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Tribological behavior of TiAlN coating were studied by sliding

against 100Cr6 steel, SiC and Al2O3 as counterbodies for friction pairs. Two

distinct types of wear modes such as oxidational and plastic deformation are

investigated. It is shown that wear of metal debris tribochemically reacted

with moisture available in ambient atmosphere and metal oxide formation

which leads oxidational wear in TiAlN/steel sliding pair. In TiAlN/SiC

sliding pair, low friction coefficient is measured and this is attributed to the

formation of lubricious composite tribofilm. In contrast, TiAlN/Al2O3 pair

shows high friction coefficient and wear mechanism is governed by plastic

deformation.

CrN/NbN superlattice coating sliding against 100Cr6 steel, SiC and

Al2O3 ball as counterbodies for friction pairs was investigated. The value of

friction coefficient and wear rate was lowest ~0.01 and 2.6×10–7 mm3/Nm,

respectively, when coating slides against Al2O3 ball. In contrast, friction

coefficient and wear rate is increased while sliding with steel and SiC balls. It

is observed that the deviation in friction coefficient is described by

mechanical and chemical properties of these balls. In this respect, hardness of

Al2O3 and SiC ball is comparable but significant deviation in friction

coefficient is observed. This is related to oxidation resistance of balls which is

high for Al2O3 compared to SiC as evident by Raman analysis of the wear

track. However, steel ball shows oxidational wear mechanism against

CrN/NbN superlattice coating.

The tribological properties of DLC and nanocrystalline DNW films

were investigated. A friction mechanism based on surface chemistry and
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mechanical properties of sliding interfaces such as DLC/100Cr6 steel,

DLC/SiC and DLC/Al2O3 is studied. In DLC film, the high friction coefficient

is governed by surface roughness of the sliding interfaces during initial

sliding passes. However, for longer sliding cycles, the sliding interfaces get

smoothened and magnitude of friction coefficient is reduced. Under these

experimental conditions, carbonaceous transferlayer forms on the ball sliding

surface.

Nanocrystalline DNW films was deposited in N2 enriched

microwave plasma enhanced chemical vapor deposition (MPECVD) system.

As-deposited DNW film was treated in O2 plasma which resulted in chemical

and microstructural modification. The sheath of the nanocrystalline DNW is

chemically constituted by amorphous carbon (a-C) and graphite (sp2C-C) like

bondings. However, nanowires transformed into ultra- small spherical grains

after the O2 plasma treatments. In this condition, a-C and sp2C-C fraction get

significantly reduced due to plasma etching. Oxidation and formation of

functional groups increases on the surface and inside the wear track. The

friction coefficient of O2 plasma treated film showed super low value of

~0.002 with exceeding high wear resistance of 2×10–12mm3/Nm. Such an

advance tribological properties is explained by passivation of covalent carbon

bonding and transformation of sliding surfaces by van der Waals and

hydrogen bondings. High surface energy and the consequent superhydrophilic

behavior of film attributed to the formation of an adsorbate layer of above

mentioned functional groups which acts as a lubricant.
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CHAPTER  1

INTRODUCTION

1.1 CLASSIFICATION OF HARD COATINGS

Hard materials for coatings can be divided in three groups

depending on the chemical bonding character. All the compounds stand out

for their high hardness and high melting points. The modulus of elasticity is

lowest for the ionic hard materials. The linear thermal expansion coefficient

increases in general from covalent to metallic and hard materials. Comparing

these and other coatings relevant properties of the hard materials group one

can make the following statements:

(1) Each of the different groups of hard materials show

advantages and disadvantages in respect of an application as

hard coatings.

(2) The metallic hard coatings seem to be the most suitable and

versatile layer substances.

(3) Ionic (ceramic) hard coatings are suitable, in particular for the

surface because of high stability and low interaction tendency.

(4) Optimum wear resistance can only be achieved by multiphase

or multilayer coatings.
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1.1.1 Metal Nanocomposite Coatings

Longer service life, ability to tolerate higher loads, low cost of

maintenance, environmental friendly, improved kinematics, low energy

consumption, resistance to corrosion, low friction and high wear resistance

are technologically important reasons to coat the machine parts. Several

industrial devices like gears, bearings and cutting tools can be coated with

hard TiAl, TiAlN, CrN, DLC and crystalline diamond coatings to gain the

energy efficiency. In this regard, tribological properties of several hard

composite and ceramic coatings are well investigated for the application of

machine tools. However, there are several problems related to tribological

mechanism which is not properly understood.

The wear mechanisms at macro scale are understood and this scale

cannot fully describe the wear mechanism in micro and nano scales.

Differences in scale proportions enhance some forces at smaller scales that

play a minor role at macro scale tribological performance. Many small scale

technical devices like Micro Electro-Mechanical System (MEMS) are

hindered because of high adhesive force rather than high friction force.

Contact surface may stick to each other due to high adhesion and the device

stops to function properly. Such a problem of high adhesion force might be

solved using thin coating having low surface potential.

In this respect, TiAl based intermetallics have shown importance

and possess a remarkable combination of light-weight, high strength-to-

density ratio, high strength at elevated temperature and good corrosion and

oxidation resistance (Mattox 2003, Burakowski and Wierzchon 1999,

Carvalho 2001, Kessler et al 1998). As a potential new structural material

used as aerospace and automotive parts for turbine blades, divergent flap,

turbocharger/nozzles, and exhaust valves. These applications are related to

friction and wear of the components. However, several investigations show

that titanium aluminides have poor wear resistance which would limit their
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required for the purpose of energy efficiency. To solve this problem CrN/NbN

superlattice structured coatings is deposited (Zhang et al 2011, Niu et al 2012,

La et al 2000). The properties of this coating depend on the period of the

individual layers in the structure. The layer thickness is less enough such that

the coatings form a superlattice structure. In some cases, coating shows the

specific characteristics which vary strongly with superlattice periods, e.g.

TiN/NbN (Manohara et al 2012), TiN/AlN (Zhou et al 2004) and Ti/TiN

(Donohue et al 1997). It is shown that hardness reaches maximum with

narrow range of multilayer periods. Superlattice coatings of CrN/NbN

deposited by a combined cathodic arc /unbalanced magnetron sputtering

process have been proposed as corrosion and wear resistance coatings. These

superlattice coatings functions well at limited tribological condition. At

extreme tribological conditions these coatings deform significantly and fail.

1.1.2 Carbon Based Advanced Coatings

Carbon is one of the most abundant elements in our planet. It is the

sixth most common element and exists in 94% of all known substances. The

vast field of organic chemistry is mainly based on carbon. Undoubtedly, it is

one of the most important building blocks for many chemicals, drugs and

nutritional products on which our well-being and modern life style depend.

Carbon is also the essential ingredient of numerous key engineering materials

possessing exceptional properties. While some of these are very soft

(graphite, polymers, plastics, etc), others are extremely hard and resilient

(such as natural and synthetic diamonds and various carbides). Most of the

recently discovered nanomaterials (fullerenes, nanotubes, nano-onions,

nanofibres, etc) are also carbon based, and they are currently being used in the

fabrication of a myriad of nano-to-micro-scale devices. Carbon is also used in

the synthesis of numerous hard coatings including diamond, DLC, carbon

nitride, transition metal carbides and boron carbide. DLC can be categorized
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into different forms based on the content of hydrogen as shown in the ternary

phase in Figure 1.1. Films having a high sp3 content are called tetrahedral ta-

C:H or ta-C depending on whether they contain hydrogen or not. Similarly,

amorphous films are shown either as a-C:H or a-C.

Figure 1.1 Ternary phase diagram showing the various forms of DLC

Because of their superhardness, superhigh thermal conductivity and

superlow friction, some of these coatings have tremendous interest in recent

years from both the industrial and scientific purposes. Therefore, friction and

wear properties have in particular, subject of numerous scientific studies

(Quesada et al 2006, Erdemir and Donnet 2000, Erdemir 2002, Erdemir et al

1987, Grill 1997, Kato et al 2003, Fusaro and Sliney 1970, Rabinowicz and

Imai 1964, Savage 1948, Burton and Burton 1989). Among the many

properties of an engineering material, hardness and stiffness may play the

most important role in its ability to carry the load and hence it’s wear

resistant. In general, materials with high hardness and stiffness have high

wear resistance. Diamond represents a prime example with its highest known

hardness and extreme wear resistance. However, there is no universal

correlation between hardness and friction coefficients of different materials

and/or coatings (Erdemir and Donnet 2006a, Erdemir et al 2005).
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               In particular, DLC films appear to provide the broadest range of

hardness and friction values, while some of the recently developed

nanocomposite coatings are able to provide superhardness but lack of

lubricity (Erdemir and Donnet 2006b). In brief, the field of carbon-based

materials and coatings is growing interest from all kinds of scientific and

commercial disciplines. In particular, diamond and DLC coatings have attracted

the most attention in recent years, mainly because wide range of exceptional

properties for demanding applications. In this respect, in this section, we attempt to

highlight some of the most important developments in the field of DLC films in

general and specifically in their tribology.

Figure 1.2 Chemical structure of diamond like carbon (Erdemir et al
2006a)

The present state of the art in scientific research and industrial

practices that involve DLC films is also surveyed. The topic of DLC and

tribological properties is vast field. Hence, we will focus our attention mainly

on the most important developments. We will also summarize the recent

research on their friction and wear mechanisms. In the gas discharge plasmas

of the PVD and Chemical Vapour Deposition (CVD) processes, hydrocarbon

gas such as methane or acetylene is used as the precursor for carbon. Films

derived from such hydrocarbon gases contain not only carbon but also

considerable amount of hydrogen in their microstructures, and they are often



7

referred to as hydrogenated DLC films (Erdemir and Donnet 2006 b). It is

schematically shown in Figure 1.2.

Using the same deposition processes, one can also deposit super-

hydrogenated DLC films by establishing higher than normal hydrogen-to-

carbon ratios. For example, introduction of more hydrogen gas into discharge

plasmas during film growth can lead to the formation of highly hydrogenated

DLC films that contain more than 40 at.% hydrogen (Erdemir and Donnet

2006b). Compared with hydrogen-free DLCs, these films are relatively soft

but exhibit some of the lowest friction and wear coefficients. This topic will

be discussed later.

               Figure 1.2 shows a molecular dynamic simulation of the atomic

structure of a typical hydrogenated DLC film having a network of carbon

atoms with three and four-fold atomic co-ordination and different forms of

hydrogen within their structure. Similarly, diamonds that are synthesized by

means of chemical vapor deposition has many unique and outstanding

properties that make it an ideal material for a broad range of scientific and

technological applications (Sumant et al 2007). A number of methods for

chemical vapor deposition of diamond based on varied gas mixtures and

energy sources for dissociating the gas mixture have been reported (Popov et

al 2006). These techniques include the use of high-temperature electrons in

various kinds of plasmas, high-temperature surfaces of hot filaments, and

high-temperature gases in combustion flames to dissociate molecular

hydrogen, oxygen, halogen, hydrocarbon, and many other gases containing

carbon. The substrate is usually maintained at a temperature much lower than

that of electrons in plasma.

               Atomic hydrogen is believed to be crucial in the diamond CVD

process because of its effectiveness of stabilizing the growing surface of
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diamond at the CVD temperature and pressure that is thermodynamically in

favor of the growth of graphite instead of diamond. In chemical vapor

deposition process, involves the use of hydrogen gas or hydrogen containing

molecules. The most typical diamond CVD process uses methane gas diluted

by 94-99.9% hydrogen. The super equilibrium of atomic hydrogen can be

achieved in a gas mixture with varied percentage of molecular hydrogen. It

depends on the balance between the effectiveness of the dissociation process

in generating atomic hydrogen and the loss processes for atomic hydrogen to

recombine or react with other radicals. By the use of high-power-density

microwave plasma, atomic hydrogen is very effectively generated from

molecular hydrogen and diamond can be deposited in a mixture of methane

diluted by less than 50% hydrogen (Askari et al 2008). Growth of diamond

from oxy-acetylene flame uses acetylene and oxygen with the ratio of

acetylene to oxygen slightly greater than 1 without molecular hydrogen.

Diamond is deposited in the reducing “inner flame” where atomic hydrogen is

produced by the high temperature flame as one of the burn products. In

addition to atomic hydrogen, there is plenty of OH radicals present near the

diamond growing surface inside the flame.

1.2 DEPOSITION OF HARD COATINGS

PVD is widely used technique to deposit hard coatings to enhance

surface properties with high wear resistance, low friction and oxidation

resistance. The deposition of the thin film takes place in a vacuum chamber.

Normally the substrate is cleaned and dried with N2 gas before entering the

vacuum chamber. After the substrate is inserted into chamber, vacuum is

increased (10–2–10–3 Torr) and the surface is de-gased by a high current

density plasma by sputtering at elevated temperature (150-500°C) (Mattox

2003). During the process, a material is evaporated and deposited and forms a

thin film on a substrate material. The temperature during deposition of PVD is
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potential (Holmberg and Matthews 1994). In the arc evaporation the particles

consists of metal ions of multiple ionization states. The defects created during

deposition, act as obstacles for dislocation movement. This is one of the

important strengthening mechanism of PVD coatings. Other mechanisms are

second phase particles, solutes, internal boundaries (column, grain and phase

boundaries), high density of point and line defects etc (Bushan 2001). Typical

microstructure for PVD coatings are the columnar structure. This columnar

structure is formed during deposition, when a flow of atoms reaching the

substrate with a limited range of directions.

1.3 CHARACTERIZATION TECHNIQUES

1.3.1 Principle of Microscopic Studies of Thin Films

A finely focused electron beam scanned across the surface of the

sample generates secondary electrons, backscattered electrons, and

characteristic X-rays. These signals are collected by detectors to form images

of the sample displayed on a cathode ray tube screen. Features seen in the

Scanning Electron Microscope (SEM) image may then be analyzed for

elemental composition using Energy Dispersive Spectroscopy (EDS)

(Goldstein et al 2003). EDS identifies the elemental composition of materials

imaged in a SEM for all elements with an atomic number greater than boron.

Most elements are detected at concentrations on the order of 0.1%. As the

electron beam of the SEM is scanned across the sample surface, it generates

X-ray fluorescence from the atoms in its path. The energy of each X-ray

photon is characteristic of the element. The EDS microanalysis system

collects the X-rays, sorts and plots them by energy, and automatically

identifies and labels the elements responsible for the peaks in this energy

distribution.
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qualitative analysis because a complete spectrum can be obtained quickly.

Aids to identification are provided, such as facilities for superimposing the

positions of the lines of a given element for comparison with the recorded

spectrum.

               Secondary electron imaging shows the topography of surface

features a few nm across. Films as thin as 20 nm produce adequate-contrast

images. Materials are viewed at useful magnifications up to 100,000X without

the need for extensive sample preparation and without damaging the sample

(Brady and Boardman 1995). Even higher magnifications and resolution are

routinely obtained by field emission scanning electron microscope (FESEM).

A field-emission cathode in the electron gun of a scanning electron

microscope provides narrower probing beams at low as well as high electron

energy, resulting in both improved spatial resolution and minimized sample

charging and damage.

1.3.2 X-ray Diffraction Studies of Thin Films

X-rays are electromagnetic radiation with typical photon energies

in the range of 100 eV–100 keV. For diffraction applications, only short

wavelength X-rays (hard X-rays) in the range of a few angstroms to 0.1

angstrom (1 keV–120 keV) are used. Because the wavelength of X-rays is

comparable to the size of atoms, they are ideally suited for probing the

structural arrangement of atoms and molecules in a wide range of materials.

The energetic X-rays can penetrate deep into the materials and provide

information about the bulk structure (Giacovazzo 1992). X-rays are produced

generally by either X-ray tubes or synchrotron radiation. In a X-ray tube,

which is the primary X-ray source used in laboratory X-ray instruments, X-

ray are generated when a focused electron beam accelerated across a high

voltage field bombards a stationary or rotating solid target. As electrons
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Figure 1.3 Penetration depth and reflectivity of x- ray at grazing angles

GID can also be viewed as a specific case of symmetric Laue

diffraction as shown schematically in Figure 1.5(b). When sample set in the

conditions for Laue diffraction is rotated by 90º round the reciprocal lattice

vector, the Bragg angle is preserved and it end up with GID. This approach is

often helpful for understanding some effects in GID. For example, like in

usual Laue diffraction, in GID there are Borrmann and anti- Borrmann wavefields

with weaker and stronger interaction with crystal, respectively. Let us discuss the

angles where GID is characterized by the maximum sensitivity to thin layers.

Figure 1.4 Geometry of grazing- incidence x- ray diffraction
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In some cases, the chemical state of the surface atoms can also be

determined from energy shifts and peak shapes. Auger electrons have

relatively low kinetic energy, which limits their escape depth. Any Auger

electrons emitted from an interaction below the surface will lose energy

through additional scattering reactions along its path to the surface. Auger

electrons emitted at a depth greater than about 2-3 nm will not have sufficient

energy to escape the surface and reach the detector. Thus, the analysis volume

for AES extends only to a depth of about 2 nm. Analysis depth is not affected

by the energy of the primary electron energy. The AES instrumentation can

include a tungsten filament or field emission electron gun for the primary

electron beam. The instruments are equipped for secondary electron imaging

(SEM) to facilitate location of selected analysis areas, and micrographs of the

sample surface can be obtained. The sample chamber is maintained at

ultrahigh vacuum to minimize interception of the Auger electrons by gas

molecules between the sample and the detector. Some instruments include

special stages for fracturing samples to examine interfaces that have been

freshly exposed within the vacuum chamber. A computer is used for

acquisition, analysis, and display of the AES data.

1.3.5 Raman Spectroscopy

Raman spectroscopy provides information about molecular

vibrations that can be used for sample identification and quantification.

Raman spectroscopy is based on inelastic scattering of monochromatic light,

usually from a laser source. Inelastic scattering means that the frequency of

photons in monochromatic light changes upon interaction with a sample.

Photons of the laser light are absorbed by the sample and then reemitted.

Frequency of the reemitted photons is shifted up or down in comparison with

original monochromatic frequency, which is called the Raman Effect. This shift

provides information about vibrational, rotational and other low frequency

transitions in molecules. Raman spectroscopy can be used to study solid, liquid

and gaseous samples.
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1.3.6 Fourier Transform Infrared Spectroscopy

In infrared spectroscopy, IR radiation is passed through a sample.

Some of the infrared radiation is absorbed by the sample and some of it is

passed through (transmitted). The resulting spectrum represents the molecular

absorption and transmission, creating a molecular fingerprint of the sample.

Like a fingerprint no two unique molecular structures produce the same infrared

spectrum. This makes infrared spectroscopy useful for several types of analysis.

Fourier Transform Infrared Spectroscopy (FTIR) is most useful for

identifying chemicals that are either organic or inorganic. It can be utilized to

quantities some components of an unknown mixture. It can be applied to the

analysis of solids, liquids, and gasses. The term FTIR refers to a fairly recent

development in the manner in which the data is collected and converted from

an interference pattern to a spectrum. Today’s FTIR instruments are

computerized which makes them faster and more sensitive than the older

dispersive instruments. Because the strength of the absorption is proportional

to the concentration, FTIR can be used for some quantitative analyses.

Usually these are rather simple types of tests in the concentration range of a

few ppm up to the percent level. For example, EPA test methods measure the

C-H absorption for either petroleum or total hydrocarbons.

               Molecular bonds vibrate at various frequencies depending on the

elements and the type of bonds. For any given bond, there are several specific

frequencies at which it can vibrate. According to quantum mechanics, these

frequencies correspond to the ground state (lowest frequency) and several

excited states (higher frequencies). One way to cause the frequency of a

molecular vibration to increase is to excite the bond by having it absorb light

energy. For any given transition between two states the light energy

(determined by the wavelength) must exactly equal the difference in the
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energy between the two states [usually ground state (E0) and the first excited

state (E1)]. The energy corresponding to these transitions between molecular

vibrational states is generally 1-10 kilocalories/mole which corresponds to the

infrared portion of the electromagnetic spectrum.

1.3.7 Atomic Force Microscopy

The particular instrument is used to study the surface topography as

well as measuring three dimensional images of surface of the sample. Atomic

Force Microscopy (AFM) is a form of scanning probe microscopy (SPM)

where a small probe is scanned across the sample to obtain information about

the sample’s surface. This is schematically shown in Figure 1.3. The

information gathered from the probe’s interaction with the surface can be as

simple as physical topography or as diverse as measurements of the material’s

physical, magnetic, or chemical properties. These data are collected as the

probe is scanned in a raster pattern across the sample to form a map of the

measured property relative to the X-Y position.

Figure 1.5 Schematic diagram of atomic force microscope



24

The AFM probe has a very sharp tip, often less than 100 Å

diameter, at the end of a small cantilever beam. The probe is attached to a

piezoelectric scanner tube, which scans the probe across a selected area of the

sample surface. Interatomic forces between the probe tip and the sample

surface cause the cantilever to deflect as the sample’s surface topography (or

other properties) changes. A laser light reflected from the back of the

cantilever measures the deflection of the cantilever. This information is fed

back to a computer, which generates a map of topography and/or other

properties of interest.

1.3.7.1 Operation of AFM

In the so-called contact-AFM mode, the tip makes soft “physical

contact” with the surface of the sample. The deflection of the cantilever Dx is

proportional to the force acting on the tip, via Hook’s law, F=-kx, where k is

the spring constant of the cantilever. In contact-mode the tip either scans at a

constant small height above the surface or under the conditions of a constant

force. In the constant height mode the height of the tip is fixed, whereas in the

constant-force mode the deflection of the cantilever is fixed and the motion of

the scanner in z-direction is recorded. By using contact-mode AFM, even

“atomic resolution” images are obtained.

              For contact mode AFM imaging, it is necessary to have a cantilever

which is soft enough to be deflected by very small forces and has a high

enough resonant frequency to not be susceptible to vibrational instabilities.

Silicon nitride tips are basically used for contact mode. In the non-contact

mode, the probe operates in the attractive force region and the tip-sample

interaction is minimized. The use of non-contact mode allowed scanning

without influencing the shape of the sample by the tip-sample forces. In most
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             Figure 1.6 shows a typical load–displacement curve and the

deformation pattern of an elastic–plastic sample during and after indentation.

In this figure, hmax represents the displacement at the peak load, Pmax×hc is the

contact depth and is defined as the depth of the indenter in contact with the

sample under load hf is the final displacement after complete unloading. S is

the initial unloading contact stiffness. Nanoindentation hardness is defined as

the indentation load divided by the projected contact area of the indentation. It

is the mean pressure that a material can support under load. From the load–

displacement curve, hardness can be obtained at the peak loads as described

in Equation (1.2).

H=Pmax/A        (1.2)

where A is the projected contact area. Measurement of the projected contact

area from a load–displacement curve requires the contact depth, hc.

Figure 1.6 Schematic representation and formulation of anoindentation
(Pharr 1998)
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contact. The schematic diagram and real photographic view of CSM standard

microtribometer is shown in Figure 1.7.

Figure 1.7 Schematic diagram and real view of CSM microtribometer

There are a number of classifications of friction and wear

mechanisms. Two basic friction mechanisms are common such as adhesive

and mechanical deformation. In the early days wear was typically classified

based on its appearance on the surface after the contact. This is schematically

shown in Figure 1.8. Examples of such appearance are based on scoring,

scuffing, pitting, gouging, spalling, fretting and galling. Some of these classes

are more or less related to certain applications, such as gear contacts. The

classifications used have recently been based more on the fundamental

mechanisms of material removal due to the increased knowledge of the

fundamental wear processes. The most widely used classifications are:

adhesive, abrasive, fatigue and tribochemical wear (Holmberg and Matthews

1994, Kato et al 2001). The classification of basic friction and wear

mechanisms can be developed as suggested in Figure 1.8. Friction is resisting

force between the two surfaces in contact or sliding. This is due to following

reasons:



31

1) Adhesion: breaking the adhesive bonds between the two

surfaces,

2) Ploughing: resistance originating from elastic and plastic

deformation when a harder counter surface moves through a

softer or more elastic surface.

3) Hysteresis: resistance originating from continuous elastic

deformation within one of the surfaces in motion.

Figure 1.8 The basic friction and wear mechanisms i.e., adhesion,
ploughing and hysteresis, (Holmberg et al 1998).

In the basic friction mechanisms no material removal is involved.

Debris in the contact zone would make the contact mechanisms more

complicated. The wear is process of detachment of material from one surface.

It is different from friction in the sense that it is not taking place at a certain

moment but during a time period when the surfaces are in moving contact.

The detachment of material may be due to:
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1) adhesion + fracture: adhesive lifting or shearing force is

causing such a high tension and shear stresses in the surface

that exceed the material strength and a crack is formed,

resulting in crack growth and material detachment – a wear

debris is formed.

2) abrasion + fracture: hard counter surface moves through a

softer surface and deform by shear stresses. This result in

crack formation, crack growth, fracture and material

detachment. These process causes to generate wear debris

(Holmberg and Matthews 1994, Kato et al 2001).

3) fatigue + fracture: surface deforms due to the compressive

loading that leads to crack nucleation and growth, resulting in

material detachment. The crack growth process may take

place during a number of loading cycles. Finally wear debris

is generated.

The above classification of the basic wear mechanisms are focusing

on how the material removal takes place. For this reason tribochemical wear

is not included. However, the chemical processes that take place on a surface

are certainly important but they are not mechanisms that cause material

removal. They are chemical reactions that cause surface material

modification, either improvement or degradation, and changes, e.g., the

plastic and elastic properties and fracture resistance of the interfaces (Kato et

al 2001, Holmberg 1992, Fouvry et al 1994, Oliveira and Bower 1996,

Burnett and Rickerby 1987). The changed surface properties will either

increase or decrease the strength of the material and its resistance to cracking

and material removal. Further, fatigue wear as it is normally considered in

multicycling sliding can be divided into two phases. In the first phase the
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material modification takes place in the absence of material removal. During

continuous loading of the surface the material properties are gradually

changed.

The second phase that is known as wear or material removal,

appears when new surface does not resist loading and causes to generate

crack. Such a crack grows, material is removed and debris is formed. The

friction hysteresis mechanism is based on elastic deformation and thus, it is

similar to the ploughing. However, the geometry is different (Guu et al 1996,

Bhushan and Gupta 1991). Similarly, fatigue and fracture wear mechanism is

based on material deformation by compression and shear and it is similar to

the abrasion mechanism. Therefore, it considers only two basic friction and

wear mechanisms. For friction, it would be adhesive and controlled by

elastic/plastic deformation. For wear, it would be adhesive wear exhibited by

plastic deformation which is controlled by fracture. However, the surface

material modification processes, surface chemistry and fatigue is considered

as non wear processes (Holmberg Mathews 1994, Finkin 1969).

             It is important to understand the basic mechanisms especially when

one can model friction and wear in different contact condition. Normally, the

basic mechanisms are combined in a complex way due to more complicated

contact geometry, involving roughness and debris, due to inhomogeneous

surface with changing properties due to variations in loading and sliding

conditions. The main parameters influencing the tribological process are

illustrated in Figure 1.9. During the sliding contact some of the parameters

changes, surface layers are formed, strain hardening develops, local

temperature raises causing softening, etc. After completing one sliding event



34

new set of parameters control the friction and wear. Therefore, it is often

useful to study the tribological phenomena on different size levels.

Figure 1.9 The tribological contact process is determined by a number
of geometry, material and energy related parameters,
(Holmberg et al 1998).

Figure 1.10 shows typical contact conditions that occur on a macro

level when a hard sphere is sliding on a flat surface deposited with a thin

coating (Singer 1991, Holmberg et al 1998, Holmberg et al 2007). In each

contact condition there are typically a limited number of parameters that

dominate the friction and wear behavior. If one can identify them and

understand their interactions then it is useful to predict friction and wear.

Dominating parameters in the contact condition shown in Figure 1.10 are the

coating/substrate hardness relationship, coating thickness, surface roughness

and debris in the contact.
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Figure 1.10 Main parameters influencing the friction in a macro-contact
with thin coated surfaces are the hardness of the coating and
the substrate, the coating thickness, the surface roughness
and debris in the contact zone (Holmberg et al 1998).

1.3.10.1 Surfaces in a Sliding Contact

The friction and wear is governed by the shear taking place at the

surface and in the deformed sub-surface layer. Consequently, elastic, plastic

and fracture behavior both at the surface and in the deformed sub-surface

layer appears. A thin coating typically consists of a part of deformed surface

layer. In addition, surface degradation may take place due to tribochemical

and fatigue processes that influence on the surface strength to loaded

conditions. Thus the crucial material parameters are elastic modulus,

hardness, shear strength and the fracture toughness on the surface, in the

coating, at the coating/ substrate interface and in the substrate under the
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Figure 1.12 Two surfaces attach to each other by adhesion (a) and the
movement of the top surface results in an adhesive force, Fa,
that tries to detach material over an area, A, from one of the
surfaces. The detachment may take place (b) at the top
surface (c) within the coating, (d) at the coating/substrate
interface and (e) in the substrate.

Abrasive wear is dominated by geometrical collision of the two

moving surfaces resulting in high stresses, material shear and fracture results

to debris formation. Collisions goverened by the hard asperities, debris

ploughing and asperity collision. This is shown in Figure 1.13. In this

condition, the wear rate is expressed by Equation (1.13).

k = vabr=w. s = f (Kc, Ki, Ks, Hc, Hi, Hs, h)     (1.13)

Due to the depth of the debris detachment the result is:














































































































































































































































































































