphous alumina layer grows during the low temperature oxidation
[18]. When the temperature becomes sufficiently high, i.e., about 700 °C, the amorphous
oxide transforms into y-alumina (stage Il), the density of y-alumina exceeds that of
amorphous alumina [19]. In stage I, the growth of y-Al20s continues, for which the oxidation
rate is limited by the inward grain boundary diffusion of oxygen anions [20,21]. Growth of
the y-Al203 layer can be accompanied by phase transformations into other transition
polymorphs, such as 6-Al.0s and 8-Al.0s, which have densities very close to that of y-Al203
[21]. The stable and denser a-alumina polymorph starts forming by the end of stage IlI; stage
IV is considered to start when the oxide scale is completely transformed to a-alumina.
Further research efforts were lately directed to prepare the corundum phase by the PVD
methods at lower temperature [22].

Growth of Amorphous—y ALO, | Growth of y ALO, Growth of
amorphous oxide transition Y (5—8) — ALO a ALO
Healing of y ALOfilm | " "y o hcitions .
ALO—~, ’ bt L T,
= N _g% al ﬂgﬁ._.‘::_n_ | i g,
Y _— -
3 Box _____ ~ T
180 |
10}
o N (1] ‘ v
2 160 stage | “—"“
& 140
©
E 120
O 100p———f— | | L
600 900 1200 1500

Temperature, K

Figure 1.4. Phase transitions in alumina [23].

(All.xCrx)203

The synthesis of (Al,Cr)203 coatings by PVD can result in metastable cubic structures next to
the thermodynamically stable and mechanically favorable corundum phase. The formation
of fcc-(Al1-xCrx)203 at the early stage of deposition at 550 °C after reaching the thickness of
2 um reverts to the growth of the corundum structure a-(Al: -xCrx)2 O3 [22]. Figure 1.5 shows
the cubic (fcc) and corundum structures (o) of (Al1xCry)203 [22]. The corundum phase offers
particular potential for applications that require chemical inertness, thermal stability,
mechanical strength, and good tribological properties at elevated temperatures. The lattice
parameter of the metastable cubic (Ali-xCrx)203 phase slightly varies with the chemical
composition, as shown by Khatibi et al. and Alling et al. [24,25], Najafi et al. [22], and
Diechle et al. [26]. The lattice parameter is smallest for the Al-rich and largest for the Cr-rich
compositions.
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Figure 1.5. X-ray diffraction of the (Al,Cr),03 coatings with cubic (fcc) and Corundum (o) structures [22].

1.2.3 Hybrid coatings

Hybrid coatings systems were developed by combining in-situ and/or ex-situ deposition
methods such as CVD and PVD. In comparison to conventional deposition methods, hybrid
coatings have a significant impact due to their multifunctionality (counteract the many
threats at once) and synergy (properties which cannot be obtained by standard methods)
[27]. In the present PhD study, the hybrid coatings like Al,03/a-C:H:Si and Al.03/NCD were
prepared with the help of different types of deposition methods, such as PVD, PACVD and
ALD. ALD is a CVD technique where gaseous reactants (precursors) are introduced into the
chamber to prepare the desired material via chemical surface reactions. Figure 1.6 shows
different methods of surface treatment in a multi-step process, i.e., the hybrid technology
can be configured in a variety of ways.

Hybrid
Benefits technology Types
Multfunctonaliy fusion methodS)  Multage hybridtechnology
(counteract the many threats at once) oca 1. gas nitriding + arc evaporation
Synergy 1 2. ion nitriding + arc evaporation
(properties which can not be obtained PYD methdds 3. yacuum ‘a’b‘é“z‘”gma"’a""wa"“g
by standard methods) arc evaporaion .
4, arc evaporation+laser techniques

Innovation CVD meghqd etall
(possibilty of creating the nanomultlayer Multi-source hybrid technology
and n?noc:mp%sul‘t: coaling lon implatatio 1. arc evaporation + electron beam evaporation
as well as hybrid layers) 2. arc evaporation + laser techniques

Laser methods etall

Figure 1.6. Hybrid technologies for hard coating preparation [27].
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1.3 Coating generations

There are four coating generations defined by Platit [17]. The first generation of the coating
was a single layer (monoblock) structure without the adhesion layer, for instance TiN, CrN
(Fig. 17a). The second generation of the coating structure arrived with adhesion layer support
for monoblock, gradient, multilayer, nanolayers and nanocomposite structures (Fig. 1.7b).

Multilayer (ML) Nanolayer (NL)
Period > 20 nm

(b) monoblock Gradient (G) ‘.

-i‘e.
5
8
]

Figure 1.7. Calo-tests of the PVD hard coating structure. The (a) 1t and (b) 2" generation of coatings [15].

The 3" generation of triple coatings®” PLATIT consists of an adhesion layer, a core layer
(monoblock or gradient) and a nanocomposite top layer; it has the advantages of
conventional (TiN, CrN, TiAIN, AITiN, gradient) coatings and of nanocomposite coatings
(nc-TiAIN/a-SiN, nc-AICrN/a-SiN, nc AITiCrN/a-SiN) [28]. This generation is applicable for
general purpose use, but particularly for high performance cutting tools (Fig. 1.8a).

Nanocomposite Nanocomposite
top layer top layer
Monoblock Multilayer
or gradient core layer
core layer
Gradient
core layer
Adhesion layer
= o Adhesion
s layer

Typical coatings: AICTN?, TiXCo® BA5 X0 1 Typical coatings: ALY, TIXCo®, nACaX?

Figure 1.8. Calo-tests of the PVD hard coating structure: (a) 3" and (b) 4th generations [17].

The 4t generation is QUAD coatings*®, which is a combination of gradient, multilayer,
oxide and nanocomposite layers to make them durable under harsh conditions [29]. Figure
1.8b shows the QUAD coating structure. In the present PhD study, the Platit t411 unit was
used to produce QUAD HMC, see also Fig. 1.3.

1.4 Fundamentals of coating tribology

The principles of friction, wear and lubrication are the main objectives of tribological
studies. All mechanical systems with moving components in contact with one another
experience friction and wear. Due to excessive energy consumption and progressive material
loss, these phenomena are largely responsible for the degradation of system reliability and
performance. In this regard, significant efforts have been made to employ effective methods
to reduce the wear and optimize CoF [8-10]. By definition, in the case of the super low friction,
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the CoF value is <0.01 [30]. The preparation of coatings that exhibit low wear and appropriate
CoF value over a wider range of aggressive conditions (temperature, atmosphere, irradiation,
etc.) is a challenge in modern industrial tribological systems.

1.4.1 Wear and friction mechanisms

The wear and friction are multiscale phenomena and related mechanisms can be considered
on different size scales, i.e., nano, micro and macro scales. For instance, Hertzian contact
pressure is calculated on the macro level, i.e., mm. Different processes occur on the micro
level of asperities within the tribological contact. The composition of the outermost surface
layer and properties are changed by chemical reactions (nanoscale) that occur at the surfaces
during sliding as well.

Figure 1.9 shows the main tribological contact conditions [31,32]. In addition to sliding,
the other kinds are abrasion where a hard sharp counterface ploughs in the surface; fatigue
where a load is continuously repeated; impact where a dynamic load is applied, fretting
where the movement is reciprocating with a small amplitude; chemical dissolution where
high temperatures can induce mutual solubility at the surface, and corrosion where the
contact is within a corrosive medium or environment. These may also be augmented by
lubrication if an external fluid is introduced into the contact.

Figure 1.9. Typical contact conditions in tribological applications of coated surfaces: (a) contact stresses
at normal load, (b) sliding, (c) abrasion, (d) impact, (e) surface fatigue, (f) fretting, and (g) chemical
dissolution [29].

The different categories of wear mechanisms can be generalized in two groups, namely
mechanical wear mechanisms and physical and chemical wear mechanisms [31].
Mechanical wear mechanisms cover such phenomena as:

e  Micro-ploughing: abrasion, erosion etc., whereby micro asperities of the material
are formed through ploughing of a harder surface (or 3™ body) in a softer surface.

e  Extraction: due to the local cohesive strength of the material, the wear particles are
formed by being pulled out (extract) from the surface.

e Plastic deformation/compaction: volume is lost locally by the material on the
surface during the plastically deformed and compacted within the contact region or
spread away from it.

Physical and chemical wear mechanisms are generalized as:
e Physical wear: volume lost due to dissolution, diffusion, and evaporation.
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e Chemical wear: during the chemical reaction, the volume is lost, such as oxidation
in the material leads to subsequent loss of the material.
In practice, the tribo-pair encounters different combinations of the abovementioned
mechanisms during the course of the wear process.

1.4.2 Solid lubrication

Solid lubricating materials have been employed by industries for a long time to achieve low
friction and wear under different conditions. These materials, despite being in the solid state,
form a tribofilm leading to improved wear resistance and friction reduction [33,34]. Solid
lubricants are widely used to overcome frictional/wear problems in high vacuum and variable
temperature environments because they do not evaporate under high vacuum and result in
relatively small changes in the physical and chemical properties in response to large variations
in temperature.

Some soft metals like Cu, Ag, Sn and Au are used on sliding surfaces as lubricant additives
or as soft metallic films for providing low friction coefficients due to their low shear strength
[35,36]. MoS: is a layered material employed as a solid lubricant and can considerably reduce
the CoF value at HT [37]. Carbon based materials have generated strong interest due to their
outstanding physical, mechanical, biomedical, and tribological properties [38]. Carbon forms
different allotropies and the properties of each form depend on its unique structure [39].
The trends of solid-lubricating materials are illustrated in Fig. 1.10 [40].

Multifunctional lubricating material

= Structuralf/lubricating integrated material
=  Conductive or insulation lubricating material
= Anti-radiation lubricating material, etc. Smart lubricating material

= Self-diagnosis
= Self-repair
= Self-adjust, etc.

High temperature solid-lubricating material

= Fg, Ni metal matrices composite
= NisAl, TiAl intermetallic matrices composite
AlO:, Zr0;, MoS: ceramic matrices composite, etc.

Traditional solid-lubricating material

= Graphite material
= Bronze alloy
= Babbitt alloy, etc.

Figure 1.10. Trends of solid-lubricating materials [40].

There has been considerable progress in the development of high temperature
solid-lubricating coatings. Initially, high temperature solid-lubricating coatings contained a
single-phase solid lubricant or a monolithic component. However, at elevated temperatures,
in the case of a single-phase solid lubricant, the simultaneous maintenance of low friction
and wear is non-trivial. Therefore, structural integrated materials were developed.

The temperature adaptive behavior involves complex chemical-physical structural
evolution of the contact surface [41,42]. Due these evolutions, the tribo-system tends toward
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formation of low friction and wear contact conditions for an effective adaptive mechanism.
There are several conditions that can generate adaptive behavior [43], such as:

i Temperature activated diffusion of metal lubricants to the surface
ii. Temperature and environment activated formation of lubricious oxide phases
iii. Temperature and strain actuated structural evolutions in the contact

In the present study, formation of lubricious oxide phases and structural evolutions in the
contact were observed and investigated.

By means of advanced manufacturing technology, high temperature solid-lubricating
materials possessing self-diagnosis with self-repairing properties following can be prepared.

1.4.3 Self-organization and self-organized criticality

Friction is a complex phenomenon that could be considered as an irreversible nonequilibrium
process. This process may leap either into chaos or greater complexity and stability due to
self-organization with dissipative structures formation [44,45]. To use the approach of
nonequilibrium thermodynamic [46,47], some generic features of friction should be outlined.
Wear can vary over a wide range of magnitudes; a large variety of different wear mechanisms
exist, but wear is a fundamental characteristic of friction for any tribo-system. The other
generic characteristic of friction is the formation of tribo-films or secondary (i.e., formed
during friction) structures on the surface [48]. Friction is an irreversible process because
energy dissipation takes place [49]. The driving force of self-organization is that the open
systems tend to protect and stabilize themselves. This could be related to the decrease in
entropy production during nonequilibrium processes. As dissipative structures generated
during self-organization, tribo-films are dynamic surface spatial structures with temporal
behavior. As tribo-films form in situ during friction, they became originally known as
‘secondary structures’ [48]. Such structures demonstrate the adaptive behavior of the
complex tribo-system. During friction, these tribo-films are produced on the base surface of
the engineered material through structural modification and interaction with the
environment [50-60]. The entropy production rate reaches its minimum in the self-organized
state. Therefore, the self-organization is usually beneficial for the tribological system, as it
leads to the reduction of friction and wear [60-62].

The relation between the self-organization and the wear mechanism in diamond films
was investigated in our group [2]. The probability of self-organization to occur can be
described by Eqg. (1.1), where Y is the probability of loss of thermodynamic stability (or the
probability of self-organization) and n is the number of the interrelated processes (humidity,
temperature, etc.) in the tribo-system [2]:

1

Self-organized criticality is a critical point at which a system radically changes its behavior
or structure and shows avalanche-like behavior [63]. In general, the process is characterized
by a high instability due to complexity. Self-organized criticality could be associated with the
stick-slip phenomenon during friction that is similar to avalanche-like behavior [64,65].
The stick-slip phenomenon is typical in the cutting process while the chip slides along the
rake surface of the tool [66,67].
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1.5 Aim and objectives of thesis

The overall aim of this study is to protect the coatings (carbon based and hard coatings) from
catastrophic failure due to atmospheric oxidation attack during operations and preserve
excellent tribological properties of coatings, particularly, under high temperature conditions.

Objectives of the study:

e To enhance the tribological properties of amorphous carbon coating (a-C:H:Si) by
using thin alumina layer.

e To understand the occurrence of the adaptive and superlubricating effects due to a
thin alumina layer.

e To understand the mechanisms of friction and wear of hard multilayers coatings
(HMS) at high temperature during sliding.

e To understand the plastic deformation (coating deflection) in a-C:H:Si and HMC.

e To understand the transition from self-organized criticality to self-organization on
NCD coatings during sliding.
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2 Materials and methods

2.1 Deposition techniques

The following different types of coatings were prepared by means of various deposition
methods:
i Diamond like carbon a-C:H:Si coatings were deposited by the PACVD method.
ii. Alumina (Al203) layers were deposited by the ALD method.
iii. NCD films were deposited by the PACVD method.
iv. Hard coatings (adhesive layer and HMC) were deposited by the PVD method.
Coating deposition procedures are explained in the attached publications, see Appendix.

2.2 Sliding tests

The friction and wear were investigated by means of a CERT UMT-2 Bruker® tribometer.
The reciprocating unidirectional and rotatory sliding tests were carried out to evaluate the
coating properties. High-temperature chamber with a rotation drive (S21ME 1000) was used
for the sliding tests at HT. SisN4 and Al.0s balls (REDHILL, Czech Republic) were selected as a
counterbody for carbon-based and HMC. Table 2.1 presents the conditions and parameters
of the tests carried out to analyze the friction and wear behavior of coatings.

The volume of the wear scar (V) was estimated using Eq. (2.1), where S is the cross-section
area and | is the length of the wear scar:

V=5-I (2.1)
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Table 2.1. Specimens and parameters of tribo-tests.

Types of NCD HMC a-C:H:Si Al203/ a-C:H:Si
coatings
Substrate SCD (110) WC-Co
Thickness 2.2,8,10.5, 14 and 3.6 1 1.2
(um) 225
Counter body SizNa, AlO3, SisNa,
(mm) @3 @6 @ 10
Temperature RT RT, 600 RT and 400
(°c) and 800
Methods Reciprocating Rotatory
Unidirectional
Normal Load 0.5-2 10 2
Force (N)
Radius of - 4 1.5
wear scar
(mm)
Length of
wear scar 1 - -
(mm)
Velocity v 300 300 200
(rpm)
3000, 6000, 9000, 54000 36000
Duration N 36000, 72000
(cylces)
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2.3 Nanoindentation and nanoscratch

The mechanical properties of coatings were determined by the nano-mechanical testing
system (NanoTest, Micro Materials Ltd.). The nanoindentation tests were performed with the
Berkovich diamond indenter and nanoscratch tests were carried out with a sphero-conical
diamond indenter with a radius of 5 um. The schematic of nano tests is shown in Fig. 2.1.
The progressive loading method was adopted for nanoindentation tests within the range of
0.2-0.45 mN of load with the increment of 0.05 mN.

Permanent
magnet —_— Cail

Transverse sample motion
with XYZ stage
o Himitsto Friction sensor
N —— (half bridge
Frictionless o Inderter semiconductor
pivot Sample
stub gauge)
s :ﬂ I1:|
plates
Balance
/_ weight
Optional
Impulse ——————=
b
assemby xoamping plate

Figure 2.1. Schematic view of NanoTest Micro-Materials® equipment for (a) nanoindentation and
(b) nanoscratch.

The hardness and Young's modulus were estimated using the Oliver-Pharr method [68].
The nanohardness was calculated using Eq. (2.2), where H — hardness, Pmax— maximum load
and Ar— the indentation area. The Young’s modulus was evaluated with Eq. (2.3), where
Er — reduced modulus, viand vs — Poisson’s ratio and E1 and E2 — Young’s modulus of diamond
indenter and films:

H = Pmax (2.2)
Ar
1_ 1-vZ | 1-v2
E= B + B, (2.3)

The nanoscratch tests were carried out in the Z direction with a friction sensor attached.
All tests were performed as multi-pass experiments (3 scans: topography—scratch—topography)
that were subsequently analyzed using NanoTest software. The load was applied after
scanning the distance of 50 um, with the following progressive load with a loading rate of
5 mN/s up to reaching the peak load value.
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2.4 Characterization methods

The coatings were characterized by using conventional and high-temperature X-ray
diffraction methods to the analyzed the crystal structures, Micro-Raman spectroscopy was
used to analyze the bonding structure of coatings, X-ray photoelectron spectroscopy (XPS)
was used to investigate the surface chemical composition, scanning electron microscopy
(SEM) was used to analyze the chemical structure and the surface morphology of the pristine
and wear scars surfaces and mechanical profilometry was used to analyze the wear scar
profiles and wear volume estimation.
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3 Results and discussion

3.1 Investigation of thin alumina layers prepared on Si(100) substrate

Surface morphology and structure

Alumina films with a thickness of 100 nm were deposited on the Si(100) substrate with the
ALD technique. The deposited samples were annealed at different temperatures and times.
Their properties were analyzed by means of nanoindentation and nanoscratch tests and
compared with as-deposited samples and the Si(100) substrate. Table 3.1 shows the annealing
parameters of alumina films.

Table 3.1. Post deposition annealing parameters of alumina films.

Samples 1 (as- 2 3 4 5 6
deposited)
Temperature - 500 700 900 1100 1100
(°C)
Time (h) - 1 1 1 2 3

The surface morphology was investigated by SEM, alumina layer (sample 1) is uniform
and smooth (Fig. 3.1a). A similar morphology was found for the samples annealed up to
900 °C. The formation of irregular patterns of holes in films was observed for the samples
annealed at 1100 °C, see Fig. 3.1b. The X-ray diffraction (XRD) patterns taken on samples 5
and 6 indicate the formation of a crystalline structure after 2 h of annealing at 1100 °C
(Fig. 3.2). Based on the study of literature, the most likely gamma and delta (y ,0) alumina
were formed [69]. The crystal structure of samples 1-4 was amorphous.

Figure 3.1. SEM images of alumina films (a) as deposited and (b) annealed at 1100 “C for 3 h.
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Figure 3.2. XRD patterns of samples 5 and 6 after 2 and 3 hours of annealing at 1100 °C.

Nanoindentation and nanoscratch

The mechanical properties such as hardness and Young’s modulus of 100 nm thin alumina
film and Si substrate were evaluated by the nanoindentation and nanoscratch methods.
The nanohardness and Young’s modulus of the Si(100) were in the range of 10.6-13.2 GPa
and 142-169 GPa, which is in good agreement with the literature [70]. The nanohardness and
Young’s modulus of as-deposited and annealed alumina films were in the range of 10-13 GPa
and 150-190 GPa, which is in agreement with a previous study [71].

The alumina layer adhesion was evaluated using a nanoscratch test. The nanoscratch tests
on the Si(100) substrate with a spherical indenter upon progressive loading were carried out
by Beake et al. [72]. Initially, the nanoscratch tests were performed on the Si (100) substrate
to determine the friction and scratching behavior of the substrate and then on alumina films
to analyze the film properties and to understand the influence of the substrate. The results
of the scratch tests with optical microscopy images of the scratch scars are shown in
Fig. 3.3 a-c. The scratch tests on the Si(100) substrate and alumina were performed at the
peak loads up to 400 mN. The results of the scratch tests on the Si(100) substrate are in good
agreement with literature [72]. The main transitions on the Si(100) and alumina films are as
follows: Ly — onset of non-elastic deformation, Lcl — pop-in observed by an accompanied
change in the color of the scratch track and Lc2 — prominent chipping observed at the edges
of the track. The nanoscratch behavior of as-deposited alumina film (sample 1) is shown in
Fig. 3.3b. The Lcl transition starts at 48 mN and chipping starts at Lc2 = 78 mN. The response
of the annealed at 1100 °C Alz20s film (sample 6) is shown in Fig. 3.3c. No clear Lc1 transition
was observed and chipping starts at Lc2 = 89 mN. There is a good correlation between the
Lc2 values observed on alumina films (as deposited and annealed) with the value of 63 mN
(Lc1) observed on Si(100), i.e., when severe deformation starts within the Si(100) substrate.
It shows the influence of the substrate on the properties of alumina films.
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Figure 3.3. Scratch tests at the peak load of 200 mN with optical images for (a) Si(100) substrate,
(b) as-deposited alumina film (sample 1) and (c) annealed alumina film (sample 6).

Figure 3.4 shows the CoF value versus the normal load measured in nanoscratch tests.
The CoF value increases for alumina and Si(100) within stage 1, which is in a disagreement
with Amontons’ law of friction in Eq. (3.1), where Fx — the friction force, k — coefficient of
friction and F; — is the normal load. The CoF is the coefficient of proportionality and it is
independent of the load [73].

F, = KE, (3.1)

The elastic as well as plastic deformation dominate at stage 1. Most likely, the CoF value
changes due to the mainly continuous change of the elastic — plastic behavior of the Si(100)
substrate. Therefore, contact conditions between the indenter and the sample surface
changed continuously as well. However, for stage 2, the CoF values were nearly constant;
such behavior shows agreement with the law of friction, see Eq. (3.1).
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Figure 3.4. CoF versus load.

Conclusions

Nanoindentation and nanoscratch tests were performed to evaluate the mechanical and
tribological properties of thin alumina films deposited on Si(100) substrates. The measurements
of hardness and Young’s modulus of Al203 thin films were influenced by the Si substrate.
The amorphous alumina changed into crystalline structure after annealing at 1100 °C.
Disagreement with Amontons’ law of friction was found for the loads in the range of
5-20 mN, which probably corresponds to a continuous change from elastic to plastic
deformations within the Si substrate. However, for the higher loads (200—400 mN), a good
agreement was found with Amontons’ law.

3.2 Self-organized criticality on nanocrystalline diamond

Complex behavior can develop spontaneously in certain nonequilibrium systems with
many-body interactions. These systems are complex in the sense that there is not a single
time or spatial scale characterizing the system behavior, but the statistical properties are well
described by simple power laws [74].

The tribological system is a complex system that is controlled by a number of processes,
including deformation and fracture of surface asperities, abrasion, adhesion, oxidation,
fatigue, tribolayer formation, etc. These processes contribute to friction at different scales
(nano-, micro- and macroscale) and hierarchy levels (molecular, surface asperity, component)
[75]. Due to the complexity, the friction process is not firmly linear, the CoF can depend on a
variety of factors including applied load.

The energy (W) induced by external loading (mechanical work) is accumulated into the
tribo-system (AE) and converted into the heat (Q):

W =Q+AE (3.2)

Entropy production (dS/dt) is a useful concept for the characterization of friction and
wear, which are dissipative and irreversible processes. The entropy production of a system is
the sum of the entropy production of processes occurring within the system. Moreover,
according to the second law of thermodynamics, it is impossible to distinguish a part of the
system at the macro-, micro- or nanoscale, in which the entropy production would be
negative [76]. The net entropy production can be written as the sum of entropy production
at different length scales, as shown in Eq. (3.3) [77-79]:
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E — diSn micro — diSn nano
at xn dt xn dt (3.3)

According to Prigogine, the stability conditions for the thermodynamic system can be
analyzed using the Lyapunov’s function 02S (where 92S is the second variation of entropy).
Self-organization can occur in the system if inequality is not fulfilled in Eq. (3.4) [80-82].

d
E(azs) >0 (3.4)

SO is often characterized in the tribo-system by the formation of a thin tribo-layer at the
surface within the contact that reduces the wear and the CoF [81].

Experimental and theoretical studies show that there are systems with many degrees of
freedom, which can evolve into a self-organized critical (SOC) state. This state is characterized
by the release of energy through rapid relaxation processes (avalanches), as shown in Eq. (3.5).
The relation between the avalanche size (A) and the number of avalanches of the same size
(n) can be described by the power law:

n=A" (3.5)

where [ is an exponent characterizing the distribution of avalanches with different sizes
[82-84]. A well-known example of the SOC system is a sand pile model [85] where grains of
sand are randomly placed into a pile until the slope reaches a critical value. Further addition
of grains triggers an avalanche affecting adjacent grains. It is a state that unlike SO systems,
SOC systems are constantly “tuned” to a state whereby an avalanche can be initiated again
[86]. Another example of the SOC system is a stick-slip friction between rubbing surfaces
[81-86]. An indication of SOC is the power-law distribution of friction force drops (dFx) in
tribological tests [84]. Some authors suggest strengthening conditions for SOC, namely the
presence of frequency power spectra of Fx time series and the existence of stationary state
at long times [65,87].

The NCD films of different thickness (different roughness) were used as shown in Tables
2.1and 3.2. The SOC behavior was estimated using the distribution of friction force (Fx) drops
(dFx) during the reciprocating sliding tests. The behavior of Fx is shown in Fig. 3.5.

Table 3.2. Thickness and surface roughness of samples used in the tribological tests.

Sample nd | n5 né | n7 n2 n3 n9 n8

Coati

_-oating 22 8 10.5 14 225
thickness (pm)

Roughness 33 55 56 66 78

Sq{pm)
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Figure 3.5. Example of friction force (Fx) behavior in the reciprocating sliding test and data selection.

The CoF versus time curves with different sliding times duration for the NCD film with a
thickness of 10.5 um is shown in Fig. 3.6a,b. The two types of CoF vs time curves behavior
during the sliding on diamond films at RT were observed in our previous studies, see
discussion in our publication [2]. The CoF values during the first 800 sec of sliding indicate the
friction instabilities during the early stage of the run-in period.
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Figure 3.6. CoF versus time curves for NCD with 10.5 um of thickness. Test duration is 600,1200, 1800,
7200 and 14,400 sec: (a) first 800 sec run-in period (b) and full-length.

The distinctive aspects of Fx value during the reciprocating cycles are shown in Fig. 3.7a,b.
The Fx peaks of each half cycle have two peaks at the beginning and at the end. The peak at
the beginning is due to the fact that the coefficient of static friction is always greater than
the coefficient of sliding friction. In most cases, the height of peak 1 is smaller as compared
to peak 2. During the initial run-in period, the height of both the peaks is high, i.e., for the
first 0-600 sec of sliding, as shown in Fig. 3.7a. The height of peaks reduces with respect to
the sliding time, for a longer period of sliding, the peaks height became approximately
constants, as seen after sliding of 1800 sec in (Fig. 3.7b). Due to the stick-slip motion, the
values of Fx varied with sliding.
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Figure 3.7. The Fx vs. time curves after the sliding test at 2 N of load: (a) 600 sec and (b) 1800 sec of
NCD coating with 10.5 um thickness.

The dFx distributions are shown in Fig. 3.8. The mean and median of dFx distributions are
higher at 2 N of the load in comparison with 0.5 N (Fig. 3.8b). This could indicate the existence
of a threshold in the stick-slip system, which resembles the threshold for a sand pile slope
angle in the “sand pile model” when a sudden avalanche occurred [86].
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Figure 3.8. (a) Distributions of dFx obtained for the first 600 sec of the 1800 sec tests and (b) median
and mean values of the same distributions.

The Fx drops, dFx, distributions were estimated for different periods of sliding tests.
The log-log behavior of dFx distributions for coatings with thicknesses of 2.2 um and 10.5 um
are shown in Fig. 3.9a,c. The log-log behavior for NCD films shows linearity for initial running
period specifically (0-600 sec), i.e., it follows the power-law distribution f=* with the
exponent W. The p varied in the range of 0.6-2.9, which indicates the presence of SOC at the
initial stage of the run-in period during dry sliding on the nanocrystalline diamond against
SisN4 ball. The log-log distribution of dFx for other time intervals of the sliding tests does not
follow the power-law behavior, as shown in Fig. 3.9b,d.
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Figure 3.9. Log-log distributions of dFx for 10.5 and 2.2 um thick NCD films: (a) 0-600 sec, (b) 6600-7200
sec, (c) 0-600 sec and (d) 6600-7200 sec. The data were obtained after 1800, 7200 and 14,400 sec tests
with 2 N of load.

The averaged exponent p for the initial run-in period is shown in Fig. 3.10. The W value
decreases with respect to coating thickness. The roughness of thicker films is higher than that
of the thinner film (Table 3.2). The value of the friction drop dFx increases with increasing of
film thickness (Fig. 3.8b). In other words, mechanical interlocking between counter body
asperities and the NCD film is a crucial aspect for the understanding of SOC, which is in
agreement with the conclusion by Zypman et al. [65].
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Figure 3.10. Averaged exponent u vs. coating thickness for the run-in period (0-600 sec).

Figure 3.11 shows SEM images taken of the pristine and the wear scars after the sliding
tests on sample n3. The duration of the tests varied between 600 and 14,400 sec, and the
normal load was 2 N. A network of ripples was observed within the wear scar after the first
600 sec of sliding and for all the following stages of the sliding regardless of the test duration.
Neither fragmentation of the network into isolated ripples nor disappearance of ripples was
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found. Formation of some ripples on top of the surface asperities can probably be expected
before 600 sec of sliding as well. Smoothening of the NCD surface and formation of the
continuous network of ripples on the surface was found after 1800 sec of sliding (Fig. 3.11d).
The test duration influences the shape and density of the ripples, as revealed, for instance,
when comparing Fig. 3.11c and Fig. 3.11f. It is worth stressing that the formation of ripple
patterns is a continuous process, i.e., new patterns are continuously formed in the course of
the increase of the wear scar depth. In other words, there is a transition from SOC to SO
during the initial run-in period (0-600 sec).

Sliding

TC

Figure 3.11. Surface morphology and ripple patterns observed within wear scars after the varying sliding
time on sample n3: (a) pristine surface, (b) 600, (c) 1200, (d) 1800, (e) 7200 and (f) 14,400 sec.

The SOC and SO can be distinguished by a different way of releasing mechanical energy
induced by external work. SOC is related to the process of energy release through the
avalanches; however, dissipation of energy through the formation of tribolayer, ripples
formation, etc. on the surface occurs in the case of SO.

Conclusions

The distributions of friction force drops dFx during reciprocating sliding on NCD/SCD(110)
samples against SisNa balls were analyzed. The power-law type of friction force drops
distribution was observed at the initial run-in period of the sliding tests, i.e., during the first
600 sec of sliding. This indicates the presence of SOC. The formation of dissipative structures
starts during the later stages of the run-in period, i.e., SOC continuously changes into SO.
The SOC was not found during the steady-state regime of sliding with an exception for periods
where instabilities in sliding occurred.
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3.3 Tribological behavior of hard multilayer coatings

Surface morphology and structure

The SEM image of pristine surface and schematic drawing of the hard multilayer coating
(HMC) are shown in Fig. 3.12a,b. The pristine surface contains spherical and shapeless
microdroplets with surface cavities (Fig. 3.12a). The high temperature X-ray diffraction
(HT-XRD) was performed between RT to 1200 °C with an interval of 100 °C, the HT-XRD
patterns are shown in Fig. 3.13. The patterns taken from RT to 700 °C show no significant
difference in crystal structure.
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Figure 3.13. HT-XRD patterns taken on HMC.

The XRD peaks correspond to fcc-(Al,Cr).03, WC-Co and c-AlTiCrN phases up to 700 °C.
The a-(Al,Cr)203 phase appears first at 800 °C and the intensity of the corresponding peaks
increases with respect to the temperature, which indicates the phase transition from
fce-(Al,Cr)20sto a-(Al,Cr)203[22,24].

Friction and wear

The CoF behavior was investigated at 10 N of load against an alumina ball (Table 2.1).
The CoF vs cycles curves are shown in Fig. 3.14. The CoF value in the sliding test performed
at RT shows steady state behavior during the course of the test. The initial and final CoF
values are approximately equal to 0.7. The initial running-in period was observed for the
tribo-tests at 600 °C and 800 °C. The CoF is about 0.9 at the beginning of the test at 600 °C.
The run-in period is approximately 10,000 cycles. After run-in, CoF value drops to 0.6 and is
stabilized until 35,000 cycles with the CoF value equal to 0.6 and then increases to 0.7, which
is similar to the result observed at RT. The CoF value in the test at 800 °C fluctuates stronger
at the beginning of the test, as compared with the CoF value at RT and 600 °C. The CoF value
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at 800 °C tends to lower to 0.45. The difference in the CoF values for different temperatures
is due to the contact between the alumina ball and the fcc-(Al,Cr).03 layer at RT and 600 °C,
however at 800 °C, the contact is between the alumina ball and the a-(Al,Cr).0s layer.

0.34

Friction Coefficient (COF)

0.2

0.1

T T T T T
0 10,000 20,000 30,000 40,000 50,000 60,000
Cycles

Figure 3.14. Cof behavior with respect to temperature.

The wear scars profiles on HMC taken with the mechanical profilometer, and the coatings
and balls surfaces taken by SEM after the sliding tests are shown in Fig. 3.15. The highest
wear scar width was observed after the sliding test at 600 °C on the coating surface and as
well as on the ball (Fig. 3.15d-f). The relatively smooth surface morphology within the wear
scars can be observed after the tests at RT and 600 °C in Fig. 3.15a,d, as compared with the
test at 800 °C (Fig. 3.15g). The roughness within the wear scar surface after the sliding tests
at 800 °C is higher due to a significant change in the wear mechanisms at this temperature.
The wear scar profile shows that the depth in all sliding tests is approximately 0.7 um, which
indicates that the contact between the oxide layer and the ball at the end of the sliding tests
took place. Two regions denoted as | and Il can be seen in SEM images. Region | indicates the
area in the center of the wear scars (i.e., the area corresponding to the real wear) and region
Il indicates the area where only ball ploughing occurred. Indeed, the wear scar surface
morphology after the test at 800 °C within regions | and Il suggests that probably, only
ploughing of the ball occurred within region Il (Fig. 3.16). Therefore, the shape of the wear

scars profile shown in Fig. 3.15a,d,g suggests that the coating is plastically deformed during
the sliding tests.
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Figure 3.16. SEM images of the wear scar after sliding at 800 °C: (a) pristine surface and region Il and
(b) regions I and II.

The wear scars volume was calculated based on the difference between apparent and
real wear volumes (Fig. 3.17). The apparent wear volume is the sum of the real wear volume
and the volume corresponding to the deformation in the coating (Fig. 3.17a). The apparent
wear volume was similar after the sliding tests at RT and 600 °C. The real wear volume was
not measured after the RT sliding test because of no clear visibility of region I, see SEM image

in Fig. 3.15b. The smallest apparent and real wear volumes were observed after the sliding
test at 800 °C.
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Figure 3.17. (a) Apparent and real wear and (b) wear volumes after the sliding tests at RT, 600 and 800 °C.

Energy-dispersive X-ray spectroscopy

The EDS data of chemical composition of HMC is shown in Fig. 3.18. The EDS was taken on
the pristine surface of the coating and within the wear scar after sliding. The EDS data
corresponding to the measurement on the pristine surface shows that the content of oxygen
increases and the content of nitrogen decreases with the temperature increasing (Fig. 3.18a).
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Figure 3.18. EDS analysis on (a) pristine and (b) wear scars surfaces of the coating.

Formation of a thin oxide layer on top of the AITiCrN layer (Fig. 3.12b) can lead to the
mentioned observation, and the fluctuation of the CoF value in the sliding test at 800 °C could
be due to the influence of this oxide layer (Fig. 3.14). The EDS data collected on the wear
scars shows the presence of higher concentration of oxygen contents independent of the test
temperature, as compared with the pristine surface, with a negligible concentration of
nitrogen (Fig. 3.18b). This observation suggests removing of the AITiCrN layer in the course
of sliding, i.e., the contact between the ball and the (Al,Cr):0s layer takes place in all sliding
tests (Fig. 3.12b).

Nanoscratch tests on HMC

The nanoscratch tests were performed on the pristine surface of the coating after the sliding
tests at different temperatures. Figure. 3.19 shows the results of the nanoscratch tests along
with optical image of the scratch track on the coating surface. The procedure for the scratch
tests was described in section 2.3. The elastic and plastic deformation occurred on the
coating surface during scratching. The deviation due to plastic deformation and the wear (A2)
is the distance between the lines scan corresponding to the 1% and 2" topography scans.
The wear is relatively small, thus A2 corresponds mostly to the plastic deformation of the
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coating. The highest deflection was observed on the sample after the tests at 600 °C.
The values of A1, A, Az are shown in Table 3.3. The Airepresents region Il in Fig. 3.15b,e,h,
which corresponds to the deflection of the coating under severe loading conditions in sliding
tests. The values of A1 and Az are similar, indicating similar plastic deformation in the sliding
and nanoscratch tests. A significant coating surface deflection (elastic + plastic) was observed
during the nanoscratch, for instance, the surface deflection (1140 nm) was about 1/3 of the
coating thickness (3.6 um) at the applied load of 400 mN in the test on the sample after the
sliding test at 600 °C (Table 3.3).
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Figure 3.19. Nanoscratch behavior with an optical microscopy image of the scratch track after the test
at 400 mN of load on the pristine surface after sliding at 800 °C.

Table 3.3. The A values after the sliding and nanoscratch tests.

Samples Ay (nm) Ay (nm) Az (nm)
RT 480 480 1010
600 °C 450 490 1140
800 °C 350 250 820

Conclusions

The mechanical and tribological properties of the TiN-AITiN/nACo-CrN/AICrN-AICrO-AITiCrN
coating were evaluated at RT and HT (600 and 800 °C). The increase of wear resistance for
the coating tested at 800 °C was found due to the phase transformation within the (Al,Cr)203
layer (from fcc-(Al,Cr)203 to a-(Al,Cr)203) leading to the increase of hardness of this oxide
layer. It leads also to the decrease of deflection and apparent wear volume of the whole
coating system. In contrast, higher coating deflection was observed on the samples tested at
RT and 600 °C.
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3.4 Tribological performance of a-C:H:Si and Al,O3 /a-C:H:Si coatings

Surface morphology

The SEM images of a-C:H:Si and Al>0s/a-C:H:Si coatings are shown in Fig. 3.20. The presence
of irregular cavities can be observed on the a-C:H:Si coating surface (Fig. 3.20a). The alumina
layer grew conformally, i.e., it resembled the morphology of the a-C:H:Si surface. After the
deposition of a thin Al20s layer on top of the a-C:H:Si coating, the surface peculiarities can be
seen (Fig. 3.20b).

E e

b)

‘peculiarities

Figure 3.20. SEM images of the native surface of (a) a-C:H:Si and (b) Al,03/a-C:H:Si.

Tribological behavior of a-C:H:Si and Al,0s/a-C:H:Si

Figure 3.21 shows the CoF versus cycle curves obtained at RT and 400 °C. The CoF values for
both types of coatings (a-C:H:Si and Al.0s/a-C:H:Si) are very similar for the tests at RT, i.e.,
approximately 0.06-0.1. In other words, the thin alumina layer did not strongly influence the
friction behavior of a-C:H:Si coating at RT. After reaching the smallest value at the beginning
of the test, the CoF value slowly increased during subsequent periods of sliding. In contrast
to the tests at RT, significant changes occurred in the tests at 400 °C. In the case of the
a-C:H:Si coating, coating failure occurred at the beginning of the test after a short running-in
period (Fig. 3.21a). However, in the case of the Al.0s/a-C:H:Si coating, relatively stable
periods of sliding were revealed, with a CoF value of less than 0.03, and some periods had a
super-low CoF of less than 0.01 (Fig. 3.21b). The extended time tests were repeated three
times. A short running-in period was found in the case of the test at RT, which was practically
absent in the tests at 400 °C. This result shows that the contact between the a-C:H:Si surface
and the SisN4 ball was already established at the beginning of the sliding tests.
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Figure 3.21. CoF versus cycles curves taken at RT and 400 °C on (a) a-C:H:Si and (b) Al,03/a-C:H:Si
coatings.

Figure 3.22 shows the SEM images of the wear scars observed on the a-C:H:Si and Al203/a-
C:H:Si coatings after the sliding tests at RT and 400 °C. The smooth wear surfaces are formed
on both coatings after sliding for 180-min at RT. The alumina islands can be seen on the
Al203/a-C:H:Si coating as well (Fig. 3.22b). In the case of the a-C:H:Si coating, islands of the
a-C:H:Si coating and the surface of WC-Co substrate can be seen after the test at 400 °C,
in spite of the uniform a-C:H:Si coating surface for the Al203/a-C:H:Si coating (Fig. 3.22c,d).
Therefore, the thin alumina layer protects the a-C:H:Si coating from oxidation failure.
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Figure 3.22. SEM images of wear scars after sliding tests at (a,b) RT for 180-min and (c,d) 400 °C for
5-min.

42



The wear scar profiles after the sliding tests of 5 and 180 min at RT are shown in
(Fig. 3.23). The wear scars shape and width obtained after the sliding tests at RT differ
between the a-C:H:Si and Al203/a-C:H:Si coatings. The wear scar widths on the a-C:H:Si and
Al20s/a-C:H:Si coatings were approximately 200 and 310 um after the 5-min sliding tests
(Fig. 3.23a,c). However, after 180-min of sliding, the wear scar on the a-C:H:Si coating was
narrower and deeper, while wider and shallower for the Al>03/a-C:H:Si coating (Fig. 3.23b,d).
These results demonstrate the adaptation effect, an increase in the contact area leads to
decreasing in the contact pressure. The depth of the wear scar of the a-C:H:Si was
approximately 0.8 um, which is close to the coating thickness. However, in the case of the
Al,03/a-C:H:Si coating, an approximately 0.4 um thick a-C:H:Si layer was removed. Therefore,
a longer lifetime can be expected for the Al,03/a-C:H:Si coating in comparison to the a-C:H:Si
coating.

The wear scar of the Al203/a-C:H:Si coating was also significantly wider after the 5-min
sliding test at 400 °C, as compared to the RT 180-min test (Figs. 3.23d and 3.24b). These
results could indicate that the structural changes within the a-C:H:Si coating, most likely
owing to a-C:H:Si graphitization, decreased the hardness [88,89]. The wear scar profile of the
a-C:H:Si coating after a 5-min sliding test at 400°C shows a catastrophic failure of the coating
(Fig. 3.24a).
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Figure 3.23. Wear scar profiles after sliding tests at RT and 400 °C: (a-b) a-C:H:Si and (c-d) Al,03/a-C:H.Si.
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Figure 3.24. Wear scars line profiles taken on the (a) a-C:H:Si and (b) Al,03/a-C:H:Si coatings after the
5-min sliding tests at 400 °C.

The apparent wear volumes of the a-C:H:Si and Al.03/a-C:H:Si coatings are shown in
Fig. 3.25. The calculation of the wear volume loss assumed an alumina layer thickness of
200 nm (Figs. 3.23 and 3.24). The wear volume measured on the a-C:H:Si layer (black color in
Fig. 3.25) was larger for the a-C:H:Si coating than for the Al2Os/a-C:H:Si coating after the
180-min tests at RT. The wear volume was largest after the 5-min sliding test at 400 °C on the
a-C:H:Si coating owing to the coating failure (Fig. 3.24a). It should be stressed that the
reduced hardness of a-C:H:Si at HT leads to an increase of the wear scar width for
Al203/a-C:H:Si (Fig. 3.24b). Therefore, an apparent wear volume loss may increase owing to
the plastic deformation of the a-C:H:Si layer.
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Figure 3.25. The apparent wear volumes loss of a-C:H:Si and Al,03/a-C:H:Si coatings.

Raman spectroscopy

The Raman spectra were obtained on the native surface and within the wear scars (Fig. 3.26).
Two characteristic peaks indicated sp? structure ordering, i.e., the D mode (1365 cm™) is
active in the presence of disorder and the G mode (1545 cm™) indicates the presence of
well-ordered graphite [90]. Raman peaks show the presence of vibrational modes in
trans-polyacetylene (t-Pa) (1054 cm™) and sp-bonded chains (1900-2200 cm™) (Fig. 3.26a).
The shape and position of the Raman spectra of the native and wear scar surfaces after the
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5- and 180-min tests at RT were quite similar. In the case of the Al20s/a-C:H:Si coating
(Fig. 3.26c), the peak positions were similar to those observed for the a-C:H:Si coating, except
that the G peak shifted to (1532 cm™) after the 180-min sliding test.

The Raman spectrum of the native a-C:H:Si surface differs from the one obtained after HT
heating. The G peak shifted to 1558 cm™, and formation of a shoulder (arrow in Fig. 3.26b)
was observed after heating at 400 °C. The G peak shifted to a higher value (1612 cm™?) after
the 5-min sliding test at 400 °C (Fig. 3.26b), which indicates the impact of mechanochemical
processes on the a-C:H:Si structure. However, in the case of the Al:0s/a-C:H:Si coating,
no further G peak shift was observed after the 5-min test at 400 °C (Fig. 3.26d).
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Figure 3.26. Raman spectra taken on the native surface and within the wear scars after the 5- and
180-min tests at RT and 400 °C on the (a,b) a-C:H:Si and (c,d) Al,0s/a-C:H:Si coatings.

X-ray photoelectron spectroscopy

The C 1s XPS spectra were recorded on the a-C:H:Si native surface (Figure 3.27). The peaks
correspond to C—C sp?, C—C sp3, C-0, C=0, C—N, 0—-C=0 and COO-R bonds [91-93]. Sp3 surface
enrichment and increased intensity of the XPS spectrum shoulder corresponding to the bonds
formed between carbon, nitrogen, and oxygen atoms were observed after heating at 400 °C
(Fig. 3.27b). Figure 3.28 shows the XPS spectra taken on the surface of the wear scars after
the sliding tests at RT and 400 °C. The bonds of the intensity ratio between the XPS signal
intensity related to the a-C:H:Si coating (convolution of the C—C sp? and sp? peaks) and the
intensity of the peak corresponding to C-0, C=0, etc., are higher for a-C:H:Si than for the
Al203/a-C:H:Si coating for the tests at RT and 400 °C. The C—C sp? and sp® XPS signals can be
more strongly shielded on the Al.0s/a-C:H:Si coating by a thicker and more uniformly
distributed layer formed by agents such as C-0, C=0, etc.
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Figure 3.27. C1s XPS spectra taken on the a-C:H:Si coating native surface at (a) RT and (b) 400 °C.

4000 T T T T T T T T T 6000

(@) WS a-C:H:Si after Smin test at RT (b) WS a-C:H:Si after Smin test at 400 °C
3500 < e
2816 5000 -
3000 -
2500 4000
Z‘ 2000 4 ;, 3000 4
g 1s00 E
g = 2000
1000 -
500 - 1000
0
04
L U S e S s S S B S T T T T T L i s
276 27s 20 2m 3w 26 288 1% 28 23 296 2% 275 280 252 264 256 28 290 B2 294 296
Binding Energy(eV) Binding Energy(eV)
oo T T T T T T T T T T T T T T T T T T T T
(¢) WS AlO/ a-C:H:Si afier Smin test at RT 30004 (d) WS ALO, /a-C:H:Si after § min test at 400 % 4
500 4
2500 - 4
600 | g 2000 284.6 e
-y & 10 C-Csp) 4
£ 400 B a
£ -
8 = 10004 4
200 4
500 E
o L od 4
T T T T T T T T T T T T
2% 276 280 182 264 286 288 290 292 24 26 276 278 280 282 284 266 266 200 292 %4 296
Binding Energy(eV) Binding Energy(eV)

Figure 3.28. C 1s XPS spectra taken within the wear scars after the 5-min tests at RT and 400 °C on the
(a,b) a-C:H:Si and (c,d) Al,Os/a-C:H:Si coatings.

Figure 3.29 shows the Si 2p XPS spectra, the broad Si 2p XPS spectra indicate the presence
of several types of silicon oxide with different chemical states of Si (Si**(Si20), Si%*(SiO),
Si3*(Si203), and Si**(Si02)) [91]. Due to the likely a-C:H:Si oxidation and formation of the silicon
oxides, the Si-C peak intensity decreased after heating at 400 °C (Fig. 3.29a). The Si 2p XPS
spectra taken within the wear scars after the sliding test at 400 °C showed the strongest peaks
located at 102.5-103.2 eV, which could indicate the formation of stoichiometric SiO2 oxide.

46



1400 - ' ! " ! T T T T T T T T
@) 103.2 chfggg.m?m.m 1004 ® —— WS ALO,a-CH:Si after S min (RT)
1200 | ) —— WS 2-CH:Si after 150 min (RT) —— WS ALO,/A-CH:Si after 150 min (RT)
S ]'fm'“g native a-C:H:Si (400 °C) —— W5 ALO/a-CHS afler S min (400°C)
1000 + at400°c e WS 3-CHESH e S min (400 °C) .
N After heating Wz
7 800 - \ z at 400 °C
5 \ 5
- 100.6, ™ S =
y = 504
£ 600 F 20
g z
'2 400 Si-C.. g
102 1043
200 | ’
or 0
T T T T T T T T T J T T T T T T T
94 96 98 100 102 104 106 108 110 112 114 94 9 98 100 102 104 106 105 110 112
Binding Energy (eV) Binding Energy (V)

Figure 3.29. Si 2p XPS spectra taken within the native and wear scars surfaces after the sliding tests at
RT and 400 °C on the (a) a-C:H:Si and (b) Al,0s/a-C:H:Si coatings.

The results of the Raman and XPS investigations of the sp? and sp® bond contents in the
coatings are shown in Fig. 3.30. In the case of the a-C:H:Si coating, the intensity ratios of the
D and G peaks (Io/lc ratio) are similar for the Raman spectra taken on the native surface and
within the wear scars after the 5- and 180-min sliding tests at RT (Fig. 3.30a). The sp?/sp®
ratios of the corresponding XPS peak intensities were similar for the a-C:H:Si coating as well
(Fig. 3.30b). These findings imply that mechanochemical processes occurring during sliding
tests at RT have no effect on the sp? and sp3 bonding networks in the bulk and on the surface,
indicating high stability of the a-C:H:Si coating at RT. However, examination of the a-C:H:Si
native surface after 400 °C heating reveals that the sp? and sp> contents in the bulk and on
the surface are modified in different ways.
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Figure 3.30. Summary of the results of (a) Raman and (b) XPS investigations.

In contrast to the investigations at RT, the analysis of the Io/lc ratio (for native surface)
suggests that there is an increase in the sp?content in the bulk; however, the XPS data shows
a decrease in the sp?and sp? surface enrichment due to preferable etching of sp? on the
a-C:H:Si coating surface at HT. After the 5-min sliding test at 400 °C, the sp? content increases
in bulk and on the surface due to sp?to sp? transformation induced by HT and mechanochemical
processes during sliding, resulting in a catastrophic failure of a-C:H:Si. However, in the case
of the Al,03/a-C:H:Si coating, extra oxygen delivered by the alumina layer leads to sp?
enrichment of the surface formed within the wear scars in the sliding tests at RT and HT in
comparison with a-C:H:Si, see Raman and XPS data in Fig. 3.30. The sp® enrichment improves
the thermal stability and increased the hardness and internal stress of the material [94].
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In the sliding tests at RT and 400 °C, the Al,0s/a-C:H:Si coating shows better tribological
properties and thermal stability than the a-C:H:Si coating.

First, an increase in the contact area and sp? surface enrichment within the wear scar was
observed in the tests at RT and 400 °C. The alumina layer was considered the adaptive layer.
The adaptation effect was manifested owing to the use of a relatively soft and thin alumina
layer, resulting in the increased contact area. The delivery of extra oxygen to the contact area
led to an increase of sp content within the thin tribolayer, which improved the thermal and
mechanical properties of the tribo-layer [95,96].

Second, carbon surface hydroxylation (C—OH termination) and formation of additional
Si—OH bonds results in better tribological properties [96-98]. These types of surface
passivation improve surface hydrophilicity and the absorption of atmospheric water vapor.
Under ambient humid conditions (30%-60% humidity), water and oxygen absorbed by the
surface form a well-ordered easily shared layer-like film, resulting in low friction [97].
In addition, higher surface energies for the a-C:H:Si coating surfaces after oxygen plasma
treatment have been reported in [98,99], which means higher surface wettability, leading to
more uniform water distribution along the surface. This, in turn, is likely to be beneficial for
the formation of the well-ordered layer-like film on the a-C:H:Si surface [97]. In conclusion,
it is expected that the hydrophilicity and wettability of Al.Os/a-C:H:Si within the wear scar
area can be improved owing to the extra oxygen delivered by the alumina layer.

Third, silicon oxide affects the tribological behaviour of the a-C:H:Si coating, leading to
the decrease of CoF [91]. The XPS study revealed several types of silicon oxide formed within
the wear scar.

Fourth, the mechanism of hydrogen effusion may differ between the a-C:H:Si and
Al203/a-C:H:Si coatings because of the alumina layer and a specific tribolayer layer formed
on Al203/a-C:H:Si during the sliding tests. Upon thermal treatment, the hydrogen content
decreases owing to the release of hydrogen and hydrocarbons (CqHx) [100]. The hydrogen
and hydrocarbon diffusion through alumina can be limited, therefore the alumina layer can
be considered a hydrogen diffusion barrier layer. Hydrogen and oxygen play important roles
in understanding the friction mechanisms in carbon-based coatings [30,101].

Conclusions

A comparative study of the tribological properties of the a-C:H:Si and Al,0s/a-C:H:Si coatings
at RT and 400 °C was performed. After 180-min sliding tests at RT, a wider and shallower
wear scar was found on the Al.0s/a-C:H:Si coating in contrast to the a-C:H:Si coating.
The smaller depth indicates that the a-C:H:Si coating lifetime can be increased by preparing
an Al20s/a-C:H:Si structure. The a-C:H:Si coating was unstable in the sliding tests at 400 °C
and failed catastrophically. However, a stable super low friction regime of sliding over
80-160 min was observed for the Al:0s/a-C:H:Si coating. The thin AlOs acts as a
multifunctional layer, which suppressed the atmospheric oxygen attack, induced adaptation
and superlubricating effects, and suppressed the hydrogen effusion.

48



4 Conclusions

The study focuses on the understanding mechanisms of wear and friction, deflection,
adaptive and superlubricating effects and phase transition in coatings at high temperature.
Particular attention was paid to the investigation of the influence of oxide layers deposited
on top of coatings and on the tribological properties of coating/substrate system. This approach
was developed to suppress the air oxygen oxidation of coatings.

The following conclusions can be drawn from this research.

1.

The high temperature tribological properties of the a-C:H:Si coating were improved
by the deposition of the Al.Os layer. The Al.0s/a-C:H:Si coating shows low CoF and
good thermal stability in the sliding tests at 400 °C. In contrast, the catastrophic
failure of the a-C:H:Si coating was observed at the same tribological conditions.
It was shown that the alumina layer behaves as the adaptive layer during the initial
run-in period, specifically, the contact area between the tribo-pairs increases, which
results in a decrease of the contact pressure. Therefore, the lifetime of the a-C:H:Si
coating can be improved by the deposition of an alumina layer. The superlubricating
effect with the CoF value < 0.01 was observed on the Al>0z3/a-C:H:Si coating in the
sliding tests at 400 °C. Higher hydrophilicity and wettability of the surface within the
contact due to extra oxygen delivered by an alumina layer lead to the formation of
the well-ordered layer-like water, resulting in super low friction. The plastic
deformation (deflection) of the Al.0s/a-C:H:Si coating observed in the sliding tests
at 400 °C can be explained by reducing of the a-C:H:Si hardness due to sp3 to sp?
transition.

The tribological tests were carried out on the multilayer TiN-AITiN/nACo-CrN/AICrN-
AICrO-AITiCrN coating at room and elevated temperatures (600 and 800 °C). The
nitride based multilayer coating was protected by an AICrO layer against air oxygen
oxidation attack. The lower CoF, apparent wear volume and coating deflection were
found after the sliding tests at 800 °C. The transition from the fcc-AlCrO to a-AlCrO
phase occurred at 800 °C, leading to an increase of the hardness of oxide layer,
resulting in the improvement of the mentioned properties. The significant deflection
occurred in the nanoscratch tests as well, namely the surface deflection was about
1/3 of the coating thickness at the applied load of 400 mN.

The relation between the self-organized criticality (SOC) and self-organization (SO)
during the reciprocating sliding on the NCD/SCD(110) films were established based
on the distribution of friction force drops. The power-law based distribution of the
friction force occurred at the initial run-in period, i.e., the first 600 seconds of sliding
indicate the presence of SOC. It was also found that the value of the power-law
exponent i depends on the roughness of the films. The transition from SOC to SO
was observed.

The properties (nanohardness and Young’s modulus) of a 100 nm thick Al.Os layer
deposited on the Si(100) substrate are affected by the substrate behavior in the
tests. The CoF values evaluated in the nanoscratch tests at the load between
5-20 mN show disagreement with Amontons’ friction law, i.e., CoF depends on the
load. This is probably due to a continuous change from elastic to plastic deformation
in the Si(100) substrate. On the contrary, at 200-400 mN of the load, the CoF value
was independent of the load.
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Recommendations and future plans

The present study proves that a substantial improvement of tribological properties of carbon
based coatings at high temperature can be achieved by the preparation of a relatively thin
oxide layer on top of the mentioned coatings.

However, it could be reasonable to explore the influence of different types of oxide and
their properties (thickness, roughness, etc.) on the thermal stability of the carbon based
coatings.
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Abstract

Tribological behavior of hybrid coatings at extreme conditions

High hardness and wear resistance, low coefficient of friction and chemical inertness are the
key properties of coatings used for the protection of cutting tools and moving parts. Under
high-speed dry machining in air, a severe failure can occur due to an atmospheric oxygen
attack of the coating surface. Therefore, one of the main challenges is the protection of the
cutting tools under extreme conditions.

Previous studies of the tribological properties of diamond coatings in Tallinn University of
Technology have addressed the formation of a carbonaceous layer, ripples and grooves
patterns on the wear scars surface and the deflection of coatings during sliding tests. These
results indicate that self-organization takes place in the tribo-system. On the other hand, an
effective protection of the carbon-based coatings is required for high temperature
applications. Therefore, the aim of the PhD study is to assess the effect of a thin adaptive
oxide layer on the tribological properties of coatings, especially at high temperatures.

The main objectives of the present research are as follows.

- Development of the approach based on the preparation of a thin oxide layer on top
of a coating that acts as a passivation layer against oxidation attack at high
temperatures

- Investigation of the effect of oxide layer adaptability and superlubricity

- Investigation of the effect of coating deflection

- Understanding of friction and wear using the principles of self-organization and
self-organized critically

The coatings were deposited by physical vapor deposition (PVD) and plasma assisted
chemical vapor deposition (PACVD) methods on SCD(110) and WC-Co substrates. The thin
oxide layer was prepared by the atomic layer deposition (ALD) technique on top of the
coating surface. The tribological properties of the coatings were analyzed at room and
elevated temperatures. Raman spectroscopy, XRD, SEM/EDS, XPS, optical microscopy,
nanoscratch, nanoindentation and mechanical profilometry were used for the characterization
of the specimens.

The main outcomes of the present research are as follows.

1. Itis shown that the thermal stability of the hydrogenated amorphous carbon doped
with the Si (a-C:H:Si) coating improved by the deposition of a thin Al2Os layer on top
of the a-C:H:Si coating.

2. The adaptation effect was demonstrated by the deposition of thin alumina layer on
a-C:H:Si coatings, specifically, during the running-in period, the contact area
between the tribo-pairs increases, which results in the decrease of the contact
pressure.

3. The superlubricity was observed during the sliding tests on Al.0s/a-C:H:Si at 400 °C
with the CoF values < 0.01.

4. The coating deflection was observed on the hard multilayer coating (HMC) and
a-C:H:Si coatings in the sliding tests. In the case of HMC, the deflection was greater
in the tests at RT and 600 °C as compared to the test at 800 °C. These results are
explained by the presence of the fcc-(Al,Cr)203 at lower temperatures. This phase is
less stable as compared to a-(Al,Cr)20s formed at 800 °C.

5. The transition from the self-organized criticality (running-in) to self-organization
(steady state) was observed on the NCD coating.
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Lihikokkuvote

Hubriidpinnete triboloogiline kditumine ekstreemsetes
tingimustes

Pinnete suur kdvadus ja kulumiskindlus, vaike hddrdekoefitsient ja keemiline inertsus on
votmeomadused nende kasutamisel |Gikeriistade ja kuluosade korral. KiirlGiketootlemisel
kuivalt ja 6hu kdes voib leida aset Idikeriista rivist valjalangemine, mis on pd&hjustatud
Ghuhapniku toimest pindele. Siinjuures on oluline just kaitse oksldatsiooni vastu
ekstreemtingimustes.

Tallinna Tehnikadlikoolis labiviidud teemantpinnete varasemad tribouuringud on naidanud
stsinikusisaldavate kihtide korral sdbarlaine- ja vagumustrite teket kulunud pindadel, aga ka
Shukeste teemantpinnete labipainet liugekulumise tingimustes. Samuti on valja selgitatud
teemantpinnete iseorganiseerumise véimalus triboslisteemides. Teiselt poolt on selgunud
stisiniku baasil pinnete efektiivse kaitse vajadus korgtemperatuursetes kasutustes. Siit
tulenevalt oli seatud doktorit6d Ulesandeks selgitada védlja Ghukese oksiidikihi mdju
teemantpinnete triboomadustele, eelkdige kdrgetel temperatuuridel.

Kaesoleva uuringu pohieesmarkideks olid:

- Ohukese oksiidikihi arendus teemantpinnete pealmise kihina, mis toimiks kui

passiveeriv kiht okslidatsioonil kdrgetel temperatuuridel,

- uurida oksiidikihi adaptiivsuse mgju ja supermaarivust,

- uurida oksiidikihi labipainde mdju,

- uurida iseorganiseerumise pohimotetest lahtuvalt hdorde ja kulumise protsesse.
Pinded sadestati fuisikalise (PVD) ja keemilise aursadestuse (PACVD) meetodil Si(100),
monokristalse teemant- SCD(110) ja WC-Co kdvasulamalusele. Ohukene alumiiniumioksiidi
(Al203) kiht saadi teemantpindel aatomkihtsadestuse (ALD) teel. Pinnete triboomadusi
anallusiti toa- ja korgendatud temperatuuridel. Pinnete karakteriseerimiseks kasutati
Raman-spektroskoopia, XRD, SEM/EDS, XPS ja valgusmikroskoopia meetodeid, nanokriipe ja
nanoindenteerimise teste ning mehaanilist profilomeetriat.

Kaesoleva t606 pohilised tulemused on jargmised:

1. Naidati, et oksiidikihi pealkandmine parandab a-C:H:Si —ga dopeeritud
hiidrogeenitud amorfse sisinik pinde termostabiilsust.

2. Naidati 6hukese oksiidikihi adaptiivsuse mdju teemant- ja a-C:H:Si pinnetel,
eelkdige sissetootamise perioodil, mil kontaktpindala tribopaaris suureneb,
vahendades kontaktsurvet.

3. Liugekatsetel temperatuuril 400 °C tdheldati oksiidikihi olemasolul Al,Os/a-
C:H:Si pinnete supermdarivust (hoordekoefitsiendi vdaartused < 0.01).

4. MultikihtkGvapinnete (HMC) ja teemantpinnete korral tdheldati pinnete
ldbipainet liugekulumisel. HMC pinde korral oli ldbipaine suurem
toatemperatuuril ja 600 °C juures vorreldes katsetamisega 800 °C juures. See
on selgitatav fcc-(Al,Cr)203 struktuuri vaiksema stabiilsusega madalamatel
temperatuuridel vGrreldes a-(AL,Cr)203 struktuuriga temperatuuril 800 °C.

5. NCD pinnete korral tdheldati Uleminekut iseorganiseerumiskriitilisuselt
(sissetootamise staadiumis) iseorganiseerumisele (pusiolekus).
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Abstract. The study investigates mechanical and tribological properties of alumina (Al,O;) films prepared on Si(100) substrates.
The 100-nm thick films were deposited by atomic layer deposition. Nanoindentation and nano-scratch tests were performed with
Berkovich and sphero-conical diamond indenters, respectively. Energy-dispersive X-ray spectroscopy and optical and scanning
electron microscopy were used to analyse the surface morphology and chemical composition of the thin films. X-ray diffraction
was used to characterize their crystal structure. Crystallization was found to start at 1100 °C after 3 hours of annealing. The
hardness and tribological properties of the alumina films were influenced by the substrate in nanoindentation and nano-scratch
tests. Within the relatively low load range (5-50 mN), the coefficient of friction of Si and alumina against diamond depended on

the load, most likely due to a change in the elastic/plastic deformation behaviour within the Si substrate.

Key words: nanoindentation, alumina oxide thin films, atomic layer deposition, nano-scratch, deformation.

1. INTRODUCTION

Alumina films are an important technological material
used for chemical and mechanical protection of
engineering components [1] and in the manufacturing
of optical devices and micro-electromechanical systems.
Preparation of patterned alumina films is an important
aspect of modern technology to study the influence of
surface textures on friction and wear [2].

Atomic layer deposition (ALD) is widely used for
the preparation of alumina films [3]. Nanoindentation
and nano-scratching are well-known methods to determine
the mechanical properties of thin films. The nano-
hardness of alumina films can vary between 6 and
12 GPa [4,5]. However, there is a lack of investigations
of mechanical properties of thin alumina films by the
nano-scratch method.

! Corresponding author, asadalamgir.shaikh@live.com

This study focuses on mechanical and tribological
properties (within 0.2—400 mN of load) of 100-nm thick
alumina films deposited on Si(100).

2. EXPERIMENTAL METHODS

The alumina thin films of 100-nm thickness were
prepared on Si(100) substrates by the ALD method with
subsequent annealing. The deposition temperature was
300 °C. The temperature and duration of annealing for
different samples are shown in Table 1.

The nanoindentation tests were carried out by means
of a nano-mechanical testing system (NanoTest, Micro
Materials Ltd.) using a diamond Berkovich indenter.

The applied loads were varied between 0.2 and
0.45 mN with the increment of 0.05 mN. The nano-
indentation was performed with a series of 10 indentations
at each load on each sample. The mechanical properties
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Table 1. Post-deposition annealing parameters of films

Samples
1L [ 2]3]4a] 5] 6
Temperature 25 500 700 900 1100 1100
(°C)
Time (h) - 1 1 1 2 3

Table 2. Parameters for nano-scratch tests for Si(100) and
Al,03/Si(100) samples

Peak load (mN) Loading | Scan speed, dL/dx
rate, dL/d¢ | dx/dt¢ (pm/s) | (mN/pum)
(mN/s)
5,7, 10, 20, 50, 100, 5 2 25

200, 300, 400

of the Si substrate and alumina films, such as the
hardness and elastic modulus, were determined by the
Oliver—Pharr method [6]. The nano-scratch tests were
performed using a sphero-conical diamond indenter with
a radius of 5 um (the tests details are listed in Table 2).

The friction force (F) and friction coefficient (COF)
were the parameters of interest for nano-scratch tests.
The surfaces of samples after the scratch tests were
examined by optical microscopy.

3. RESULTS AND DISCUSSION

Scanning Electron Microscopy (SEM) images taken of
the ALO; films are shown in Fig. 1. The as-deposited
film (sample 1 in Table 1) has a uniform smooth layer
(Fig. la). A similar surface morphology was observed
after annealing at 500, 700, and 900 °C. The holes
within the oxide layer (sample 6) can be seen in the
SEM image after annealing at 1100 °C for 3 h (Fig. 1b).
This demonstrates how the patterned alumina films can
be prepared.

SEM images taken in the backscattered-electron
(BSE) mode are shown in Fig. 2a and Fig. 2b along
with the energy-dispersive X-ray spectroscopy (EDS)
patterns. The spectrum taken within the hole shows a
relatively strong Si signal, indicating the peeling of the
film after annealing at 1100 °C for 3 h in comparison
with the spectrum corresponding to the pristine alumina
film surface, which possesses a strong Al peak. The X-ray
diffraction (XRD) patterns taken on samples 5 and 6
indicate the formation of a crystalline structure after 3 h
of annealing (Fig. 2¢). The study of the literature suggests
that most likely multiphase alumina was formed [7].
The structure of samples 1-5 was amorphous.

The nanohardness and Young’s modulus of the
Si(100) substrate were in the range of 10.6-13.2 GPa

Fig. 1. Surface morphology of ALO; films: (a) as-deposited
and (b) annealed at 1100 °C for 3 h.

and 142-169 GPa, respectively, which is in good agree-
ment with the literature [8]. The hardness and Young’s
modulus of as-deposited and annealed at 500, 700,
900, and 1100 °C alumina films were in the range of
10-13 GPa and 150-190 GPa; thus the Si(100) sub-
strate influenced the properties of the alumina films
(Table 3).

The scratch test on the Si(100) substrate, illustrated
in Fig. 3, was performed at the peak load of 200 mN.
The results of the scratch test are in good agreement
with the literature [9]. The main transitions on the Si
substrate are as follows: L, — onset of non-elastic deform-
ation, Lc; — pop-in observed by an accompanied change
in the colour of the scratch track, and Lc¢, — prominent
chipping observed at the edges of the track.

The behaviour of alumina film (sample 1) under the
peak load of 200 mN is shown in Fig. 4a. Chipping
starts at Lc, =78 mN. The response of Al,O; film
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Fig. 2. BSE images and EDS spectra taken on sample 6: (a) within the hole, (b) on the film surface, and (¢) XRD pattern after 2

and 3 hours of annealing at 1100 °C.

Table 3. Hardness (GPa) and Young’s modulus (GPa) measured on the Si(100) and alumina films

si | 1 2 3] 4 | 5 6
Nanohardness 11913 102+1 10.5% 1 99+09 104+09  126=14 12+0.9
Young's modulus  1544=129 1723194 178119 171.0+15 1738+167 169.6=206 173.9=20
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Fig. 3. Nano-scratch test on the Si substrate at the peak load of
200 mN.

(sample 6) at the peak load of 200 mN is shown in
Fig. 4b; no clear Lc, transition was observed. Chipping
starts at Lc, = 89 mN. There is a good correlation with
the value of 63 mN (Lc;) observed on Si(100), which

shows the influence of substrate on the properties of
alumina films, i.e. when severe deformation starts within
the Si substrate.

Figure 5a shows that there is a correlation between
the normal load and friction force. According to
Amontons’ law of friction, the friction force is directly
proportional to the normal load F,=uN, where F,
denotes frictional (tangential) force, N is normal load,
and u is the coefficient of friction. The COF is the
coefficient of proportionality and it is independent of
load [10,11]. Figure 5b shows COF versus normal load.
It should be noted that the COF value increased for
alumina and Si within stage 1, which is a disagreement
with Amontons’ law of friction. According to data shown
in Figs 3 and 4, the elastic deformation as well as plastic
deformation dominated in this stage. Most likely, the
COF value changed due to the mainly continuous change
of the elastic—plastic behaviour of Si. Therefore, contact
conditions between the indenter and sample surface
changed continuously as well. However, for stage 2, the
COF values were nearly constant; such behaviour shows
agreement with the above-mentioned law of friction.

The plastic deformation and wear (chipping) were
dominant processes for stage 2 (Figs 3 and 4). The COF
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Fig. 4. Nano-scratch tests on alumina along with traces taken
by means of optical microscopy: (a) as-deposited sample 1 and
(b) sample 6.

for Si(100) substrate within the load range of 200-
400 mN was 0.1, which is in good agreement with the
literature [12]. The dependence of the COF values on
the load between alumina and diamond in sliding tests
was observed in previous studies as well [13]. There is
a clear difference between COF values for alumina and
Si for low loads (5-20 mN), where the elastic—plastic
deformation dominated (Figs 3 and 4). In other words,
in spite of the strong influence of the substrate observed
in nanoindentation tests even for the lower loads (up to
0.45 mN), see discussion above, the tribological properties
of alumina differed from those for the Si substrate in
nano-scratch tests. The difference in COF values for
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Fig. 5. Friction parameters at nano-scratch tests: (a) friction
force and (b) COF versus load curves.

higher loads (200—400 mN), where severe wear was
the dominant process, probably means that the alumina
films were not fully delaminated from Si substrates.

4. CONCLUSIONS

Nanoindentation and nano-scratch tests were performed
to evaluate the mechanical and tribological properties of
thin alumina films deposited on Si(100) substrates. The
measurements of hardness and Young’s modulus of
Al,O; thin films were influenced by the Si substrate.
After annealing at 1100 °C, formation of holes within
ALO; films was observed. Disagreement with Amontons’
law of friction was found for the loads in the range of
5-20 mN, which probably corresponds to a continuous
change from elastic to plastic deformations within the Si
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substrate. However, for the higher loads (200-400 mN),
where the wear is the dominant process, a good agree-
ment was found with Amontons’ law.
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Si(100) substraatidele aatomkihtsadestamisel valmistatud 100 nm paksusega Al,O;
kilede mehaanilised ja triboloogilised omadused

Asad Alamgir, Andrei Bogatov, Maxim Yashin ja Vitali Podgursky

Si(100) substraatidele sadestatud dhukeste alumiiniumoksiidi pinnete mehaaniliste ja triboloogiliste omaduste hin-
damiseks viidi 14bi nanoindentatsiooni- ning nanokriimustuste testid. Si substraat mdjub tema pinnale sadestatud
ohukeste Al,O; pinnete kdvadusele ja elastsusmooduli vadrtusele. Péarast kuumutamist 1100 °C juures tdheldati
aukude moodustumist Al,05 pinde sees. Lahknevus Amontonsi hddrdumisseadusega leiti koormuste vahemikust
5-20 mN, mis v3ib tdendoliselt vastata pidevale iileminekule elastselt deformatsioonilt plastsele deformatsioonile
Si substraadis. Suuremate koormuste (200—400 mN) puhul, kus kulumine on domineeriv protsess, leiti Amontonsi
seadusega hea vastavus.






Publication Il

Bogatov, A., Podgursky, V., Vagistrom, H., Yashin, M., Shaikh, A.A., Viljus, M., Menezes, P.L.
and Gershman, |.S., 2019. Transition from Self-Organized Criticality into Self-Organization
during Sliding SisN4 Balls against Nanocrystalline Diamond Films. Entropy, 21(11), p. 1055.

69






ﬂ entropy MBPY

Article

Transition from Self-Organized Criticality into
Self-Organization during Sliding SizN4 Balls against
Nanocrystalline Diamond Films

Andrei Bogatov 1* Vitali Podgursky 1@, Heinar Vagistrom 1 Maxim Yashin 1, Asad A. Shaikh 1,
Mart Viljus !, Pradeep L. Menezes 2® and losif S. Gershman 3

1 Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Ehitajate tee 5,

19086 Tallinn, Estonia; vitali.podgurski@ttu.ee (V.P.); heinar.vagistrom@taltech.ee (H.V.);

mayash@ttu.ee (M.Y.); asadalamgir.shaikh@live.com (A.A.S.); mart.viljus@taltech.ee (M.V.)

Department of Mechanical Engineering, University of Nevada Reno, Reno, NV 89557, USA;
pmenezes@unr.edu

Joint Stock Company Railway Research Institute, Moscow State Technological University “Stankin” (MSTU
“STANKIN"), 3rd Mytischinskaya Street 10, 129851, 127994, GSP-4, Moscow,

Vadkovsky lane 1, Moscow, Russia; isgershman@gmail.com

*  Correspondence: andrei.bogatov@mail.ru; Tel.: +372-56506423

check for
Received: 9 October 2019; Accepted: 24 October 2019; Published: 28 October 2019 updates

Abstract: The paper investigates the variation of friction force (Fy) during reciprocating sliding tests on
nanocrystalline diamond (NCD) films. The analysis of the friction behavior during the run-in period
is the focus of the study. The NCD films were grown using microwave plasma-enhanced chemical
vapor deposition (MW-PECVD) on single-crystalline diamond SCD(110) substrates. Reciprocating
sliding tests were conducted under 500 and 2000 g of normal load using SisNy balls as a counter
body. The friction force permanently varies during the test, namely F, value can locally increase or
decrease in each cycle of sliding. The distribution of friction force drops (dFy) was extracted from
the experimental data using a specially developed program. The analysis revealed a power-law
distribution f* of dFy for the early stage of the run-in with the exponent value (u) in the range from 0.6
to 2.9. In addition, the frequency power spectrum of Fy time series follows power-law distribution f*
with « value in the range of 1.0-2.0, with the highest values (1.6-2.0) for the initial stage of the run-in.
No power-law distribution of dFy was found for the later stage of the run-in and the steady-state
periods of sliding with the exception for periods where a relatively extended decrease of coefficient
of friction (COF) was observed. The asperity interlocking leads to the stick-slip like sliding at the
early stage of the run-in. This tribological behavior can be related to the self-organized criticality
(SOC). The emergence of dissipative structures at the later stages of the run-in, namely the formation
of ripples, carbonaceous tribolayer, etc., can be associated with the self-organization (SO).

Keywords: NCD; friction; self-organized criticality; self-organization

1. Introduction

Amonton’s law states that friction force is linearly related to the normal load:
F, = kF, 1)

where Fy is friction force, k—coefficient of friction (COF) and F,—normal load. On the other hand,
friction is a complex phenomenon involving a number of processes, including deformation and
fracture of surface asperities, adhesion, abrasion, chemical interactions, tribolayer formation, etc. These
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processes contribute to friction at different scales (nano-, micro- and macroscale) and hierarchy levels
(molecular, surface asperity, component) [1]. Therefore, the frictional systems are essentially not strictly
linear, because the COF may depend on many factors including normal load.
The energy (W) induced by external loading (mechanical work) is accumulated into the tribosystem
(AE) and converted into the heat (Q).
W =Q+AE, 2

The accumulated energy can be consumed by different processes including wear of material and
generation of self-organizing (SO) dissipative structures (DS). SO with DS can influence the friction
and wear [2].

Entropy production (dS/dt) is a useful concept for characterization of friction and wear, which
are dissipative and irreversible processes. The entropy production of a system is the sum of the
entropy production of processes occurring within the system. Moreover, according to the second
law of thermodynamics, it is impossible to distinguish a part of the system at the macro-, micro- or
nanoscale, in which the entropy production would be negative [3]:

dis o disnmicm o disnnano
E*Zn At *Zn At . (3)

In systems far from thermodynamic equilibrium, entropy production can decrease due to SO with
formation of DS. SO with DS can occur only after loss of thermodynamic stability [4]. The stability
conditions for the thermodynamic system are given in the variational form by

d

5(525) >0, 4)

where 625 is the second variation of entropy. When Equation (4) is not fulfilled, SO can occur [5]. The
SO is often characterized by the formation of a thin tribolayer at the friction surface [2]. It is estimated
that more than 90% of the externally induced energy (AE in (2)) can be accumulated within the film
surface [2,6]. In our previous work, the sliding of nanocrystalline diamond (NCD) films against Si3Ny4
balls was investigated [7]; it was shown that the initial polishing mechanism could not be related
with SO, and SO can occur only after a run-in period. The formation of carbonaceous tribolayer,
regular ripple patterns on the film surface and plastic deformation of the entire film during sliding, are
examples of the SO structures [8].

Experimental and theoretical studies show that there are systems with many degrees of freedom,
which can evolve into self-organized critical (SOC) state. This state is characterized by the release of
energy through rapid relaxation processes (avalanches). The relation between the avalanche size (A)
and the number of avalanches of the same size (1) can be described by the power law:

n= A_:“, (5)

where p is an exponent characterizing the distribution of avalanches with different sizes [9,10].
A well-known example of the SOC system is a sand pile model [11] where grains of sand are randomly
placed into a pile until the slope reaches a critical value. Further addition of grains triggers an
avalanche affecting adjacent grains. Nosonovsky et al. [5] state that unlike SO systems, SOC systems
are constantly “tuned” to a state whereby an avalanche can be initiated again.

Another example of the SOC system is a stick-slip friction between rubbing surfaces [9,12,13].
An indication of SOC is the power-law distribution of friction force drops (dFy) [9]. Some authors
suggest strengthening conditions for SOC, namely the presence of frequency power spectra of Fy time
series and the existence of stationary state at long times [12,14].

The wear on diamond films is a load- and velocity-dependent process [15,16]. The most influential
factors are anisotropy of mechanical and tribological properties [17], the ambient atmosphere [18,19],
surface morphology [20,21], etc. It was suggested that due to considerable shear stress present at the
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diamond-counter body interface, it becomes energetically more favorable for the diamond bonding
to rehybridize to the sp? configuration [22,23], thus contributing to formation of an amorphous
carbonaceous lubricating tribolayer [15,24]. The surface morphology of diamond films plays a vital
role during the run-in period in sliding wear tests, namely surface asperities interlock with counter
body surface asperities, resulting in material fracture followed by micro-plowing and self-polishing
wear mechanisms on the diamond film surfaces [20,21,25,26].

It is worth mentioning the hierarchical character of the wear of the diamond films. The Hertz
contact pressure is calculated on the macro-level (i.e., mm), corresponding to the contact tribology [27].
However, different processes occurring on contact spots (hot-spots) between the ball and surface
asperities are aspects of the asperity tribology (micro-level, i.e., um) [27]. The characteristic sizes of
ripple patterns observed in wear tracks on diamond films are in nanometer to micrometer ranges,
as the length of a ripple can reach several microns and more, and the height is in nm range [8,26].
Formation of an amorphous carbonaceous lubricating layer due to stress-induced mechanochemical
amorphization [15] and passivation of dangling bonds of carbon atoms produced during sliding by
species from the ambient environment [14] occur on the atomic scale.

The present study aims to investigate the distribution of the friction force drops obtained after
sliding tests with Si3Ny balls against nanocrystalline diamond (NCD) films grown on single-crystalline
diamond SCD(110) substrates (NCD/SCD(110)). It allows us to carry out a more detailed analysis
of friction behavior during the initial run-in period and to show early stages of formation of
dissipative structures.

2. Materials and Methods

The NCD films (samples n2-n9) were grown on the SCD(110) substrates using the microwave
plasma-enhanced chemical vapor deposition (MW-PECVD) method, see details in our previous
study [28]. The coating thickness was 2.2 (samples n4 and n5), 8 (n6 and n7), 10.5 (n2 and n3), 14 (n9)
and 22.5 um (n8), respectively (Table 1). The root mean square surface roughness (5q) was evaluated
using atomic force microscopy (Bruker MultiMode® 8 AFM). Scanning electron microscopy images
were obtained using Zeiss EVO® MA 15 system with LaBg cathode in secondary electron mode,
accelerating voltage 15 kV, working distance 5-7 mm.

Table 1. Thickness and surface roughness of samples and normal loads used in the tribological tests.

Sample n4 n5 né n7 n2 n3 n9 n8
Normal load [g] 500 2000 500 2000 500 2000 500 2000
Coating thickness [um] 2.2 8 10.5 14 22.5

Roughness Sq [um] 33 55 56 66 78

Reciprocating sliding tests [29] were performed by means of CETR® UMT-2 tribometer using
@3 mm SizN, balls (surface roughness Ra = 0.012 um, data provided by the manufacturer, REDHILL®).
The displacement distance was 1 mm, frequency 5 Hz, and normal load was 500 and 2000 g (Table 1).
The duration of tests was 600, 1200, 1800, 7200 and 14,400 s. Tests were conducted at room temperature
and relative humidity of 35%.

Tangential or friction (Fx) and normal (Fz) forces, displacement distance, duration of the test, and
COF values were recorded in a text file in the course of the reciprocating sliding test. An example of
Fx behavior in a reciprocating sliding test is shown in Figure 1. Friction force drops are marked with
a bold line on the plot. The number and size of Fx drops can differ per each half cycle. Because the
direction of motion changes periodically, the friction force sign changes every half cycle. Therefore,
friction force values measured in the vicinity of the points where the velocity is equal to zero should be
excluded from the analysis (Figure 1). In the present study, the main focus is on the distribution of
smaller dFx values. However, the width of the excluded time intervals can influence only the number
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of the highest dFx values. In other words, the analysis did not reveal the dependence of the distribution
of Fx drops on excluded time interval width.

Time intervals where the Fx values

/ are not analyzed
FKA

< >

v
\

F

[ AN ™M

,\
cycle/2 > Time intervals where the Fx values

cycle dFx are analyzed

Figure 1. Example of friction force (Fx) behavior in reciprocating sliding test and data selection used
in analysis.

The frequency power spectrum of Fx time series was calculated using Statistica® software.
3. Results and Discussion

Figure 2 shows COF vs. time curves obtained on the NCD/SCD(110) specimen n3. The shape
of the curves differs for different tests, although no test conditions were changed. The reason for the
variation of the shape of the COF curves was discussed in our previous work [7]. It was found that
two typical types of COF vs. time curves are observed in sliding tests on the diamond films at room
temperature due to bifurcation occurring after the initial run-in. The number of spikes of different
intensity is particularly high during the first 800 s of sliding indicating frictional instabilities.

s | 06{ b)
0.5
054} |
w 04
S 04 3
oY 03 1200 sec 7200 sec
| 14400 sec
034 e Rty /
02 W‘\\f ‘rw\.\/\‘ \
Me— 1800 sec AN
600 sec
0.2 — — — . AT 771
0 100 200 300 400 500 600 0 2000 4000 6000 8000 10000 12000 14000
Time, sec Time, sec

Figure 2. Coefficient of friction (COF) vs. time curves obtained on sample n3. Test duration is 600,
1200, 1800, 7200 and 14,400 s: first 800 s (a) and full-length (b).

Investigation of the surface of the wear scars revealed the formation of ripple patterns within the
wear scars similar to ones observed in our previous studies [7,26]. A specific interest of the present
investigation was an estimation of the initial sliding period when the first ripples start to form on
the surface. Therefore, shorter sliding tests were carried out as well. Figure 3 shows SEM images
taken of the surface of the wear scars after the sliding tests on sample n3. The duration of the tests
was between 600 and 14,400 s, and the normal load was 2000 g. A network of ripples was observed
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after the first 600 s of sliding and for all following stages of the sliding regardless of the test duration.
No fragmentation of the network into isolated ripples as well as disappearance of ripples was found.
Formation of some ripples on top of the surface asperities can probably be expected before 600 s of
sliding as well. Smoothening of NCD surface and formation of the continuous network of ripples on
the surface was found after 1800 s of sliding (Figure 3d). There is an influence of the test duration
on the shape and density of the ripples, compare for instance Figure 3ce. It is worth stressing that
the formation of ripple patterns is a continuous process, i.e., new patterns continuously formed in
the course of the increase of the wear scar depth. There is a difference between the ripple pattern
morphology observed in the present study and on the NCD films prepared on Si(100) substrate [7].
Namely, a network of interconnected ripples that was formed at the early stage of sliding was finally
disintegrated into isolated ripples at the later stage. The understanding of the mechanisms causing
morphological changes during sliding needs further research, which should include development of
the self-organization theory, estimation of the influence of substrate properties and the structure of the
diamond films.

Sliding
direction

EHT = 15.00 kv
WD= 60mm
Mag = 5.00 K X

Figure 3. Ripple patterns observed on sample n3: pristine surface (a) and wear scars surface after the
tests with the load of 2000 g and sliding time of 600 (b), 1200 (c), 1800 (d), 7200 (e) and 14,400 s (f).
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The characteristic behavior of Fx value during a sliding cycle is shown in Figure 4. A common
feature is the existence of Fx peaks at the beginning (peak 1) and the end (peak 2) of the half cycle.
The peak at the beginning is due to the fact that the coefficient of static friction is always greater than
the coefficient of sliding friction. In most cases, the height of peak 1 is smaller than that of peak 2,
and the height of both peaks is highest for the initial period of the run-in, i.e., for 0-600 s of sliding.
The height of both peaks continuously decreases for longer periods of sliding and finally remains
approximately constant after 1800 cycles. The variation of Fx value indicates stick-slip motion during
sliding (Figures 1 and 4).

Forward movement
Backward movement

Minimum Peak 2

Peak 1

404 }I | 40
. . |
| L | ’
-60- \f | __Peak2 | 60
-804 Peak 1 -80
Minimum
-100 T T T T T T -100 T T T T T T
6000 6001 6002 6003 6004 6005 600.6 18000 1800.1 1800.2 1800.3 18004 1800.5 1800.6
Time, sec Time, sec

-20+ ( | \ 204 |

Figure 4. Fx vs. time curves recorded in the test with 2000 g of load after 600 (a) and 1800 s (b) of
sliding on sample n3.

The distribution of dFx was extracted from the experimental data (Figure 5). The distributions
obtained after the tests with 2000 g of load are shifted to the higher values of dFx in contrast to the
distributions for 500 g of load (Figure 5b). This could indicate the existence of a threshold in the
stick-slip system, which resembles the threshold for a sand pile slope angle in the “sand pile model”
when a sudden avalanche occurs [5]. The type of distributions of Fx drops (or dFx) was estimated for
different periods of sliding tests. For all samples under investigation (n2-n9), the behavior of log-log
plots for the initial run-in period (0-600 s) was linear, i.e., it follows power-law distribution f* with
exponent (1, see examples for samples n3 and n5 (Figure 6a,c). The u value varied in the range of
0.6-2.9. This may indicate a presence of SOC in dry sliding friction between NCD and Si3Ny4 during the
initial run-in period [9]. However, the log-log distributions of dFx obtained for other time intervals do
not show power-law behavior, see examples for the period from 6600 to 7200 s of sliding (Figure 6b,d).

a) 14000 ¢
14 Group 1 b) ©
12000 \ — —n422um500g 5
_ —>—n68um 500 g m 500 g median
100004 | —4—n2 10.5 um 500 g 44 U 500 g mean
\ —_—n9 14 um 500 g ® 2000 g median
O 2000 g mean
8000 -
- \ Group 2 >3
_ ——n52.2um 2000 g 3 o)
6000 - Ay —0—n7 8um 2000 g © O
‘ﬁf— 3 —A—n310.5 um 2000 g 24
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& >“§ W 1 O o
20004 TSR ﬂ |
ﬁ O
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Figure 5. Distributions of dFx obtained for the first 600 s of the 1800 s length tests with the load of 500

and 2000 g (a) and median and mean values of the same distributions (b).
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Figure 6. Log-log distributions of dFx for samples n3 and n5 (10.5 and 2.2 um) after the next periods of
sliding: n3 0-600 s (a), n3 66007200 s (b), n5 0-600 s (c) and n5 6600-7200 s (d). The data were obtained
after 1800, 7200 and 14,400 s tests with 2000 g of load.

The frequency power spectrum density of Fx time series was calculated as well, and the results
are shown in Figure 7. The f~ behavior was found with a value between 1.0 and 2.0. Values in the
range of 1.5-2.0 were found for the initial run-in (0-600 s) and periods with a fast decrease of the COF
value (Figure 8). These values are in good agreement with data in the literature [9]. For the sliding
period between 600-1200 s, the « value varies in the range of 1.0-2.0, which is different from the period
corresponding to the first 600 s of sliding. It was also found that the « value was about 1.0-1.2 for the
sliding period, where the COF value only slightly varied, i.e., during a steady-state period of sliding
(Figure 8). For some periods of sliding the f ~* behavior was undetectable.
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Figure 7. Frequency power spectra for samples n3 and n5 (10.5 and 2.2 um). The data obtained after
the 14,400 s tests with 2000 g of load and analyzed for the next periods of sliding: n3 0-600 s (a), n3
6600-7200 s (b), n5 0-600 s (c) and n5 6600-7200 s (d).
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Figure 8. COF vs. time curve obtained on sample n3 (test for 14,400 s shown in Figure 2) and the values
of exponents u and « for different periods of sliding.

The power law distribution of dFx can be observed after the initial run-in period as well, namely
for the time intervals where the COF value notably changes, probably due to instabilities during sliding.
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For instance, two characteristic periods with a relatively fast decrease of the COF value can be found
between 9500-10,000 and 12,000-13,000 s of sliding (Figure 8). Therefore, the tribological system can
exist in a SOC state.

The averaged exponent i estimated for the initial run-in period (0-600 s) is shown in Figure 9. The
statistics are obtained on samples (n2-n9) after the sliding tests with different durations; however, only
the first part of sliding curves (i.e., first 600 s) were taken into account. The u value tends to decrease
with increasing coating thickness. The roughness of the thicker films is higher than that of thinner
ones (Table 1) and the value of friction drops increases with the increase of film thickness (Figure 5b).
In other words, mechanical interlocking between counter body asperities is a crucial aspect for the
understanding of SOC, in agreement with the conclusion by Zypman et al. [12]. The a value tends to
decrease as well with increasing film thickness or increasing surface roughness (Figure 10).

3.0

i —=—500g
259 = 20009

20+

0.0 T T T T
0 5 10 15 20 25
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Figure 9. Averaged exponent i vs. coating thickness for the run-in period (0600 s).
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Figure 10. Averaged exponent o vs. coating thickness for the run-in period (0-600 s).

However, the results of the present work differ in some aspects from the results obtained by
Zypman et al. [12]. Namely, no power law dFx distribution was found during the steady-state sliding
period. This discrepancy can be explained by formation of dissipative (self-organized) structures on
the surface of NCD films during sliding. No tribolayer formation and effect of self-organization were
discussed in the mentioned study;, i.e., the tribological system investigated in the present work differs
from one investigated by Zypman et al. [12].
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It was mentioned in the Introduction that in order to initiate SO the system must loose
thermodynamic stability. The dissipated energy needed to start up this process can be high. In the
present study, SOC can be associated with a process that triggers SO. SOC can occur locally to dissipate
more energy within a particular place on the surface. The initial run-in period can be characterized
by fracture of asperities and self-polishing wear mechanisms, assuming that morphological changes
first occur on top of the largest surface asperities, i.e., the dissipation of friction energy takes place
locally. This can facilitate formation of DS. The evidence of local formation of ripples on the top of
diamond grains can be found in our previous study on microcrystalline diamond films [30]. In other
words, the ripples as an indication of DS form at the places where initial SOC effect took place locally.
In the course of sliding, SOC occurs subsequently at the smaller asperities, which finally leads to the
formation of ripple patterns on the entire surface of the wear scar. Carbonaceous tribolayer forms
during these processes, which leads to a lower COF value and smoother sliding for the steady-state
period of the tests (compare Figure 2a,b).

The SOC and SO can be distinguished by a different way of releasing mechanical energy induced
by external work. SOC is related to the process of energy release through the avalanches, however,
dissipation of energy through the formation of tribolayer, ripples formation, etc., on the surface occurs
in the case of SO. SOC is characterized by the passage of processes with a positive production of
entropy, i.e., the production of entropy increases. SO is characterized by the passage of processes with
negative entropy production, i.e., entropy production decreases. In addition, there is a subtle difference
between the SOC and SO. As was mentioned in the Introduction, the SOC system is permanently
“tuned” to a state whereby an avalanche can be initiated again. In the case of SO with DS, it was found
that the formation of ripple patterns is a permanent process, i.e., they are formed at different depths
of the wear scars; however, no time gap exists during the sliding when there are no ripples on the
wear scar surface. The formation of a new carbonatious tribolayer is a continuous repeatable process
as well [31]. In the present work, the SOC corresponds to initial fracture and polishing of materials
or severe wear. In the case of SO, the formation of DS accumulates energy; therefore, only a part of
external work is consumed by wear.

Furthermore, itis worth comparing mechanical interlocking with the seizure, which was considered
as unconstructive SO in our previous study [7]. A seizure is related to the possibility of the system
stopping sliding and was related to an increased adhesion between the counter bodies [2]. SOC
investigated in the present study can be related to the mechanical interlocking between counter body
asperities, and there is a threshold in stick-slip when the body cannot move. Therefore, it demonstrates
the inherent similarity between mechanical interlocking (SOC) and seizure (SO). In addition, it was
found that adhesive wear is probably the leading wear mechanism after the run-in period [7], i.e., the
wear mechanisms like fracture and initial polishing occurring at the initial run-in (see Introduction)
continuously change into adhesive wear.

4. Conclusions

The distribution of friction force drops during reciprocating sliding on NCD/SCD(110) samples
against Si3Ny balls was analyzed. The power-law type of friction force drops distribution was observed
at the initial run-in period of the sliding tests, i.e., during the first 600 s of sliding. This indicates the
presence of SOC. The value of exponent i depends on the roughness of the NCD films. The formation
of dissipative structures starts during later stages of the run-in period, i.e., SOC continuously changes
into SO. The SOC was not found during the steady-state regime of sliding with an exception for periods
where instabilities in sliding occur.

The transition from SOC during the run-in period of sliding to SO during the steady-state period
observed in the present study indicates an existence of a class of tribological systems with specific
behavior. It differs, for instance, from systems where SOC was found for the steady-state period
of sliding.
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Abstract: Mechanical and tribological properties of the hard-multilayer TiN-AITiN/nACo-CrN/
AICrN-AICrO-AITiCrN coating deposited on WC-Co substrate were investigated. The sliding tests
were carried out using ball-on-disc tribometer at room (25 °C) and high temperatures (600 and
800 °C) with Al,O3 balls as counterpart. Nano-scratch tests were performed at room temperature
with a sphero-conical diamond indenter. The surface morphology and chemical composition were
investigated with scanning electron microscopy (SEM), energy-dispersive spectrometry (EDS) and
in-situ high-temperature X-ray diffraction (HT-XRD). The phase transition from fcc-(Al,Cr),0O3 into
a-(ALCr),0O3; was observed at about 800 °C. The results of the tribological tests depends on the
temperature, the lowest apparent and real wear volumes were observed on the coating after the test
at 800 °C along with the smallest coefficient of friction (COF). The plastic deformation of the coating
was confirmed in sliding and nano-scratch tests. The nano-scratch tests revealed the dependence of
COF value on the temperature of the sliding tests.

Keywords: multilayer coating; high temperature tribology; nano-scratch

1. Introduction

To achieve industrial demands, several advanced coating structures such as multi-component [1,2],
nanocomposite [3], gradient [4,5] and multilayer structures [6,7] have been developed. Multilayer
structure combines the advantages of component sublayers. The substitutional defects may form at the
interface of adjacent layers in multilayered coatings, which results in the generation of strain energy
preventing the movement of dislocations [8]. The stress concentrations act as crack inhibitors and
thus improve the fracture resistance [9]. Therefore, multilayer structure is one of the widely used and
convenient approach for practical applications of coating [10-12].

The nitride-based coatings are characterized by high hardness, high melting temperature, good
fracture toughness, chemical and physical stability. The TiN coating has been extensively used to protect
cutting tools, due to their superior mechanical properties. However, TiN failed because of coating
surface oxidation occurring during the cutting process. The issue of surface oxidation was solved by
the addition of Al in TiN, which leads to formation of thin protective alumina layer on the coating
surface. The Al atoms substitute Ti atoms in TiN lattice. The lattice distortion leads to the increase of the
hardness and thus improve the abrasive wear resistance of TIAIN [13,14]. The (nc-Tij_AL:N)/(-Si3Ny)
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(nACo) coating is the nanocomposite coating of nanocrystalline nc-AlTiN grains embedded into
amorphous «-SizNy matrix, which results in high hardness and good resistance to abrasive wear.
The AICrN coating was developed based on binary CrN coating [15]. The addition of Al into the
CrN coating improves oxidation resistance, chemical stability and mechanical properties [16,17]. The
deposition of AICrO ((Al,Cr),03) improves the stability of the whole system at elevated temperature
and reduces chemical affinity between the tool and workpiece in cutting process. Finally, the AITiCrN
coating was used as an adaptive layer [18,19]. Tribological adaptability plays a significant role in
improving the tribological properties of hard coatings. The adaptability of the tribological system can
be achieved, for instance, by increasing the chemical complexity of coating [20,21].

The substrate effects significantly on the tribological behavior of the coating, for instance,
soft coating on hard substrate and the hard coating on soft substrate exhibit different tribological
behaviors [22]. The load-carrying capacity is an ability to withstand pressure in the film/substrate
system without the loss of the system functionality [23]. The film deflection phenomenon was
investigated in our previous studies where the diamond films were deposited on the Si and single
crystal diamond substrates [24-26]. The deflection of diamond film deposited on the Si substrate was
observed in sliding tests. It is expected that during the cutting a high load experienced by coating.
However, in spite of the importance of load-carrying capacity for the characterization of coated tools,
this property remains insufficiently investigated, particularly, for multilayer hard coatings.

In the present study, the mechanical and tribological properties of hard-multilayers TiN-AITiN/
nACo-CrN/AICrN-AICrO-AlITiCrN coating were investigated at elevated temperatures under ambient
environment conditions.

2. Materials and Methods

The TiN-AITiN/nACo-CrN/AICrN-AICrO-AITiCrN coating was deposited on polished WC-Co
substrates (& 13 mm, height 5 mm, R, = 0.05 um) using physical vapor deposition (PVD) rotating
cathodes arc Platit® 7411 system. The Ti, AlTi (33 at.% Ti), AICr (45 at.% Cr) and AlSi (18 at.% Si)
cathodes were used for the deposition of coating. The TiN-AITiN/nACo layers were deposited at
550 °C and CrN/AICrN-AICrO-AlITiCrN at 570 °C, the total thickness of coating was 3.6 pm. The
thickness and hardness of layers are shown in Table 1. The thickness of coating was measured by the
calo-test (BAQ®) method.

Table 1. Thickness and hardness of the coating layers deposited on WC-Co substrate.

Substrate Layers Coating Thickness (um) Nano Hardness (GPa)
1 TiN 0.2 24-26 *
2 AITiN/nACo 2.0 36-38 */39-41 *
WC-Co
3 CrN/AICN 0.6 21-23 */36-38 *
4 (A1,Cr),035 (fcc and « phases) 0.5 24-25 ** and 28 **
5 AITiCrN 0.3 36-38 *

*—the hardness values adopted from Platit [27]. **—the hardness values adopted from Khatabi et al. [28].

The tribological behavior of coating was investigated using a ball-on-disc CERT tribometer
(manufacturer Bruker® UMT-2, Billerica, MA, USA). The samples were subjected to tests at room (RT)
(25 °C) and high temperatures (600 and 800 °C). All tests were performed under ambient conditions
using Al,O3 (alumina) balls from REDHILL® with @ 6 mm as the counterbody, with the normal load
of 10 N. The speed of rotation was 300 rpm, the wear track radius was 4 mm, the total sliding distance
was 5400 m and the duration of each test was 3 h.

The cross-section area of the wear scars was measured using mechanical profilometer (Mahr
Perthometer®, Gottingen, Germany) at four different positions to calculate the wear volume.
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The nano-scratch tests were performed with ultra-low drift nano-mechanical test system (NanoTest,
Micro Materials Ltd.®, Wrexham, UK) with a sphero-conical diamond indenter with a tip radius of
5 um. All tests were performed as multi-pass experiments (3-scans: topography-scratch-topography)
that were subsequently analyzed in the NanoTest software to determine the on-load and residual
depth. The total length of scratch tests was 300 um and load applied for scratch after scanning the
distance of 50 um. The progressive load with loading rate of 5 mN/s was applied up to the reaching of
the peak load, the details of the tests are presented in Table 2. The elastic/plastic behavior of coating,
wear and coefficient of friction (COF) were the prime interest in nano-scratch tests.

Table 2. Nano-scratch tests parameters.

Loading Rate, Scan Speed, dL/dx

EeulaYond S} dL/dt mN/s)  dx/dt(um/s)  (mN/um)

5,10, 15, 20, 50, 75, 100, 150,

200, 250, 300, 400 5 2 25

The optical microscope and scanning electron microscope (SEM) were used for investigation
of the surface morphology. The SEM images were taken by the (Hitachi® TM-1000 system, Tokyo,
Japan) and the (Zeiss® EVO MA-15 system, Oberkochen, Germany) with LaB6 cathode in secondary
electron mode, applying an accelerating voltage of 10-15 kV and 6.5-5.8 mm working distance. The
chemical composition of the coating was investigated by energy dispersion X-ray spectroscopy (EDS)
and high-temperature in-situ X-ray diffraction (HT-XRD) using a (Rigaku® Cu Ko radiation, Tokyo,
Japan) with the heating rate of 20 °C/min and the temperature range between RT and 1200 °C.

3. Results and Discussion

Figure 1a shows the SEM image of pristine surface, spherical and shapeless microdroplets and
surface cavities can be observed. The HT-XRD patterns collected between RT and 1200 °C with an
interval of 100 °C are shown in Figure 1b. There is no significant difference between the patterns
corresponding to as-deposited and annealed up to 700 °C coating, the XRD peaks correspond to
the fec-(Alj_xCry)o45 (fec-(ALCr),03) [29], WC-Co [30] and cubic AITiCrN (c-AlTiCrN) coating [28].
The formation of fcc-(Al,Cr),O3 grown on top of c-AlTiCrN layer is in agreement with the study of
Najafi H. et al. [29], namely, the XRD peak at 43.5° was found after the preparation of fcc-(Al,Cr),O3
at 550 °C on the cubic CrN layer. The growth and mechanical properties of the fcc-(Al,Cr),O3 oxide
deposited by magnetron sputtering was investigated by Khatibi A. et al. [28], the nano hardness was
24-25 GPa. The XRD peaks corresponding to the a-(Al,Cr),O3 phase can be observed under heating
from 800 to 1200 °C (Figure 1b). The presence of x-(Al,Cr),O3 indicates phase transition from fcc to &
phase at 800 °C. The relative intensity of the peak at 43.5° decreases steadily at the higher temperatures
and an increase of the intensity of the peaks corresponding to the « phase can be seen.

b) O Substrate

® a-(AL,Cr),03
o fee-(Al,Cr),03
o c-AlTiCrN
1200 °C
1100 °C
1000 °C
Fs:oo °C
800 °C
700 °C
600 °C
1500 °C_
400 °C
300 °C A 2
200 °C : N
10?d°c - : 5
as-de| 2 il

25 30 35 40 45 50 55 60

Intensity [a.u.]

Figure 1. SEM image taken on pristine coating surface (a) and (b) HT-XRD patterns.
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Figure 2 shows the COF versus cycles curves recorded during the sliding tests at RT, 600, and
800 °C. The steady-state regime without significant run-in-period was found from the beginning of
the test at RT. The initial and final COF values are approximately equal to 0.7. The run-in-periods of
10,000 and 15,000 cycles were found for the tests at 600 and 800 °C, respectively. The COF value of
0.9 was highest during the running-in period in the test at 600 °C. Finally, at the end of the test at
600 °C, the COF value is similar to the one observed at RT. At the highest temperature 800 °C, the
COF value fluctuation during the running-in period follows by the continuous decrease with final
stabilization about 0.45. The difference in COF values at the end of the tests (RT and 600 °C in opposite
to 800 °C) is due to contact between fcc-(Al,Cr),O3 and ball (RT and 600 °C) and x-(Al,Cr),0O3 and ball
(800 °C). The COF behavior observed in the present study shows a good correlation with the results of
Santecchia et al. [31] found in the sliding tests at room and high temperatures. The noise and peaks
can be observed in Figure 2. In the case of test at RT, the noisy period lasts for about 20,000 cycles and
in the tests at 600 and 800 °C for 8000 and 15,000 cycles, respectively. The noise and peaks can indicate
a seizure at the beginning of the sliding tests in analogy with the results of our previous study on the
diamond films deposited on Si wafer [26]. The variations in COF value were observed for all tests in
the range of 17,000-37,000 cycles, indicating probably that the AITiCrN layer was worn out and the
contact between alumina layer and ball was formed in the course of the tests.

1.0

eaks

—RT
——600 °C
——800 °C

0.9

0.8
0.74
0.6

0.54

noise

0.4+

0.3

Friction Coefficient (COF)

0.2

0.1

T T T T T
0 10,000 20,000 30,000 40,000 50,000 60,000

Cycles

Figure 2. COF versus cycles curves taken at RT, 600 and 800 °C.

Figures 3 and 4 show the wear scar depth profiles on the coating and the SEM images taken on
the wear scars of coating and balls surface after the tests at RT, 600 and 800 °C. After the test at RT, a
relatively smooth wear scar profile can be found in Figure 3a. The wear scar depth is about 0.7 um,
which indicates that at the end of the test a contact was between the ball and (Al,Cr),03 layer, i.e., the
second layer ((Al,Cr),03) was partially worn out. Several discontinues grooves were observed on the
wear scar surface, see Figure 3b. The width of the wear scar was largest after the test at 600 °C, as well
as the presence of grooves within the wear scar was observed (Figure 3e). The roughness of the wear
scares surface was highest after the test at 800 °C (Figure 3g,h). The higher roughness of the wear scar
after the test at 800 °C indicates significant changes in wear mechanisms as compared with the tests at
RT and 600 °C.

Two different areas within the wear scars can be distinguished, which are denoted by I and II
Figure 3. The area I is located in the central part and the area II at the border of the wear scar. The
area II is shown in more detail in Figure 4. Within this area, the severe wear of the coating was not
initiated and only a ball surface plowing was occurred. The analysis suggests that probably ploughing
of the outer part of the alumina ball takes place on the hard particles produced during the deposition
of the AITiCrN coating Figure 1a. The comparison of the shape of line scans in (Figure 3a,d,g) with
corresponding SEM images in (Figure 3b,e,h) suggest that the plastic deformation of coating occurs
in the course of the sliding tests. In spite of the brittle nature of the hard coating, due to probably
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relatively small thickness and large area of the coating, the coating can be plastically deformed without

cracks formation.

Depth (um)

0 200 400 600 800
Distance (pm)

1000 1200

09 1
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Eos
=
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e
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.
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12 — "
0 200 400 600 800 1000 1200

Distance (um)

Depth (um)

s &

200 400 600 800 1000 12
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N I
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Figure 3. Wear scar depth profiles on the coating and alumina balls after sliding tests: (a—c) RT, (d—f) 600

and (g-i) 800 °C.

wear scar bed

¢/ ball plougiliug .
) sliding direction

206 ploughing
09 1220 pm |
12 N .
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Figure 4. SEM images of the sample tested at 800 °C: (a) pristine surface and region II, (b) regions II
and I (see Figure 3g,h) and (c) apparent and real wear volumes.
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The deformation of the coating was taken into account for the calculation of the wear volume, see
Figures 4c and 5. The apparent wear volume should be distinguished from the real one. The apparent
wear volume is a sum of the real wear volume and the volume corresponding to the deformation of the
coating as shown in Figure 4c. The apparent wear volume was highest after the tests at RT and 600 °C,
as well as these wear volumes for both tests are very similar. The smallest apparent wear volume was
observed after the test at 800 °C. The real wear volume was smallest for the same test as well. The real
wear volume after the test at RT was unable to estimate correctly, therefore it is not shown in Figure 5.

0.016
B Apparent Wear Volume
0.014 @ Real Wear Volume
~ 0.012
@

ar Volume (mm:
(=3 (=] (=3
(=3 (=3 (=3
=3 (=3 _—
(=Y o0 (=3

i

W

2 0.004 4

0.002

0.000-
RT 600 800

Figure 5. Apparent and real wear volumes after the sliding tests at RT, 600 and 800 °C.

Figure 6 shows the EDS data taken on the pristine surface of the coating and within the wear scars
after the tests at RT, 600 and 800 °C. The content of oxygen increases, and vice versa the content of
nitrogen (presented in AlTiCrN layer) decreases with respect to temperature (Figure 6a). The formation
of protective alumina layer can be related with this observation. The EDS data taken within the wear
scars on coating shows a presence of a remarkably higher concentration of oxygen, as compared with
pristine surface, and the concentration of nitrogen is negligible (Figure 6b). The EDS data allows to
conclude that at the end of the tribological tests, the ball was in contact with (Al,Cr),0j3 layer (Table 1).
This conclusion is in good agreement with the deepest valley in line scans in Figure 3, where the depth
varied between 0.7-0.75 pm independent of the temperature of the test.
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Figure 6. EDS data taken on (a) the coating pristine surface and (b) wear scars surface after the tests at
different temperatures.

The nano-scratch tests were performed on the pristine surface of coating after sliding tests at
different temperatures. Figure 7 shows the results of the scratch test taken on the coating after the
sliding test at 800 °C and the optical micrograph of scratch track. The elastic and plastic deformation
and wear of the coating surface can be observed without visible cracks formation. The result shows that
the total coating surface deviation during the scratch scan (A3 = 0.82-1.14 pm in Table 3) is relatively
high in comparison with the thickness of coating, i.e., 3.6 um. The deviation due to plastic deformation
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and the wear (A») is the distance between the line scans corresponding to the 1st and 2nd topography
scans (Figure 7), i.e., 0.25-0.49 um (Table 3). The wear is relatively small, thus A, corresponds mostly
to the plastic deformation of the coating, see scratch track in Figure 7. The A; values shown in Figure 3
correspond to the bending of the area II, i.e., the area where only the ball ploughing was observed. The
A1 and A, values are quite similar due to likely plastic deformation of the coating in both types of tests,
i.e., in sliding and nano-scratch tests (Table 3).

Depth (nm)

—— 1st Topography
220004 —— Scratch
—— 2nd Topography
5‘0 1(I)0 150 260 25‘0 360
Distance (um)

Figure 7. Nano-scratch test with scratch track at 400 mN of the peak load taken on the pristine surface
of the sample tested at 800 °C in sliding test.

Table 3. A}, Ay and Az values obtained after sliding and nano-scratch tests.

Samples A1 (nm) A; (nm) Az (nm)
RT 480 480 1010
600 °C 450 490 1140
800 °C 350 250 820

Figure 8 shows the COF value between the coating and the diamond indenter measured for
different loads. The COF values (0.12-0.15) observed after the tests at high temperatures correlate with
the results of our previous study performed on alumina thin films using the nano-scratch technique
with diamond indenter [32]. The low-load (up to the 100 mN) friction behavior is similar independent
of the temperature of the sliding tests. It could be probably due to fact that the surface of the coating is
relatively rough (Figures 1 and 7) and under the lower loads the COF depends mostly on the surface
roughness. In fact, the topography scans are made using small load (0.1 mN). At the higher load there
is a difference between the samples tested at RT and at 600 and 800 °C. The difference between COF
values can be due to formation of thicker alumina layer on top of the samples tested at 600 and 800 °C,
as well as under higher load the stronger adhesion between the diamond indenter and coating surface
takes place. This oxide layer can be partially scratched out during the scratch scan. The EDS results
confirm that oxide layer is formed on top of AITiCrN layer at high temperature (Figure 6a).

The mechanical and tribological properties of the coating tested at high temperatures differs
from the ones at RT. Formation of the thin oxide layer on the top of the AITiCrN coating leads to the
decrease of COF value between the ball and oxidized AITiCrN surface in high temperature sliding tests
(Figure 2). On the other hand, COF value increases between diamond indenter and oxidized AITiCrN
surface in nano-scratch tests at room temperature (Figure 8). In the sliding tests, the AITiCrN layer
was continuously worn out with following formation of the contact between the alumina ball and
(ALCr),03 layer (Table 1) in the later stages of sliding. These tests show also the difference between the
wear mechanisms of the (Al,Cr),0O3 layer against alumina ball. The transformation from fcc-(Al,Cr),03
to o-(ALCr), O3 phase takes place at 800 °C. The highest coating deflection was observed on the samples
tested at RT and 600 °C, i.e., when there is no phase transformation from fcc to « phase. In the case
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of RT and 600 °C, the relatively smooth wear scars surface on the coating and the ball were found,
however after the test at 800 °C the surface was rougher (Figure 3). It indicates the change in wear
mechanisms at 800 °C, due to probably increase in the hardness of a-(Al,Cr),03 and decreasing of
the deflection of the whole coating system. The Al,O3 ball ploughing on the hard AITiCrN surface
peculiarities was found which can result in the noise and peaks in the COF value in sliding tests
(Figure 2). In addition, relatively high deformation of the coating was found during the sliding and
nano-scratch tests, therefore it suggests that the surface deformation in tribological tests can result in
seizure particularly at the early stages of the sliding. Similar phenomena like deflection of the coating,
noise and peaks in the COF value and seizure were observed on the diamond films prepared on Si and
tested in the sliding tests [26]. Therefore, the effect of deformation of the coating due to high contact
pressure between the coating and counterbody can play important role in wear processes.
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Figure 8. Coefficient of friction (COF) versus load measured in nano-scratch tests.

4. Conclusions

The mechanical and tribological properties of TiN-AITiN/nACo-CrN/AICrN-AlCrO-AITiCrN
coating were evaluated at RT and high temperatures (600 and 800 °C). The increase of wear resistance
for coating tested at 800 °C was found due to the formation of the protective oxide layer on top of
AITiCrN and phase transformation within the (Al,Cr),Oj3 layer leading in increase of hardness of this
oxide layer and decrease of deflection of the whole coating system. The relatively higher deflection
was observed on the samples tested at RT and 600 °C.

The COF value measured in nano-scratch tests between the AITiCrN layer and diamond indenter
is different for the samples heated at different temperatures. Due to formation of the thin oxide layer on
the AITiCrN layer, the COF value is higher for the samples heated at higher temperatures as compare
with the sample tested at RT. The coating surface deflection during the scratch test can be significant,
i.e., about the 1/3 of the coating thickness at the peak load of 400 mN.

In conclusion, due to high contact pressure between the coating and counterbody, the deformation
of coating plays important role in wear processes.
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Abstract: The study investigates thermal stability and high temperature tribological performance
of a-C:H:Si diamond-like carbon (DLC) coating. A thin alumina layer was deposited on top of
the a-C:H:Si coating to improve the tribological performance at high temperatures. The a-C:H:S5i
coating and alumina layer were prepared using plasma-activated chemical vapour deposition and
atomic layer deposition, respectively. Raman and X-ray photoelectron spectroscopy were used to
investigate the structures and chemical compositions of the specimens. The D and G Raman peaks
due to sp? bonding and the peaks corresponding to the trans-polyacetylene (t-Pa) and sp bonded
chains were identified in the Raman spectra of the a-C:H:Si coating. Ball-on-disc sliding tests were
carried out at room temperature and 400 °C using SizNy balls as counter bodies. The a-C:H:Si coating
failed catastrophically in sliding tests at 400 °C; however, a repeatable and reproducible regime of
sliding with a low coefficient of friction was observed for the Al,O3/a-C:H:Si coating at the same
temperature. The presence of the alumina layer and high stress and temperature caused structural
changes in the bulk a-C:H:Si and top layers located near the contact area, leading to the modification
of the contact conditions, delivering of extra oxygen into the contact area, reduction of hydrogen
effusion, and suppression of the atmospheric oxidation.

Keywords: diamond-like carbon; alumina; thermal stability; adaptation; tribology; wear

1. Introduction

The minimisation of heat generation, friction, and wear demand in industry is an es-
sential issue for sustainable development [1]. Carbon-based coatings have wide industrial
applications (aerospace, automotive, machine tools, medical implants, etc. [1,2]) owing to
their low coefficient of friction (COF) for different types of friction pairs, good mechani-
cal properties, and chemical inertness. The challenge is that these properties should be
retained during intensive use of such coatings under aggressive conditions (temperature,
atmosphere, irradiation, etc.).

The tribological performance of carbon-based coatings is sensitive to their properties
(hardness, internal stress, adhesion, thermal stability, oxidation resistance, surface rough-
ness, etc.) and test conditions (sliding regimes, atmosphere, temperature, etc.). In addition
to the preparation of carbon-based coatings using different deposition techniques, there
are some straightforward approaches to modifying the structure of the coatings. First,
the surface and bulk properties can be changed by doping, annealing, and irradiation.
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Second, modification of the surface properties of the coating can be accomplished by using
different lubricants and ambient environments, post-treatment of the surface by plasma,
deposition of thin adaptive layers, etc. Third, the properties of the coating can be changed
in situ in tribological tests owing to mechanochemical processes. The frictional heat dissi-
pated within the coating and high stress within the contact area can cause changes in the
coating structure.

The main components of the structure of diamond-like carbon (DLC) and tetrahedral
amorphous carbon (ta-C) are the networks of sp? and sp> bonds and impurities (H, O, N,
Si, Ti, W, etc.). Inclusions of sp-hybridised trans-polyacetylene (t-Pa) and poly(p-phenylene
vinylene) chains were revealed in an a-C:H coating by resonant Raman scattering [3].
Longer and shorter t-Pa chains were found in DLC [4], and the formation of two types of
sp-hybridised chains (cumulene and polyyne) were reported by Ravagnan et al. [5].

The sp? and sp® bonds play a key role in the unique mechanical and tribological prop-
erties of DLC and ta-C coatings. The crucial parameters are the sp® content, clustering and
orientation of the sp? phase, cross-sectional nanostructures, and hydrogen content [6]. High
internal stress occurs in DLC coatings because of the large fraction of highly tensile-strained
sp® C-C bonds [7]. Tt is accepted that the sp® bond network affects the thermal stability and
mechanical properties (hardness, Young’s modulus) of DLC and ta-C coatings [6,8,9]. The
configuration of the order/disorder within the sp? phase can also influence the mechanical
properties [10]. At a relatively low temperature (200-300 °C), the graphitisation or transfor-
mation of sp3 to sp2 bonds occurs in DLC coatings [11-13]. Stress-induced graphitisation
can also occur because of the high contact pressure in sliding tests [9]. High hardness, sur-
face smoothness, and viscoelasticity /viscoplasticity are properties that strongly influence
the tribological behaviour of DLC coatings [14-17]. The passivation of dangling bonds
by different agents (H, hydroxyl (-OH), carboxyl (-COOH), etc.), graphitisation, and the
formation of a self-generated easy-shearing transfer layer consisting of carbon-based struc-
tures, oxides, water, etc., are the main mechanisms explaining the excellent tribological
properties of DLC and ta-C coatings, including superlubricity (COF < 0.01 [18]) [14,19-23].
Hydrogen and oxygen thus play important roles in understanding the friction mechanisms
of DLC and ta-C coatings.

There is increasing interest in improving the thermal stability, oxidation resistance,
and tribological properties of carbon-based materials under harsh conditions. One of
the most successful approaches is doping the a-C:H coating with Si. Low internal stress,
good adhesion [24], and enhanced thermal stability have been observed for a-C:H:Si
coatings [25,26], and a high load-bearing capacity was demonstrated for a Si-doped DLC
coating at room temperature (RT) [27]. The high temperature tribological properties of
DLC and Si-doped DLC depends on numbers of factors, for instance, applied load, sliding
distance, wear scar radius, counterbody material, etc. [24-26]. A significant fraction of
C-Si bonds forms within the a-C:H matrix, which inhibits the formation of strained C-C
bonds. This reduces the probability of sp3 to sp2 transformation, resulting in higher thermal
stability [7]. Further improvements in the thermal stability and tribological properties
have been achieved by doping a:C:H with both silicon and oxygen to form an a-C:H:5i:O
structure [28-30]. It was reported in a seminal publication [29] that under low Earth
orbit conditions, a-C:H:5i:O was more stable than an a-C:H coating. It was stressed that
good tribological properties, thermal stability, and suppression of oxidation are caused by
the formation of a SiO; layer on top of a-C:H:Si and a-C:H:Si:O, in contrast to the a:C:H
coating. Oxygen preferentially bonds to silicon in the a-C:H:S5i:O coating, forming small
local amorphous clusters of a-Si:O [7]. An increase in the hardness and residual stress was
observed for an oxygen-doped Si-free a-C:H:O coating, in contrast to the a-C:H coating [31].

Annealing and surface treatment with oxygen-containing gases are used to modify the
properties of DLC, ta-C, diamond coatings, etc. Annealing leads to the effusion of hydrogen
from a-C:H at 200-300 °C, graphitisation, and the release of internal stress [11,12,32].
Annealing of a Si-doped DLC coating in air causes the formation of a SiO; layer on top of the
DLC, which results in good tribological properties at room and high temperatures [26,33].
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High-energy oxygen plasma treatment such as reactive ion etching (RIE) can be used to
etch the surface and modify the surface roughness [34,35]. Oxygen plasma etching of
carbon-based coatings enhances the scratch resistance owing to sp® bond formation [36].
Improvements in the running-in properties and enhanced surface energy were found on
low-energy oxygen plasma-treated ta-C specimens as compared with those treated with
high-energy plasma [34]. This difference was explained by the interplay between the
chemical reactions and physical collisions during irradiation. A reduced COF value was
observed after the oxygen plasma treatment of a Si-doped DLC coating [37]. Improved
tribological performance was also observed after the oxygen plasma treatment of a Si-free
DLC coating [38]. Oxygen functional groups, including hydroxyl, were found on DLC
coatings [38,39], and enhanced surface energy and hydrophilicity were reported after
oxygen plasma treatment of DLC coatings [39].

The influence of nitrogen impurities on the structure and properties of DLC and ta-C
coatings can be expected during annealing in ambient air and in sliding tests at high temper-
atures. The increase in the sp? bond content, release of the stress, and improvement in the
adhesion to Si and CoCrMo alloys were revealed for nitrogen-doped DLC coatings [40,41].

The search strategy for systems exhibiting reduced friction and wear can involve
investigating adaptive systems. These systems can self-organise (SO) under specific condi-
tions [42,43]. Soft alloys such as babbitt alloys on relatively hard substrates can significantly
increase the contact area, thus decreasing the contact pressure and wear rate at the initial
stage of running-in. The initial period determines the tribological behaviour during the
subsequent stages of sliding (hereditary effect). Thin oxide layers can have lower hardness
(approximately 8.8 GPa for SiO; [44] and 10 GPa for amorphous Al,O3 [45]) than the DLC,
ta-C, and diamond coatings; thus, they can be considered adaptive layers. For instance,
it was found that the hardness of a Si-doped DLC coating after oxygen plasma treatment
decreased owing to the formation of silicon oxide on top of the coating [37]. In conclusion,
a thin silicon oxide film formed on top of a Si-doped DLC coating can be considered an
adaptive layer with good lubricating properties that suppresses the atmospheric oxidation
of the DLC coating. It should be stressed that different types of silicon oxide (5i,O, SiO,
5i,03, SiO;) can be formed on Si-doped DLC coatings [46], and the role of each type of
oxide should be specified in detail to explain these functionalities.

Alumina possesses many advantageous properties, including high thermal and chem-
ical resistance and retained hardness at elevated temperatures [47]. A thin Al,O3 layer was
deposited by atomic layer deposition (ALD) on nanocrystalline diamond (NCD) films, and
improved oxidation resistance and thermal stability were demonstrated [48].

In the present preliminary study, a thin Al,O3 film (200 nm thick) deposited on
top of an a-C:H:Si coating was considered an adaptive multifunctional layer. Improved
tribological performance was expected because of modification of the contact conditions
during running-in, delivery of extra oxygen into the contact area, reduction of hydrogen
effusion, and suppression of the atmospheric oxidation of the a-C:H:Si coating.

2. Materials and Methods

The a-C:H:Si coatings were synthesised by plasma-activated chemical vapour de-
position (PACVD) using an arc cathode physical vapour deposition (PVD) unit (Pi411)
(PLATIT®, Grenchen, Switzerland) with a PACVD option containing an MF bias supply
(150-350 kHz range) and process gases (CoH; and Si-containing precursor). The coat-
ing process started with Ar and metal ion etching, followed by Cr/CrN-based adhesion
layer deposition via arc evaporation. The a-C:H:Si coating thickness and Si content in the
coating were 1.0 £ 0.1 pm and <5 at.%, respectively. Typical hardness values of a-C:H:Si
were 26.5 £ 1.5 GPa. The a-C:H:Si coating was deposited on polished WC-Co substrates
(@ 13 mm, height 5 mm, R, = 0.05 um).

ALD was used to prepare Al,Oj3 films. The deposition was conducted in a flow-
type reactor (Picosun R200, Espoo, Finland) at 300 °C using trimethylaluminum (TMA,
Al(CHj3)6) water as the precursor, and nitrogen as the purge gas. The pressure was
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10 mbar (1 kPa). The precursor pulse lengths were 0.1/4/0.1/10 s for TMA/N,/H;O/N,,
respectively. After 2000 cycles, the thickness of the Al,O3 film was 200 nm. A spectroscopic
ellipsometer (SemilabSopraGES-5E, Budapest, Hungary) was used to measure the film
thickness, using 365 and 633 nm wavelengths at an angle of 75° on Si(100) reference
substrates. Fitting was performed using the Cauchy approximation.

A ball-on-disc tribometer (Bruker® UMT-2, Billerica, MA, USA) equipped with a
high-temperature chamber with a rotary drive was used to investigate the tribological
behaviour of the specimens. & 10 mm SizNy balls (RedHill®, Prague, Czech Republic) were
used as counterbodies. The hardness, Young’s modulus, and Poisson ratio of the balls were
1400-1700 HV, 310 GPa, and 0.27, respectively. Wear tests at RT and 400 °C were carried
out on the a-C:H:Si and Al,O3/a-C:H:Si coatings. The normal load was 2 N, the speed of
rotation was 200 rpm, and the wear track diameter was 3 mm. The samples were heated to
400 °C at a heating rate of 5 °C/min, and this temperature was stabilised for 45 min before
the sliding test. In total, two sliding tests (for 180 and 5 min, respectively) for each type of
specimen were carried out at RT. In the case of the tests at 400 °C, three tests were carried
out (two for 180 min and one for 5 min) on the a-C:H:Si specimens and four tests (two for
180 min, one for 60 min, and one for 5 min) for the Al,O3/a-C:H:Si specimens. Humidity
was 45% == 5%.

The depth, width, and shape of the wear scars were investigated using stylus pro-
filometry (Mahr Perthometer®, Gottingen, Germany). Five line scans were taken across
each wear scar, and an average line scan was obtained. The apparent volume (V) of the
wear scar was estimated using the formula V = S x [, where the cross-sectional area is S
and the wear scar length is [.

Micro-Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and scanning
electron microscopy (SEM) were used to evaluate the chemical structure and to monitor the
morphology of the native and wear scar surfaces. Raman measurements were carried out
using a Horiba LabRAM HR800 (Horiba®, Kyoto, Japan) Micro-Raman system equipped
with a cooled multichannel CCD detection system in the backscattering configuration
with a spectral resolution better than 1 cm~!. A Nd: YAG laser (wavelength A = 514 nm)
was used for excitation. The spot size was around 5 microns in diameter and spectra
accumulation time was 60 s. The composition was studied using XPS in a Kratos Analytical
AXIS ULTRA DLD (Kratos Analytical Ltd., Manchester, UK) spectrometer fitted with a
monochromatic Al Ky X-ray source and an achromatic Mg K« /Al Ky dual-anode X-ray
source. A monochromatic Al Ky anode (1486.6 eV) operated at 150 W and 15 kV was used.
A 180° hemispherical energy analyser with a mean radius of 165 mm was operated using
a hybrid lens mode at a pass energy of 160 eV for survey spectra, 20 eV for regions, and
40 eV for regions acquired for the depth profile. XPS spectra were recorded at a 90° takeoff
angle from the surface of the sample holder using an aperture field of view & 220 um.
The samples were mounted on stainless steel 130 x 15 mm? sample bar. Binding energy
values were calculated based on the C 1s peak at 284.6 eV. For surface cleaning and bulk
composition information, a Minibeam I'ion (Ar*) source (1 kV, 10 mA, 120 s per cycle) was
used. The SEM images were taken using a (Zeiss EVO® MA—15 system, Oberkochen,
Germany) with an LaB6 cathode in secondary electron mode, applying an accelerating
voltage of 10-15 kV and a 6.5-8.5 mm working distance.

3. Results
3.1. Morphology and Tribological Properties

Figure 1 shows the surface morphologies of the a-C:H:Si and Al,O3/a-C:H:Si coatings.
The alumina layer grew conformally, that is, it resembled the morphology of the a-C:H:Si
surface. Similar alumina growth was observed on the NCD film [48]. The morphological
peculiarities can be observed on the Al,O3/a-C:H:Si coating surface.
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Figure 1. SEM images of the native surface of coatings (a) a-C:H:Si and (b) Al,O3/a-C:H:Si.

Figure 2 shows the COF versus cycle curves obtained at RT and 400 °C. The COF
values for both types of specimens (a-C:H:Si and Al,O3/a-C:H:Si) are very similar for
the tests at RT, approximately 0.06-0.1. In other words, the thin alumina layer did not
strongly influence the friction behaviour of a-C:H:Si. After reaching the smallest value at
the beginning of the test, the COF value slowly increased during subsequent periods of
sliding. In contrast to the tests at RT, significant changes occurred in the tests at 400 °C. In
the case of the a-C:H:Si coating, coating failure occurred at the beginning of the tests after a
short running-in period. The tests were repeated three times (the 5 min test is not shown),
and the same friction behaviour was observed. However, in the case of the Al,O5/a-C:H:Si
coating, relatively stable periods of sliding were revealed, with a COF value of less than
0.03, and some periods had a super-low COF of less than 0.01 (Figure 2b). The extended
time tests were repeated three times. A short running-in period was found in the case of
the test at RT, which was practically absent from the tests at 400 °C. This shows that the
contact between the a-C:H:Si surface and the SizNy ball was already established at the
beginning of the tests.

@) aCH:Si RT 10 (b) | ——ALO,/a-CH:Si RT
a-C:H:Si 400 °C_1 08 ——ALO,/a-C:H:Si 400 °C_1
a-C:H:Si 400°C 2 ——ALO,/a-CH:Si 400°C_2

06 ——ALO /a-CH:Si 400°C_3

CoF
(=3
=

S
COF<0.01 COF<0.01 COF<001

4000

8000 12,000 16,000 20,000 24,000 28,000 32,000 36,000

0 4000 8000 12,000 16,000 20,000 24,000 28,000 32,000 36,000
Cycles Cycles

Figure 2. COF versus cycles curves taken on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings.

Figure 3 shows SEM images of the wear scars observed on the a-C:H:Si and Al,O3/
a-C:H:Si coatings after the sliding tests at RT and 400 °C. The smooth wear surfaces are
formed on both coatings after sliding for 180 min at RT. The alumina islands can be seen on
the Al,O3/a-C:H:Si coating as well (Figure 3b). In the case of the a-C:H:Si coating, islands
of the a-C:H:Si coating and the surface of WC-Co substrate can be seen after the test at
400 °C, in spite of uniform a-C:H:Si coating surface for the Al,O3/a-C:H:Si specimen.
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Figure 3. SEM images of wear scars after sliding tests at (a,b) RT for 180 min and (c,d) 400 °C for 5 min.

Figure 4 shows line scans taken across the wear scars. The shape and width of the
wear scars obtained after the tests at RT differ between the a-C:H:Si and Al,O3/a-C:H:Si
coatings. The wear scar widths on the a-C:H:Si and Al,O3/a-C:H:Si coatings after the
5-min tests were approximately 200 and 310 pm, respectively. The wear scar was narrower
and deeper for the a-C:H:Si specimen and wider and shallower for Al,O3/a-C:H:Si after
the 180-min tests. The increase in contact area on Al,O3/NCD in contrast to an NCD film
was also observed in sliding tests at RT [48]. These results demonstrate the adaptation
effect mentioned earlier, that is, that an increase in the contact area leads to decreasing
contact pressure. The hardness of the SizNy balls was higher than that of the thin alumina
layer, thus it is unlikely that the increased wear scar width was caused by abrasive wear of
the balls. The depth of the wear scar was approximately 0.8 um for the a-C:H:Si coating,
which is close to the coating thickness. However, in the case of the Al,O3/a-C:H:Si coating,
an approximately 0.4 um-thick a-C:H:Si layer was removed (Figure 4d).

Therefore, a longer lifetime can be expected for the Al,O3/a-C:H:Si coating in con-
trast to the a-C:H:Si coating at RT. The wear scar was also significantly wider after the
5 min test at 400 °C than after the 180 min test at RT for the Al,O3/a-C:H:Si coating
(Figures 4d and 5b). These results could indicate structural changes within the a-C:H:Si
coating, most likely owing to a-C:H:Si graphitisation and decreased hardness [11,26].

The apparent wear volumes were measured on the a-C:H:Si and Al,O3/a-C:H:Si
specimens (Figure 6). The calculation of the wear volume loss assumed an alumina layer
thickness of 200 nm (Figures 4 and 5). The wear volume measured on the a-C:H:Si layer
(black colour in Figure 6) was larger for the a-C:H:Si coating than for the Al,O3/a-C:H:Si
coating after the 180 min tests at RT. The wear volume was largest after the 5 min sliding
test at 400 °C on the a-C:H:Si coating owing to the coating failure (Figure 5a). It should be
stressed that the reduced hardness of a-C:H:Si at high temperature increased the wear scar
width for the Al,O3/a-C:H:Si coating (Figure 5b). Therefore, the apparent wear volume
loss may increase owing to the plastic deformation of the a-C:H:Si layer [49].
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Figure 4. Wear scars line profiles taken on the (a,b) a-C:H:Si and (c,d) Al,O3/a-C:H:Si coatings after
the (a,c) 5 and (b,d) 180 min tests at RT.
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Figure 5. Wear scars line profiles taken on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings after the
5 min sliding tests at 400 °C.
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Figure 6. Apparent wear volumes measured on the a-C:H:Si and Al,O3/a-C:H:Si coatings.
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3.2. Raman and XPS Analyses

Raman spectra were obtained for the native and wear scar surfaces of the a-C:H:Si
coating after the sliding tests at RT (Figure 7a). Two characteristic D and G peaks indicated
sp? structure ordering, that is, the D mode (1365 cm™!) was active in the presence of
disorder, and the G mode (1545 cmfl) indicated the presence of well-ordered graphite [6].
Raman peaks corresponding to vibrational modes in t-Pa (1054 cm~!) and sp-bonded
chains (1900-2200 cm~!) were also observed. The shape and position of the Raman peaks
in the spectra of the native and wear scar surfaces after the 5 and 180 min tests at RT were
quite similar. In the case of the Al,O3/a-C:H:Si coating (Figure 7c), the peak positions
were similar to those observed for the a-C:H:Si coating, except that the G peak shifted to
1532 cm ! after the 180 min sliding test. The Raman spectrum of the native a-C:H:Si surface
differed from that after heating at high temperatures. The G peak shifted to 1558 cm ™!, and
formation of a shoulder (arrow in Figure 7b) was observed after heating at 400 °C. The G
peak shifted to a higher value (1612 cm™1) after the 5 min test at 400 °C (Figure 7b), which
indicates the impact of mechanochemical processes on the a-C:H:Si structure. For the sake
of clarity, Raman measurements were repeated for at least three different locations within
the wear scar, and similar spectra were recorded (Figure 7b). However, in the case of the
Al,O3/a-C:H:Si coating, no further G peak shift was observed after the 5 min test at 400 °C
(Figure 7d). The peak positions and shapes were similar to those observed in the Raman
spectrum of the native surface of the a-C:H:Si coating after heating at 400 °C (Figure 7b).

260 | (@)
20f

Rama Intensity (arb. units)
=
S

a:C:H:Si (RTI) G band 1545 cmi'

T T
a-C:H:Si (400 °C)
native

[ 600 [-(b)

native
WS after 5 min test

sp bonded

chains
|

WS after 5 min test

Shoulder

%3

S

S
T

—— WS after 180 min test| f{ A
D band /

1612cm™ A
sp bonded

\_ chains

N

S

S
T

“ t-Pa

Rama Intensity (arb. units)

2000
Raman shift (cm™)

)
=3
S

Rama Intensity (arb. units)
w
S
3
T

1=}
S

L
500

Raman shift (cm™)

500 1000 1500 2000
Raman shift (cm™)

1000 1500 2000

700 |- (C)

Rama Intensity (arb. units)
RwOw s u o
S & 5 & 3
=] =) =) =] =)

>
=4

T T T
AlyO3/a-C:H:Si (RT)

=
S
=3

. _ ) | ALO/a-C:H:Si (400°C) '
1532 cm”™ 2

native

WS after Smin test b
WS after 180min test

1558 cm™ g

o

3

=3
T

—— native
WS after 5 min test

1

1545 cm™

500 1

Shoulder

Rama Intensity (arb. units)
pow s
S & 3
=] =) =)

>
=3

L
500

Raman shift (cm™)

1000 1500 2000 500 1000 1500 2000
Raman shift (cm™)

Figure 7. Raman spectra taken on the native surface and within the wear scars after the 5 and 180 min tests at RT and
400 °C on the (a,b) a-C:H:Si and (c,d) Al,O3/a-C:H:Si coatings. The insert shows the peak 1900-2200 cem ! corresponding
to sp-bonded chains. Deconvolution of Raman spectra of the native a-C:H:Si is shown.

The C 1s XPS spectra were recorded on the a-C:H:Si native surface (Figure 8). The
peaks corresponded to C-C spz, Cc-C sp3, C-0O, C=0, C-N, O-C=0 and COO-R
bonds [46,50,51]. Sp® surface enrichment and increased intensity of the XPS spectrum
shoulder corresponding to the bonds formed between carbon, nitrogen, and oxygen atoms
were observed after heating at 400 °C (Figure 8b). Figure 9 shows the XPS spectra taken
on the surface of the wear scars after the sliding tests at RT and 400 °C. The intensity
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ratio between the XPS signal intensity related to the a-C:H:Si coating (convolution of the
Cc-C sp2 and sp3 peaks) and the intensity of the peak corresponding to C-O, C=0, etc.,
bonds is higher for a-C:H:Si than for the Al,03/a-C:H:Si coating. The C-C sp? and sp®
XPS signals can be more strongly shielded on the Al,O3/a-C:H:Si coating by a thicker and
more uniformly distributed layer formed by agents such as C-O, C=0, etc.
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Figure 8. C1s XPS spectra taken on the a-C:H:Si coating native surface at (a) RT and (b) 400 °C.
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Figure 9. C 1s XPS spectra taken within the wear scars after the 5 min tests at RT and 400 °C on the
(a,b) a-C:H:Si and (¢,d) Al,O3/a-C:H:Si coatings.

Figures 10 and 11 show the O 1s and Si 2p XPS spectra, respectively. The O 1s XPS
spectra were quite similar for both types of specimens. It is expected that the XPS signal
indicates electrons released from oxygen bonded mainly with C, H, Si, Al, and N atoms.
The stronger peak at 531.6 eV after the heating of a-C:H:Si at 400 °C can be observed in
contrast to the Al,O3/a-C:H:Si coating. Closely spaced spin-orbit components (A = 0.63 eV)
formed an asymmetrical Si 2p peak at 100.5-100.6 eV, which corresponds to Si—C bonds
in a-C:H:Si [52]. The broad Si 2p XPS spectra indicate the presence of several types of
silicon oxide with different chemical states of Si (Sil*(Si,0), Si%*(SiO), Si**(Si,03), and
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Si**(Si0,)) [46]. Due to the likely a-C:H:Si oxidation and formation of the silicon oxides,
the Si—C peak intensity decreased after heating at 400 °C (Figure 11a). The Si 2p XPS
spectra taken within the wear scars after the sliding test at 400 °C showed the strongest
peaks located at 102.5-103.2 eV, which could indicate the formation of stoichiometric SiO,
oxide. However, there is a difference between the Si 2p XPS spectra of the a-C:H:Si and
Al,O3/a-C:H:Si coatings (Figure 11a,b, respectively). For example, the strongest peak in
the spectrum taken on the Al,O3z/a-C:H:Si surface is located at 102.5 eV, in contrast to
103.2 eV for a-C:H:Si. The Si 2p XPS spectra may also have been influenced by the SizNy
ball wear debris during the sliding tests.

Intensity (cps)

20,000 T T T

T T "
(@) 532.7 —ative aC:HSi (RT) ) —— native ALO/a-C:HSi (RT)
18.000-] —— WS a-C:H:Si 5 min (RT) 189001 5322 | WS ALO /a-C:H:Si $ min (RT)
po_— —— WSa-C:H:Si 180 min (RT) 16,000 ] —— WS ALO/a-C:H:Si 180 min (RT)
nabyee:GESH(I00AG) —— native ALO,/a-C:H:Si (400°C)
140004 —— WS a-C:H:Si 5 min (400°C) 14,0004 = B o 5
. —— WS ALO/a-C:HSi 5 min (400°C)
12,000 531.6 §. 12,000 Aﬁerhoeaﬁng
< at400°c 5324
- & 1000
" a
so00 After l:eatmg § 8000 | 533.7
at400°C E
aior ] 6000 |
4000
4000 4 T
2000
2000 1
o
$ A T T T T T T T
528 530 532 534 536 538 540 528 530 536 538

Binding Energy (eV)

s s34
Bending Energy (eV)

540

Figure 10. O 1s XPS spectra taken within the native and wear scars surfaces after sliding tests at RT
and 400 °C on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings.
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Figure 11. Si 2p XPS spectra taken within the native and wear scars surfaces after the sliding tests at
RT and 400 °C on the (a) a-C:H:Si and (b) Al,O3/a-C:H:Si coatings.

Figure 12 shows the N 1s XPS spectra. In the case of the a-C:H:Si coating, the peak at
402.1 eV (N-O) [51] was observed after the 5 min sliding test at 400 °C.
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Figure 12. N 1s XPS spectra taken within the native and wear scars surfaces after the 5 min tests at
RT and 400 °C on the a-C:H:Si and Al,O3/a-C:H:Si coatings.
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4. Discussion

Figure 13 shows the results of the Raman and XPS investigations of the sp? and sp®
bond contents in the coatings. In the case of the a-C:H:Si coating, the intensity ratios of the
D and G peaks (Ip/Ig ratio) are similar for the Raman spectra taken on the native surface
and within the wear scars after the 5 and 180 min sliding tests at RT (Figure 13a). For the
same specimens, the sp?/sp? ratios of the corresponding XPS peak intensities were similar
(Figure 13b). Therefore, these results suggest that mechanochemical processes occurring
during sliding tests at RT did not affect the sp? and sp® hybridised bonding networks in the
bulk and on the surface of the a-C:H:Si coating. This demonstrates the high stability of the
a-C:H:Si structure in sliding tests at RT. However, the investigation of the a-C:H:Si native
surface after heating at 400 °C shows that the sp? and sp® contents in the bulk and on
the surface changed in different ways. In contrast to the investigations at RT, the analysis
of the Ip /I ratio suggests an increase in the sp? content in the bulk; however, the XPS
data showed a decrease in the sp? content on the surface and sp> surface enrichment. The
sp? surface enrichment after annealing in air owing to preferable etching of the sp? bonds
located within the grain boundaries has been found on diamond films [48,53]. The release
of carbon from the a-C:H:Si surface during annealing at 400 °C was observed by Rouhani
et al. [46].
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Figure 13. Summary of the results of (a) Raman and (b) XPS investigations.

In the case of the Al,O3/a-C:H:Si coating, comparison of the I /I ratios obtained for
the native and wear scar surfaces after the 5 and 180 min tests showed that this ratio also
remained stable at RT (Figure 13a). However, the Ip/Ig ratio tended to decrease for the
180 min test as compared with the measurements on the native surface and wear scar after
the 5 min test, which indicates likely surface sp3 enrichment within the wear scar. The XPS
investigation supports this conclusion (Figure 13b), as well as the G peak shift to 1532 cm !
observed after 180 min (Figure 7c). The extra oxygen delivered by the alumina layer seems
to have caused surface sp® enrichment in the wear scars after the sliding tests at RT on
the Al,O3/a-C:H:Si coating owing to mechanochemical processes. This conclusion is in
good agreement with the increased sp® bond content in the oxygen-doped carbon-based
coating [31,36].

In the case of the a-C:H:Si and Al,O3/a-C:H:Si coatings, the increased I /I ratio
suggests an increase in the sp? content for both types of specimens after the 5 min tests at
400 °C (Figure 13a). The thermally and mechanochemically induced processes intensified
the a-C:H:Si graphitisation. However, the increase in the sp? bond content was significantly
higher for the a-C:H:Si coating than for Al,O3/a-C:H:Si coating, and a shift of the G peak
t0 1612 cm ! was observed for the a-C:H:Si coating (Figure 7b). This shift could indicate
an increase in the number of defects, formation of a graphene sheet owing to graphite
slicing, and formation of double bonds between carbon atoms [54]. There was a significant
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difference between the a-C:H:Si and Al,O3/a-C:H:Si coatings, namely, sp® enrichment
of the wear scar surface on the Al,O3;/a-C:H:Si coating after the 5 min test at 400 °C
(Figure 13b).

The results of the Raman and XPS investigations suggest that the interaction between
the a-C:H:Si surface and atmospheric oxygen differed from the interaction with the oxygen
in alumina. It is expected that the alumina layer suppressed atmospheric oxygen diffusion
to the a-C:H:Si surface [48].

To summarise, improvements in the tribological properties and thermal stability were
observed in sliding tests at RT and 400 °C for the Al,O3/a-C:H:Si coating in comparison
with the a-C:H:Si coating. First, an increase in the contact area and sp® surface enrichment
within the wear scar was observed in the tests at RT and 400 °C. The alumina layer was
considered the adaptive layer. The adaptation effect was manifested owing to the use of a
relatively soft and thin alumina layer, resulting in the increased contact area. The delivery
of extra oxygen to the contact area led to increased sp3 content within the thin tribolayer,
which improved the thermal stability and increased the hardness and internal stress of
the tribolayer [28-31,36]. In addition, it was shown in a study on an Al,O3/NCD film [48]
that the alumina layer is the atmospheric oxygen diffusion barrier layer. These factors
determine the running-in conditions and tribological performance during extended time
tests (hereditary effects). The decreased contact pressure owing to the increased contact
area and improved mechanical properties of the thin tribolayer led to the better tribological
behaviour of Al,O3/a-C:H:Si coating in contrast to the a-C:H:Si coating.

Second, carbon surface hydroxylation (C-OH termination) results in better tribological
properties [38]. This type of surface passivation improves surface hydrophilicity and the
absorption of atmospheric water vapour [39]. The super-low COF value for the a-C:H:Si
coating with a low Si concentration (3.6 at.%-11.4 at.%) is explained by the formation
of additional Si-OH hydrophilic bonds. Under ambient humid conditions (30%—-60%
humidity), water and oxygen absorbed by the surface form a well-ordered easily shared
layer-like film, resulting in low friction [17]. In addition, higher surface energies for a-
C:H:Si and ta-C coating surfaces after oxygen plasma treatment have been reported [34,39],
which means higher surface wettability, which leads to more uniform water distribution
along the surface. This, in turn, is likely to be beneficial for the formation of a layer-like
water structure on the a-C:H:Si surface. In conclusion, it is expected that the hydrophilicity
and wettability of Al;O3/a-C:H:Si within the wear scar area can be improved owing to the
extra oxygen delivered by the alumina layer. This interpretation is supported by the XPS
investigation, as discussed in Section 3.2.

Third, silicon oxide affects the tribological behaviour of DLC coatings. The XPS study
revealed several types of silicon oxide formed within the wear scar. The influence of a
particular type of oxide should be investigated in more detail.

Fourth, the mechanism of hydrogen effusion may differ between the a-C:H:Si and
Al,O3/a-C:H:Si coatings because of the alumina layer and a specific tribolayer layer formed
on Al,O3/a-C:H:Si during the sliding tests. Upon thermal treatment, the hydrogen content
decreases owing to the release of hydrogen and hydrocarbons (C;;Hy) [32]. The mechanisms
of hydrogen diffusion in alumina usually consider the diffusion of H atoms or H* ions [55].
The hydrogen diffusion coefficient in alumina has a certain value; therefore, the hydrogen
effusion in the AlyO3/a-C:H:Si coating can be suppressed by the alumina layer. In the case
of hydrocarbons, it was found that the pore size in a-C:H strongly influences diffusion [32].
Thus, hydrocarbon diffusion through alumina can be limited as well. In conclusion, the
alumina layer can be considered a hydrogen diffusion barrier layer.

5. Conclusions

A comparative study of the tribological properties of the a-C:H:Si and Al,O3/a-C:H:Si
coatings at RT and 400 °C was performed. After 180 min sliding tests at RT, a wider and
shallower wear scar was found on the Al,O3/a-C:H:Si coating in contrast to the a-C:H:Si
coating. The smaller depth indicates that the a-C:H:Si coating lifetime can be increased by
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preparing an Al,O3/a-C:H:Si structure. The alumina layer changes the contact conditions
and influences the running-in behaviour owing to the increased contact area and decreased
contact pressure (adaptation effect). The chemical composition in the contact area can
also be changed owing to the extra oxygen delivered by the alumina layer. The results
demonstrate the hereditary effect and the initial contact conditions strongly influence the
tribological performance of the extended time tests.

The thermal stability of the a-C:H:Si coating can be improved by deposition of an
alumina layer. The a-C:H:Si coating was unstable in sliding tests at 400 °C; however, a
stable low-friction regime of sliding over 80-160 min was observed for the Al,O3/a-C:H:Si
coating. The chemical composition of the tribolayer on Al,O3/a-C:H:Si differed from that
of the a-C:H:Si coating after the sliding tests at 400 °C. An increase in the sp® bond content
was observed for the Al;O3/a-C:H:Si coating; therefore, better mechanical and thermal
properties of the tribolayer formed on an Al,O3/a-C:H:Si coating are expected. The extra
oxygen in the contact area improved the structure and properties of the passivation layer
formed on the a-C:H:Si surface, resulting in low friction.

Further investigations are needed to continue efforts towards understanding the
mutual influence between the test conditions and the DLC and alumina layer properties.
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