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Summary

At present, there is considerable interest in the application of ceramics as, for
instance, components in machines without lubrication. For a dry sliding system,
an engineer needs to know the maximum operating conditions applicable to a
ceramic material combination in order for it to operate safely, i.e. such that no
severe wear takes place. In this thesis, a wear model is developed that relates
the properties of the materials and the operating conditions to the type of wear
(mild or severe wear) experienced by dry sliding ceramic systems (chapter 2).
The wear model is verified experimentally, and hence, with this model, one can
determine whether a dry sliding ceramic system will experience mild wear or
severe wear.

In the wear model, it appears that the coefficient of friction has a
significant influence in determining the wear type of dry sliding ceramic systems.
Therefore, to extend the operating conditions (normal load and sliding velocity)
of the mild wear regime, a low friction tribosystem is required. A low friction
tribosystem can be achieved by having hard materials in contact to support the
normal load and a weak interface between the two opposing surfaces to provide
easy shear. This idea is implemented by adding various weight percentages of
copper oxide (CuO) into alumina and zirconia ceramics (chapter 3). The dry
sliding tests conducted on these materials showed that the coefficient of friction
of alumina doped with CuO sliding against alumina decreases from 0.7 down to
0.4 and hardly depends on normal load and sliding velocity. On the other hand,
CuO doped in zirconia sliding against alumina can reduce the coefficient of
friction from 0.8 to a value of 0.2 to 0.3 depending on the operational
conditions. SEM pictures taken from the wear track of zirconia doped with CuO,
where low friction was observed, reveal that a smooth (patchy) layer is formed.
The hardness measurements and the chemical composition analysis of the
patchy layer suggest that the addition of CuO in zirconia is responsible in
providing a soft interfacial layer in the contact that reduces friction.

To analyze the tribosystem of zirconia doped with CuO sliding against
alumina, which is in fact a soft thin layer on top of a hard substrate sliding
against a hard rough surface, a general deterministic contact model of a rough
surface in contact with a flat layered surface was developed (chapter 4). The
developed contact model was found to be in good agreement with the
experimental and numerical data available in the literature. Further, the
deterministic contact model was extended to a deterministic friction model of a
rough surface sliding against a flat layered surface (chapter 5). The deterministic
friction model also showed good agreement with the experimental data reported
in the literature. The deterministic friction model is later used to predict the
coefficient of friction of the tribosystem of zirconia doped with CuO sliding
against alumina (chapter 6). The developed friction model is in good agreement
with the experimental results. Finally, recommendations for future research are
presented.
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Samenvatting

Keramiek wordt meer en meer als materiaal gebruikt in machines en werktuigen
waarbij geen smering wordt toegepast. De ontwerper heeft voor de
ongesmeerde contactsituatie ontwerpregels nodig om vast te stellen wat de
operationele condities mogen zijn van de gebruikte keramiek combinatie om
ernstige slijtage te voorkomen. In hoofdstuk 2 van dit proefschrift is een
slijtagemodel uiteengezet waarmee op basis van materiaaleigen-schappen en
operationele condities voorspelt kan worden of een milde dan wel een ernstige
slijtagevorm zal optreden voor de droge contactsituatie. Dit model is
experimenteel gevalideerd.

Dit slijtagemodel geeft aan dat de wrijvingscoéfficiént een zeer
belangrijke parameter is met betrekking tot de slijtagevorm (mild - ernstig) die
zal optreden. Daarom is een lage wrijvingscoefficient in belaste keramiek -
keramiek contacten zeer gewenst. Dergelijke lage wrijvingsystemen kunnen
worden gerealiseerd door de harde materialen, die de belasting overdragen, te
voorzien van een dunne zachte laag voor het realiseren een interface met een
lage afschuifsterkte tussen de in contact zijnde componenten. Dit principe is
toegepast door aan de zirconia en alumina keramieken enige gewichtsprocenten
koperoxide (CuO) tijdens de bereidingsfase toe te voegen (hoofdstuk 3). De
wrijvings-experimenten uitgevoerd aan deze materialen hebben aangetoond dat
de wrijvingscoéfficiént van alumina met koperoxide in contact met alumina
reduceert van 0.7 naar 0.4 en nagenoeg niet afhankelijk is van de normaal
belasting en de opgelegde snelheid. Voor zirconia die voorzien is met koperoxide
in contact met alumina levert een reductie in de wrijvingscoéfficiént op van
ongeveer 0.8 naar een waarde van 0.2 tot 0.3, afhankelijk van de operationele
condities. SEM opnamen van het slijtagespoor op zirconia met koperoxide,
waarbij de gewenste lage wrijving is geconstateerd, maken duidelijk dat een
gladde discontinue laag is gevormd. Hardheidmetingen en chemische analyse
van deze lagen duiden erop dat de toevoeging van koperoxide daadwerkelijk een
zachte laag vormt welke verantwoordelijk is voor de gewenste wrijvingsreductie.

Voor het voorspellen van de wrijving van dergelijke tribosystemen,
zirconia met enige gewichtsprocenten koperoxide in contact met aluminia,
waarbij een dunne zachte laag is gevormd op het harde substraat, is een
algemeen deterministisch contactmodel ontwikkeld, (hoofdstuk 4). Dit
contactmodel is gevalideerd aan de hand van experimentele en numerieke data
uit de literatuur. Dit deterministisch contactmodel is vervolgens uitgebreid naar
een deterministisch wrijvingsmodel welke geschikt is voor een ruw glijdend
oppervlak in contact met een gecoat opperviak (hoofdstuk 5). Het
deterministisch wrijvingsmodel vertoont goede overeenkomsten met de
gepresenteerde data in de literatuur. Met dit model is de wrijving voorspeld van
het zirconia voorzien met koperoxide - alumina systeem (hoofdstuk 6).
Vergelijking met de uitgevoerde experimenten blijkt dat het ontwikkelde
wrijvingsmodel de wrijving van dergelijke systemen goed voorspelt. Ten slotte
zijn aanbevelingen voor verder onderzoek gegeven.






Acknowledgement

I thank the engineering design group of ITB, Bandung, Indonesia, who
introduced me to Wijtze ten Napel when he visited ITB in 2000. I sincerely thank
Wijtze ten Napel and Dik Schipper for giving me the opportunity to carry out the
research on the project “nano-scale wear resistant oxide ceramics with low
friction”.

The nano-scale wear resistant oxide ceramics research project was sponsored by
the Dutch technology foundation (STW). I gratefully acknowledge its financial
support that made it possible to do this research.

I owe deep thanks to my supervisor, Prof. Schipper, for his guidance and ideas.
I also thank him for telling me some Dutch habits which of course helped me in
my social life in the Netherlands.

I want to thank Dik Schipper, Dave Blank, Ewa Tocha, Holger Schénherr, Jan-
Willem Sloetjes, Julius Vancso, Louis Winnubst, Richard Ran, and Wika Wiratha
for the collaboration and discussion in the monthly meetings.

Over the past four years, I have enjoyed the pleasant working environment in
the tribology group and I want to thank the (ex-) staff members: Wijtze ten
Napel, Dik Schipper, Kees Venner, Matthijn de Rooij, Erik de Vries, Walter Lette,
Belinda Bruinink, Willie Kerver and the (former) PhD students: Ako, Bert, Bernd,
Caner, Ellen, George, Gerrit, Irinel, Isaias, Jamari, Jan Willem, Loredana, Mark,
Marc and Qiang for providing a nice working atmosphere.

I want to thank Karen Reuver who worked with me on my project for her M.Sc.
thesis.

I would like to express my deep thanks to my wife, Susy, for her care, courage,
and understanding. One of the happiest moments in my life, the birth of my son,
Daniel, has made me a proud father. Their presence always brings happiness
and harmony in my life. I want to thank my family in Indonesia for their support
and prayers.

I thank the members of the Indonesian Student Association, the members of the

bible study Twente and the members of the ITC Christian Fellowship that have
made my social life in Enschede so enjoyable.

Xi



Xii



Contents

Summary Vii
Samenvatting iX
Acknowledgement Xi
Contents Xiii
Nomenclature XVii
1. Introduction 1
1.1 Ceramics in our daily life 1
1.2 Technical ceramics 2
1.3 Friction and wear of materials 4
1.3.1 Friction 4
1.3.2 Wear 6
1.3.3 Testing methods 10
1.4 Friction and wear of ceramics 11
1.4.1 Friction and wear of oxide ceramics at room temperature 12
1.4.2 Influence of humidity and water on friction and wear of
oxide ceramics 13
1.4.3 Influence of temperature on friction and wear of oxide
ceramics 14
1.4.4 Friction and wear of oxide ceramics in vacuum 15
1.4.5 Ceramics sliding against metal 15
1.4.6 Concluding remarks and the objective of this thesis 15
1.5 Outline of this thesis 16
References 17
2. The Transition from Mild to Severe Wear of Ceramics 21
2.2 Mechanical and thermal severity parameter 22
2.2.1 Crack growth 22
2.2.2 Mechanical severity parameter 23
2.2.3 Thermal severity parameter 29
2.3 Combined mechanical and thermal severity parameter 31
2.4 Experimental procedure 32
2.5 Results 36
2.5.1 Specific wear rate 36
2.5.2 Wear map 36
2.6 Discussions 36
2.7 Concluding remarks 40
References 42

3. Friction Reduction by Adding Copper Oxide into Alumina and

Zirconia Ceramics 45
3.1 Introduction 45
3.2 Attempts to reduce friction of dry sliding ceramic couples 45

xiii



Xiv

3.3 Material preparation

3.4 Testing procedure

3.5 Friction and wear of alumina and zirconia doped with CuO at
room temperature
3.5.1 Alumia doped with CuO
3.5.2 Zirconia doped with CuO

3.6 Friction and wear of alumina and zirconia doped with CuO at
various humidities

3.7 Friction and wear of alumina and zirconia doped with CuO at
elevated temperature

3.8 Friction and wear of alumina and zirconia doped with CuO sliding
against steel

3.9 Low friction mechanism

3.10 Concluding remarks

References

. Deterministic Contact Model of a Rough Surface in Contact

with a Flat Layered Surface
4.1 Introduction
4.2 Overview of contact models
4.2.1 Statistical contact model of Gaussian surfaces
4.2.2 Statistical contact model of non-Gaussian surfaces
4.2.3 Deterministic contact model
4.2.4 Comparison between the statistical model and the
deterministic model
4.3 Contact of a rough surface with a flat layered surface
4.3.1 Contact of a sphere with a flat layered surface (single
asperity model)
4.3.1.1 Elastic contact
4.3.1.2 Fully plastic contact
4.3.1.3 Elastic-plastic contact
4.3.1.4 Comparison of the single asperity model with the
data available in literature
4.3.2 Contact of a rough surface with a flat layered surface
4.3.3 Results
4.4 Concluding remarks
References

Deterministic Friction Model of a Rough Surface Sliding
Against a Flat Layered Surface
5.1 Introduction
5.2 Friction of layered surfaces
5.3 Halling’s model
5.4 Deterministic friction model
5.4.1 Contact area of a moving asperity

47
47

48
48
51

53

55

56
58
62
63

65
65
65
65
69
69
71

74
75

75
76
77
78

82
83
86
87

89
89
89
90
91
92



7.

5.4.2 Calculation of the separation (d)
5.4.3 Contact with substrate and layer (w; > t)
5.4.4 Friction force due to adhesion
5.4.5 Friction force due to ploughing
5.4.6 The total friction force
5.4.7 Friction of plastically deformed substrate and plastically
deformed layer
5.5 Results
5.5.1 Soft layer on hard substrate
5.5.2 Hard layer on soft substrate
5.6 Discussion
5.5 Concluding remarks
References

. Prediction of the Coefficient of Friction of Zirconia Doped with

Copper Oxide (CuO) Sliding Against Alumina

6.1. Introduction

6.2. Low friction mechanism

6.3 Coefficient of friction as a function of layer thickness of zirconia
doped with CuO sliding against alumina

6.4 Discussion

6.5 Concluding remarks

References

Conclusions and Recommendations
7.1. Conclusions
7.2. Recommendations

Appendix A
Summary of the Hertzian Contact Formulas for Circular, Elliptical
and Line contact

Appendix B
Calculation of Hardness and Elasticity Modulus from the
Indentation Load-displacement Data

Appendix C
Comparison Between the Model Presented in Chapter 4 with
Data Available in the Literature

93
94
96
97
98

98
99
99
101
102
105
106

107
107
107

109
113
115
116
117

117
119

121

127

129

XV



XVi



Nomenclature

Arabic symbols

[y

[m]

[-]

[Pa]

[Pa]

[Pa]

[-]

[N]

[N]

[N]

[Pa]

[Pa]
[m>(Nm)™]
[W(m K)™]
[Pa(m)®°]
[W(m K)™*]
[-]

[kg]

[kg]

[N]

[-]

[Pa]

[N]

[m]

[-]

[-]

[m]

Half width of the contact area in sliding direction

Contact area
Nominal contact area
Total contact area

Half width of the contact area perpendicular to sliding

direction
Contact length
Specific heat

Proportionality constant to calculate the tensile stress at
the trailing edge of a concentrated contact due to

mechanical loading

Proportionality constant to calculate the tensile stress at
the trailing edge of a concentrated contact due to

thermal loading

Grain size

Eccentricity of an ellipse

Elasticity modulus

Effective elasticity modulus of a layered surface
Reduced elasticity modulus

Coefficient of friction

Friction force

Friction force due to adhesion

Friction force due to ploughing

Hardness

Effective hardness of a layered surface

Specific wear rate

Thermal conductivity

Fracture toughness

Effective thermal conductivity

Proportionality constant

Weight of the specimen before an experiment
Weight of the specimen after an experiment
Normal load

Peclet number

Maximum Hertzian contact pressure

Total load carried by asperities in contact
Radius
Shape factor
Mechanical
contact
Layer thickness

severity parameter for a sliding

circular

XVii



T [K]

Vi [m?]

V [m/s]

X [m]

Y [-]
Greek Symbols
o [K1]

p [m]

X [-]

AT, [K]

0(s) [-]

Y [-]

r [-]

0 [-]

0; (-]

E [-]

M [-]

v [-]

Veff (-]

p [kg(m)]
Gy [Pa]

c [m]
Gmax [Pa]
Gﬁ?CCh [Pa]
Gg?ﬁh [Pa]
Gg?fh [Pa]

T [Pa]

® [m]

(OS] [m]

®c2 [m]
Subscripts

1,2 Surface 1, 2
avg Average

XViii

Temperature

Volume of material worn away
Sliding velocity

Sliding distance

Geometry constant

Thermal expansion coefficient

Asperity radius

Comparison of the indentation depth of an asperity to
the critical indentation when fully plastic situation occur
Thermal shock resistance

Distribution of asperities height

Percentage of a wear track covered by patchy layers
Thermal severity parameter

Flash temperature number

Attack angle

Thermal severity parameter for a sliding circular contact
Mechanical severity parameter

Poisson’s ratio

Effective poisson’s ratio of a layered surface

Mass density

Yield stress

Standard deviation of summit heights

Maximum stress

Maximum tensile stress due to mechanical loading of a
sliding circular contact

Maximum tensile stress due to mechanical loading of a
sliding elliptical contact

Maximum tensile stress due to mechanical loading of a
sliding line contact

Interfacial shear strength

Indentation depth

The critical indentation depth when the transition from
elastic to elastic plastic contact situation occur

The critical indentation depth when the transition from
elastic plastic to fully plastic contact situation occur



Adhesion

Elastic contact situation
Effective

Elastic plastic contact situation
Layer

Moving

Plastic contact situation
Ploughing

Substrate

Static

XiX



XX



Chapter 1
Introduction

1.1 Ceramics in our daily life

Ceramics are interesting materials. Many products in our daily life are made of
ceramics, for example dishes, knives, resistors, bearings, turbine rotors,
extrusion dies and many others. Furthermore, for their chemical inertness and
biocompatibility, ceramics are used for medical applications such as dental
crowns, hip & knee prostheses, heart valves and bone implants.

The word ceramics comes from keramos, the ancient Greek word for
objects made of fired clay. Ceramics can be defined as inorganic, non-metallic
materials. This definition covers not only pottery but also glass, brick, limestone,
porcelain, cement and technical ceramics. Ceramics are typically crystalline in
nature and are compounds formed between metallic and non-metallic elements,
for example alumina ceramic (Al,03), a compound of aluminium and oxygen.

Humankind has known the early ceramics product, pottery, since 30,000
years ago [1]. From that time on, other types of ceramic products like tiles,
bricks and cements were invented and have been used to support human life.
From generation to generation, ceramics have been continuously developed and
their quality improved. Ceramics have played a role in early human civilisation
right through modern life.

The invention of the furnace accelerated the improvement of ceramics
properties and the invention of new ceramics or ceramic composites [2]. High
hardness, high stiffness and chemical inertness make ceramics distinct from
other materials. These promising properties have triggered research on
improving ceramics for wider technical applications, and particularly for
components operating at elevated temperatures.

Faster, lighter and more efficient machines are a big challenge for the
automotive and aircraft industries. Ceramics will be the front end material to
meet these challenges. A ceramic engine, for instance, is the dream of the
automotive and aircraft industries because with ceramics, a higher operational
temperature can be achieved which means higher efficiency as well as lighter
machines. However, the dream is still far from commercial realisation since the
production costs of a ceramic engine are too high and ceramics reveal high
friction and high wear at elevated temperatures [3] which limits the life of the
machine. Nevertheless, many components of combustion and gas engines are
now made of ceramics or covered with a ceramic layer to increase the



performance of the machine, for example zirconia capped ductile iron piston
assembly, silicon nitride turbine blades, silicon carbide ball bearings, alumina
mechanical face seals and many others. Research on low friction and wear
resistant ceramics as well as to reduce the production costs of ceramic
components is being carried out in many research groups.

1.2 Technical ceramics

Ceramic materials that are produced from raw material modification and
refinement or even synthesized to form new ceramic materials are often called
technical, advanced, engineering or fine ceramics [4]. In general, technical
ceramics can be classified into oxide ceramics, non-oxide ceramics and ceramic
composites. Further, the non-oxides ceramics can be classified based on their
chemical components. The classification of ceramics is simply illustrated in figure
1.1.

Generally, oxide ceramics are oxidation resistant, chemically inert, and
electrically insulating but have low thermal conductivity. Non-oxide ceramics are
low oxidation resistant, electrically conducting, thermally conductive and very
hard. Ceramic-based composites were invented by scientists to combine the
above to achieve better properties, i.e. zirconia-toughened alumina composite

(ZTA), SIAION, etc.

Oxides Ceramics
(A1,0,, ZrO,, MgO, etc.)

Carbides
(SiC, TiC, etc.)
Nitrides

(Si,N,, TiN, etc.)

Non-oxides Ceramics

Sulfides Borides
(MoS,, ZnS, etc.) (TiB,, ZrB,)

Silicides

(Mo,S1)

Figure 1.1: Classification of technical ceramics.

A ceramic product is produced by sintering a compacted ceramic powder
(green body). High purity ceramic powder is an essential requirement to have a
dense ceramic product. The powder is milled in such a way as to achieve an
optimum particle size distribution. The large particles in the ceramic powder
should be minimized because they can introduce defects and become regions of



stress intensification under load that lead to premature failures. Binder and
sintering aid materials are sometimes added to the ceramic powder or the
mixture of several ceramic powders in order to achieve better bonding between
the particles and to maintain a certain crystal structure at room temperature. A
green body, which is more or less close to the geometry of the final product, can
be made by many methods like extrusion, injection moulding, pressing, slip
casting or tape forming. The green body is sintered at an appropriate
temperature for a certain period of time to obtain a dense product. The sintering
process is critical because the amount and the method of applying energy as
well as the sintering time determine the bonding properties between the powder
particles and the amount of porosity in the product. The sintered product is then
machined to the designed geometry.

Commercially available structural ceramics like alumina (Al,03), zirconia
(Zr0,), silicon nitride (SisN4) and silicon carbide (SiC) are broadly used in many
applications. Properties of these commercially available ceramics are given in
table 1.1.

Table 1.1: Properties of commercially available ceramics [5].

Property Symbol Unit AlbOs | ZrO, | SiC | SisNg
Grain size d wm 1.8 0.6 6 1.2
Fracture toughness Kic MPa.m%> | 3.5 10 4 8
Young’s modulus E GPa 390 205 | 430 320
Poisson’s ratio v - 0.23 0.3 0.17 | 0.24
Density P kg/m?3 3900 | 6050 | 3200 | 3100
Thermal expansion coeff. o 10°%/K 8 10 3.9 3
Thermal conductivity K W/(m K) 29 2 110 35
Specific heat C J/(kg K) 600 400 | 1000 | 800
Thermal shock resistance AT, K 200 250 380 600
Hardness H GPa 22 14 28 15

Alumina (Al,O3) can be found in nature as bauxite which contains
hydrated alumina (Al,05-H,0). By chemical processing, high purity alumina (up
to 99.5%) can be obtained. Alumina was originally developed for refractory
tubing. Nowadays alumina ceramic is used in many products because it is
relatively cheaper and easier to produce compared to the production of other
ceramics. In addition, a dense product (99.9 %) made of alumina can be
achieved by a good sintering procedure and in combination with its chemical
inertness, alumina is chosen for many biomedical applications, for example
alumina is used for knee joint replacement.

Zirconia (ZrO;) has a high melting temperature (2700°C) and it has
three kinds of crystal structures. At room temperature, the crystal structure of
zirconia is monoclinic while at about 1000°C, the crystal will transform to
tetragonal and at even higher temperatures, 2370°C, the tetragonal crystal will
transform into a cubic shape crystal. The transformation process is always

3



accompanied by a great change in volume that is followed by the formation of
cracks. However, the addition of Y,03, CaO or MgO into zirconia can maintain
the tetragonal or cubic phase at room temperature. Zirconia has a low thermal
conductivity and is thus often used for insulation components. The high
toughness property of zirconia is attractive for dry sliding systems that operate
at low sliding velocities.

Silicon carbide (SiC) is usually produced by mixing high purity silica
(Si0,) with carbon-rich powder and heating them up to 2200-2500°C. The
reaction between silica and carbon results in the formation of silicon carbide and
carbon monoxide. Silicon carbide is a very hard material and difficult to make
into a fine-grained dense ceramic. The high hardness, high thermal shock and
high fracture toughness properties has made silicon carbide suitable for high
pressure and high temperature applications, for example silicon carbide ball
bearings operating at high temperatures.

Silicon nitride (SisN4) consists of two atoms, silicon and nitrogen, which
can be found easily on the earth but silicon nitride cannot be found in nature.
Silicon nitride is produced by heating up silicon powder at a high temperature
(1200°C) in a nitrogen gas atmosphere. This material has the highest thermal
shock resistance properties compared to the other ceramics (see table 1). Due
to its high thermal shock resistance, silicon nitride (SisN4) ceramic is often used
for high temperature applications like turbine rotors in a gas engine.

For more details with respect to ceramics, the reader is referred to
Kerkwijk [10] and He [11].

1.3 Friction and wear of materials

Friction and wear are not material properties but system properties that depend
on the materials in contact and the operational conditions. When two bodies are
in contact and slide over each other, they will experience friction (resistance to
motion) and wear (damage and material loss). Friction and wear cannot be
avoided in the contact of two bodies with relative motion. Friction is needed for
traction and braking systems but must be minimized to reduce energy
dissipation due to friction. Wear is needed for cutting processes but should be
minimized in sliding and rolling contact applications in order to increase lifetime.
There is in general no direct relation between friction and wear but these two
phenomena are somehow interrelated.

1.3.1 Friction

Friction is very important in our daily life. Without friction, we cannot walk. A
quantitative study of friction was carried out and documented by Leonardo da
Vinci (1452-1519). In 1699, Amontons (1663-1705) formulated his observation,
now known as the laws of friction. He stated that (1) the friction force is

4



proportional to the normal load and (2) the friction force is independent of the
apparent contact area. In 1785, Coulomb stated that the friction force is
independent of sliding velocity, which is now known as the third law of friction.
Many material combinations in unlubricated sliding obey the first law of friction,
e.g. steel on polished aluminium [6], alumina sliding against zirconia (see figure
1.2) but polymers often do not [7]. The second law is observed when a wood
slider slides against a steel surface [8]. The third law is observed in dry sliding
contact of alumina doped with 1 % wt CuO against alumina (see figure 1.3).

1
0.9
038
0.7
0 | ..__..___.____O. _____ "
05
04
03
02
0.1 1

0 T T T
0 5 10 15 20

Normal Load (N)

Coefficient of friction

Figure 1.2: Coefficient of friction as a function of normal load of alumina
sliding against zirconia (sliding velocity 0.1 m/s).

1.00
0.90 A
0.80 A
0.70 A
0.60
0.50 4
0.40 - "9 T g & T T T
0.30 A
0.20 A
0.10 A

0.00 T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Sliding velocity (m/s)

Coefficient of friction

Figure 1.3: Coefficient of friction as a function of sliding velocity of alumina
doped with 1 % wt CuO sliding against alumina (normal load
10N).



The friction experience by a moving component is often quantified by
the value of the coefficient of friction (f) that can be written, based on the first
law of friction, as:

F
f=5 (1.1)

in which F is the friction force and P is the normal load. Bowden and Tabor [6],
observed the evidence that the frictional force arises from the adhesion force
(Faan) and the deforming force (Fp) as shown schematically in figure 1.4. The
adhesion force (Faqn) is needed to shear the contact between the surfaces and
the deforming force (Fp) is needed by a hard asperity to plough through the
softer surface.

Figure 1.4: Resistance to motion according to Bowden and Tabor [6].

Therefore, the frictional force according to Bowden and Tabor [6] can be
expressed as:

F= Fadh + Fpl

=TiA+HA' (1.2)

where 1 is the interfacial force per unit area required to shear the junction (i), H
is the hardness of the softer material, A is the projected normal contact area
and A’ is the frontal contact area. The interfacial shear strength (t;) is the most
difficult value to obtain. For a lubricated sliding contact, the shear strength is
mostly related to the shear properties of the lubricant whereas for a dry sliding
contact there is no direct relation between the interfacial shear strength and the
bulk properties, and therefore it must be measured.

1.3.2 Wear

Wear can be defined as progressive loss of material from the rubbing surfaces.
There are four basic mechanisms of wear, namely: adhesion, abrasion (wear



associated with the presence of hard particles), fatigue and corrosion.
Combinations of these basic mechanisms lead to a characteristic damage mode
such as: delamination, fretting, pitting, scuffing and galling [9] (see figure 1.5
and table 1.2).

Characteristic ®Basic

mode of damage mechanism
[ Delamination Adhesion ]
[ Fretting Abrasion ]
[ Pitting Fatigue ]

Corrosion ]

Scuffing,
Galling

Figure 1.5: Modes of damage and basic mechanisms of wear [9].

Table 1.2: Definition of mode of damage [9].

Mode of damage Definition

Delamination Wear initiated by crack propagation at repeated sliding surface
resulting in sheet-like wear particles.

Fretting Wear of material due to oscillatory tangential displacement with small
amplitude (at least less than the contact size).

Pitting Wear due to fatigue which causes cavities or "holes" in the surface.

Scuffing Gross damage characterized by local welding of the sliding surfaces.

Abrasive wear is frequently observed in dry sliding ceramic couples. Ceramic
wear debris that is entrapped in the wear track of a dry sliding ceramic couple
will cause a three-body abrasive tribosystem resulting in a grooved wear track
[10] (see figure 1.6a). Adhesion wear is observed when ceramics slide against a
metal [11]. Metal transfer onto the ceramic surface will occur due to the high
adhesion force between the metal and the ceramic (see figure 1.6b).
Delamination wear is also observed on zirconia ceramics doped with copper
oxide sliding against alumina (see figure 1.6c).



Metal
Transfer
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Figure 1.6: Abrasive wear (a) [10], adhesive wear (b) [11] and delamination
wear (c) observed in dry sliding ceramic couples.

The properties and the operating conditions of the tested materials will
determine the wear mechanism of a dry sliding system. Besides the wear
mechanism, engineers are also interested in quantifying the amount of material
that is removed from the surface. Archard [12] proposed an equation to
calculate the volume of worn material as:



KP
Q—? (1.3)

where Q is the volume of material worn per unit sliding distance, P is the
normal load, K is a constant (wear coefficient) and H is the hardness of the
softer surface. However, for engineering applications the quantity of K/H is often
more useful [7]. The ratio K/H is called the specific wear rate (k) and by
modifying equation (1.3), the specific wear rate can be calculated as:

V. | mm?
k:P_V)le Nm‘| (1.4)

where V,, is the wear volume and x is the sliding distance.

In practice (see figure 1.7), the volume of worn material can linearly
increase (constant specific wear rate) as a function of sliding distance but
sometimes a sudden change in wear volume might occur (changing specific wear
rate) depending on the wear mechanism involved in the contact. For example, a
sudden change in the specific wear rate is observed in a dry sliding contact of
alumina against alumina and a constant specific wear rate can be observed for
alumina sliding against zirconia [5].

;

| Changing specific wear rate —>’
-

’

-+ ’

.

Wear Volume

’
.

~+  Constant specific wear rate

Sliding Distance
Figure 1.7: Specific wear rate of dry sliding system.

For further information on friction and wear mechanisms, the reader is
referred to Bowden and Tabor [7], Hutchings [8], and Rabinowicz [9].



1.3.3 Testing methods

Nowadays there are many experimental methods that can be used to study
friction and wear of materials (see figure 1.8). In general, the methods are
divided into two types: the symmetric arrangement, in which the two surfaces
are symmetrically disposed (see figure 1.8, a and b) and the asymmetric
arrangement (see figure 1.8, c (pin on disc), d (pin on ring), e (block on ring)
and f (pin on flat)). For the same material, the wear rate of the two specimens
tested using the symmetric arrangements are expected to give the same wear
volume. For the asymmetric arrangement, which is more common, the two
bodies, even when made of the same material, will show different wear rates.
The contact types of the asymmetric arrangement can be conformal (figure 1.9
a & b) or counterformal (figure 1.9 c & d).

f{? ©
o

3 €
S

Figure 1.8: Sliding wear test arrangement.

L

(b)

(P

(d)
Figure 1.9: Conformal (a & b) and counterformal (c & d) contacts.
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The specific wear rate (k) of the tested specimen is determined by
measuring the weight of the specimen before (myer) and after the test (mg). The
weight difference (myer — My¢) divided by the density (p) gives the volume of the
worn out material. So, since the load applied (P), the sliding distance (s) and the
weight before (mpe) and after (my) the test are known, then the specific wear
rate of the tested specimen can be calculated as follow:

Mpef —Mgpp
keYw__ P (1.5)
Px Px

If the cross section profile of a wear track can be assumed to be uniform, the
volume of the worn out material can also be calculated by multiplying the cross
section area of the wear track times the length of the wear track.

1.4 Friction and wear of ceramics

As mentioned before, ceramics exhibit high friction and high wear when used as
sliding components in machines [3, 11]. For dry sliding contact applications, the
chosen material combination should be wear resistant (k < 10°mm3N"m™) and
should reveal low friction (f < 0.2). In addition, the values of the coefficient of
friction and the wear rate should not depend on the operating conditions,
especially velocity and temperature [13].

Compared to metals and polymers, ceramics have some advantages and
disadvantages with respect to tribological characteristics (see table 1.3).
Ceramics have high hardness and high elasticity and therefore, for the same
load and the same geometry of the contacting bodies, ceramics will show a
smaller contact area compared to metals and polymers. The smaller contact
area will result in a higher contact pressure and higher friction induced
temperature but less wear due to adhesion. The high contact pressure and
friction induced temperature will generate stresses in the contacting surfaces. If
pores at the surface are subject to these high stresses, crack propagation might
occur leading to grain pull-out, resulting in wear debris. The wear debris trapped
in the system, which are hard, may cause a three body abrasive system
resulting in a rougher rubbing surface and consequently a higher friction [14-
18]. As a result, a sudden change in the value of the coefficient of friction and a
change in the wear rate will also occur. Therefore, it should be possible to
predict the maximum operating conditions (normal load and sliding velocity) on
which dry sliding ceramic systems can operate safely without a significant
amount of wear (mild wear). The prediction of the crack growth, by which one
can determine the maximum load - velocity regime for the designed ceramics
dry sliding system, will be discussed in chapter 2 of this thesis.
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Table 1.3: Tribological characteristics in relation to the types of materials [13].

Mass denSity Ppolymer < Pceramics < Pmetal
Hertzian pressures Ppolymer < Pmetal < Pceramics
Friction-induced ATmetal < ATpolymer < ATceramics
temperature increase

Adhesion energy Adpolymer < Admetal < Adceramics
Abrasion Abceramics < ADmetat < Abpolymer
Tribochemical reactivity Rpolymers Reeramics < Rmetal

1.4.1 Friction and wear of oxide ceramics at room
temperature

At room temperature, oxides ceramics (Al,O5; and ZrO;) exhibit high friction (f =
0.5-0.9,) and a varying specific wear rate (k ~ 10”7 - 10 mm3N"'m™) depending
on the applied normal load and sliding velocity [5, 10, 11, 13, 19, 20]. The
friction and wear of zirconia at high contact pressure and high sliding velocity is
too high (f > 0.6, k > 10° mm3N'm™) and not acceptable for many
applications, especially for medical applications [21], while alumina shows very
little wear at moderate pressure.

The grain size of ceramics influences their wear characteristics [20] as
well as their mechanical and thermal properties. Therefore, the grain size of
ceramics is an important parameter to improve the wear characteristics of
ceramics in dry sliding system. By the right processing technique, the grain size
of zirconia ceramics can be reduced from several um down to 100 nm resulting
in a wear resistant ceramic material (k<<10® mm3N'm™) [11]. He [11] tested
zirconia with various grain sizes and observed that reducing the grain size
improves the wear resistance of zirconia significantly (see figure 1.10).

k[mm3/(Nm)]

Grain Size (um)

Figure 1.10: Specific wear rate of zirconia as a function of grain size [18].
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Besides the grain size of the ceramics, the material of the counter-body
also determines the level of friction and wear of oxides ceramics. Self-mating
couples of zirconia against zirconia and alumina against alumina usually reveal
high friction and high wear. This might be due to the strong adhesion forces
between similar materials. It was shown by Morita et al. [21] (and later in
chapter 3 in this thesis) that the combination of alumina sliding against zirconia
shows lower wear and lower friction compared to a zirconia/zirconia sliding
system.

The composite of alumina and zirconia might be promising. Adding
zirconia into alumina will result in a zirconia toughened alumina (ZTA)
composite. This idea was implemented by Kerkwijk [10]. Kerkwijk showed that
the composite of 85 % alumina and 15 % zirconia is extremely wear resistant (k
< 10 mm3N'm™). Many machine components [22] and medical applications
[23, 24] use the composite of alumina and zirconia for its wear resistance
characteristics. However, this material still exhibits high friction (f > 0.5).

1.4.2 Influence of humidity and water on friction and wear
of oxide ceramics

The presence of moisture can give a significant change in the friction and wear
of oxide ceramics. Alumina can react with the moisture forming a hydroxide
layer [25]. Eventually the hydroxide layer is beneficial to reduce friction if the
formation and the wearing out of the layer are stable. However, at high pressure
and high sliding velocity, friction causes an increase in temperature. A high
contact temperature will accelerate the formation of the hydroxide layer and at a
certain critical thickness, this protective layer will be delaminated from the
surface and consequently significant wear occurs in the system [25-28]. This
kind of phenomenon is also observed at non-oxide sliding ceramic couples [27,
28]. The sliding test of self mated silicon nitride and silicon carbide systems, for
instance, shows a low friction (f < 0.2) in water. The low friction is achieved by
the presence of a silica layer that provides easy shear in the contact [27]. The
load and the velocity as well as the surrounding temperature determines the
lifetime of the interfacial layer and once the thickness of the silica layer reaches
the critical thickness, the friction and wear becomes high again due to the
rougher surface as the result of the delamination of the layer.

The friction of alumina is reduced from 0.6 to 0.4 by increasing the
relative humidity from 0 % RH to 90 % RH. The specific wear rate is reduced
from 107 mm3N*m™ to 10° mm3N'm™ when alumina slides against alumina at
0 % RH to 90 % RH [29]. In water, the coefficient of friction of self-mated
alumina is about 0.3 and the specific wear rate is very low, 1071° mm3N*m™,

In contrast with zirconia, humidity does not have a significant influence
on friction and wear. The coefficient of friction stays at a value of 0.6 and the
wear rate is about 10°® mm3N'm? for the whole humidity range of 0 % - 90 %
RH [30]. In water, the coefficient of friction of self-mated zirconia is about 0.4 -
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0.5 [19, 30]. The friction and wear of pure zirconia will also be discussed further
in chapter 3 of this thesis.

At room conditions (23°C and 45 % RH), Ajayi and Ludema [31]
observed the formation of transfer films in continuously sliding systems of
alumina, zirconia, silicon nitride and silicon carbide combinations. Depending on
the normal load and velocity, the coefficient of friction of these various sliding
couples varied from 0.4 to 0.7.

1.4.3 Influence of temperature on friction and wear of
oxide ceramics

At elevated temperatures, ceramics also reveal high friction (f = 0.4 - 0.9) and
high wear rates (k = 10° mm3N'm™ to 10% mm3N*m™) depending on the
temperature and the operating conditions (normal load and velocity) [33-36].
Various combinations of sliding couples (Al,Os/ ZrO,, Al,Os/ SiC, SisN4/ ZrO, and
SiC / Zr0O,) were tested by Yust and Carignan [32] at room temperature and at
elevated temperatures. Their experimental results showed that all the tested
sliding couples revealed high wear (k > 10 mm3N™m™). The wear tracks ware
investigated and the authors [32] observed that the wear debris were entrapped
and compacted in the wear track due to repeated sliding.

Sliding tests of alumina against alumina shows that the coefficient of
friction increases from 0.4 to 0.82 as the temperature increases from room
temperature to 600°C and decreased to a value of 0.4 at 800-1000°C [33]. By
means of a series of experimental data, Dong et al. [33] proposed a wear map
of self-mated alumina at elevated temperatures as shown in figure 1.11.
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Figure 1.11: Wear map of self-mated alumina at elevated temperatures [33].
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The coefficient of friction of self-mated zirconia at elevated temperatures
is reported to be between 0.3 and 1 depending on the temperature and sliding
velocity [34, 35]. The specific wear rate decreases from 10°® mm3N*m™ to 107
mm3N"'m as the temperature increases [35].

1.4.4 Friction and wear of oxide ceramics in vacuum

Hisakado and co-workers [37-39] investigated the friction and wear behaviour of
ceramics against ceramics and metals in vacuum. The coefficient of friction of
zirconia and alumina in vacuum increases from 0.5 to more than unity as the
temperature increases (25 to 600°C). The specific wear rate also increases (107
to 10 mm3N*m™) as the temperature increases. Again, ceramics reveal high
friction and wear in vacuum.

1.4.5 Ceramics sliding against metal

When a ceramic is brought into sliding contact with a metal, strong adhesion will
occur resulting in high friction and metal transfer to the ceramic material [40-
42]. As the amount of metal transferred to the ceramic increases then the
tribosystem of the ceramic-metal will change into a metal-metal tribosystem
resulting in high friction and high wear [42]. The friction coefficient is reported
to be about 0.4 to 1 depending on the type of ceramic and metal used as
counter body and the operating conditions.

1.4.6 Concluding remarks and the objective of this thesis

The friction and wear of dry sliding contact of oxide ceramics in various
environments (various humidities, high temperature and vacuum) are in general
high. Only in some cases is wear found to be mild. Therefore, wear resistant and
low friction oxide ceramics are needed. An attempt to make low friction oxide
ceramics was carried out by Kerkwijk et al. [43] resulting in a patent of ceramics
doped with CuO [44]. Under certain condition, the authors [43] showed that by
adding copper oxide to alumina and zirconia ceramics the coefficient of friction
was significantly reduced from 0.7 to 0.4.

The objective of this thesis is to carry out an investigation on the
frictional behaviour of alumina and zirconia doped with CuO in the mild regime.
The investigation was based on the principle that the presence of a soft
interfacial (patchy) layer be responsible for reducing the friction. This
investigation led also to the development of a contact and friction model of a
layered surface that will be discussed further in this thesis.
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1.5 Outline of this thesis

In this chapter, a review on friction and wear of oxide ceramics has been
described. Chapter 2 reports the experimental results and a model for
determining the range of the operating conditions (normal load and sliding
velocity) as a function of the material properties at which sliding ceramic couples
can operate safely, i.e. mild wear. In chapter 3, further investigation results on
the friction and wear of oxides ceramics doped by CuO are described. The
influence of humidity, water and temperature will be discussed. This chapter will
also discuss the friction mechanism that is responsible for reducing the friction.
In chapter 4, based on the observation described in chapter 3 that low friction in
the ceramics doped with CuO is due to the presence of a soft interfacial layer, a
general contact model is developed to predict the contact behaviour of a rough
surface against a flat layered surface. Further, in chapter 5, the contact model is
extended to a friction model. In chapter 6, the prediction of the coefficient of
friction of zirconia doped with CuO sliding against alumina is presented based on
the friction model presented in chapter 5 and the possible layer formation
mechanism will be discussed in this chapter. Finally, conclusions and
recommendations for future research are given in chapter 7.
The results of this investigation are reported in the literature [45-53].
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Chapter 2
The Transition from Mild to Severe Wear of
Ceramics

2.1 Introduction

Ceramics will experience wear when used as components in dry sliding systems.
Depending on the operating conditions (normal load, velocity and temperature)
and material properties (grain size, mechanical and thermal properties), the
wear of ceramics can be mild or severe. Mild wear is indicated by a very small
amount of material loss, and a mild wear track looks smooth as a result of a
running-in process. Severe wear can be recognized by a rough wear track and a
lot of material loss. Severe wear should be avoided because it often quickly
leads to system failure. Therefore, an engineer needs to know the operating
conditions applicable to a ceramic material combination in order to operate
safely, i.e. so that no severe wear takes place.

Many wear maps were proposed to predict wear of ceramics [1-3]. Most
of the proposed wear maps were constructed by plotting the experimental
results as a function of the operational conditions (normal load, sliding velocity
or temperature). For example, Dong et al. [1] introduced a wear map of a-
alumina ceramics as a function of normal load and temperature, while Hsu and
co-workers [2, 3] introduced wear maps of various ceramics as a function of
normal load and velocity. Unfortunately, Dong et al. [1] and Hsu & co-workers
[2, 3] did not give any direct relation between the operating conditions and
material properties with the type of wear experienced by ceramics under dry
sliding conditions.

Adachi et al. [4] introduced a relation between the operating conditions
(normal load or velocity) and material properties to determine the wear type of
dry sliding ceramic systems. They proposed a non-dimensional wear map for
sliding circular contacts which was derived based on the maximum tensile stress
needed to initiate propagation of pre-existing cracks in the surface. For a sliding
circular contact, the maximum tensile stress induced by mechanical loading
(normal force and firction force) was calculated by Adachi et al. [4] based on the
work of Hamilton [5] and the thermal stress due to frictional heating was
determined based on the maximum temperature rise in a dry sliding contact as
proposed by Ashby et al. [6]. By inserting, separately, the maximum tensile
stress due to mechanical loading or thermal loading into the linear fracture
mechanics for crack growth (see section 2.2), Adachi et al. [4] defined a non-

21



dimensional mechanical severity parameter (Sc,m) and a non-dimensional
thermal severity parameter (Sc,t). If the calculated values of the severity
parameters of a ceramic sliding circular contact exceed a critical value, the wear
type is predicted to be severe wear and vice versa. This model was validated
experimentally by testing ceramics against itself to simplify the heat partitioning
problem which is not covered by the model of Ashby et al. [6]. As a
consequence, this model is limited to self-mated ceramic contacts.

Metselaar et al. [7] improved the model of Adachi et al. [4] by
introducing a new thermal severity parameter in which the heat partitioning
problem was taken into account. Metselaar et al. [7] used the analytical solution
proposed by Bos [8] to calculate the maximum temperature rise in a sliding
circular contact which was further used to calculate the tensile stress at a crack
tip due to frictional heating. Following the procedure introduced by Adachi et al.
[4], Metselaar et al. [7] derived a new thermal severity parameter, Z. The new
thermal severity parameter enables one to use the model for various
combinations of ceramic sliding couples. The experimental results performed by
Metselaar et al. [7] show that the new thermal severity parameter improved the
prediction of wear transition of ceramics under conditions in which the wear is
dominated by thermally induced wear.

The model of Adachi et al. [4] and Metselaar et al. [7] were used to
predict the type of wear in dry sliding ceramic systems for the condition in which
the wear is dominated by mechanically induced wear (high contact pressure but
very low sliding velocity) or for conditions in which wear is dominated by
thermally induced wear (low contact pressure but high sliding velocity). These
models therefore overestimate the wear type of dry sliding ceramic systems
operating at a moderate pressure and a moderate sliding velocity in which wear
is induced by both mechanical loading and thermal loading at the same time.

In this chapter, the derivation of mechanical and thermal severity
parameters of circular sliding contact introduced by Adachi et al. [4] and
Metselaar et al. [7] will be revisited and generalized to elliptical and line
contacts. Further, a combined mechanical and thermal severity parameter for a
certain condition (Peclet number, P, higher than 2) will be introduced. The
combined mechanical and thermal severity parameter will enable one to predict
the mild to severe wear transition of ceramics for the condition in which
mechanically and thermally induced wear occurs almost equally. Experimental
validation of the combined mechanical and thermal severity parameter will also
be reported and discussed in this chapter.

2.2 Mechanical and thermal severity parameter
2.2.1 Crack growth

During the processing of ceramics, imperfections like grain boundary cracks in
the material and at the surface cannot be avoided. Mechanical and thermal
loading will introduce stresses at the crack tip. If these stresses are high
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enough, crack propagation along the grain boundary will occur and most
probably the propagated crack will end up at the surface resulting in wear
debris. The wear debris can be entrapped in the wear track which may cause
three-body abrasive wear that make the surface rougher, i.e. severe wear
occurs. So, the operating condition that initiates the crack to grow, leading to
severe wear, is defined as the criterion to determine the wear type of ceramics.
For the analysis of crack growth, it is assumed that:
e Pre-existing micro-cracks at the grain boundary are the necessary
requirements for micro-crack propagation. Their length is proportional to the
grain size.

e Inter-granular fracture is caused by the propagation of these micro-cracks,
which may be enhanced by friction.

Based on these assumptions, the fracture mechanism model can be used. The
critical condition for crack growth to occur then can be expressed by the
following equation [9]:

Yo axVTd 2 Kyc (2.1)

in which 6, is the maximum tensile stress at the tip of the crack, d is the pre-
existing crack length, K¢ is the fracture toughness, and Y is a dimensionless
constant that depends on the crack geometry [9].

For ceramics, the existence of tensile stresses is more important for
yield than the value of the maximum shear stress. Therefore, in the following
section, the calculation of maximum tensile stress for a sliding circular, elliptical
and line contact will be outlined. Further, by inserting the maximum tensile
stress into equation (2.1), a non-dimensional mechanical and thermal severity
parameter will be derived.

2.2.2 Mechanical severity parameter

In practice, the shape of the contact area of curved bodies can be circular,
elliptical or even a line (strip) (see figure 2.1). A circular contact can be
observed in the contact of a spherical capped follower with the flat part of a
cam. An elliptic contact can be seen in the contact of a ball with the inner and
outer rings of a ball bearing and a line contact can be observed in the contact
between spur gears (see figure 2.1).

Hertz [10] introduced the solution to calculate the deformation, the
contact area and the contact pressure of circular contact. Further, Hertz’s
solutions were extended for the case of elliptical and line contacts [11-13]. A
summary of Hertzian solutions for circular, elliptical and line contacts is given in
appendix A.
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Figure 2.1: Circular, elliptical and line contacts, (a) physical condition and (b)
the shape of the contact area.

Hamilton [5] derived a closed form formula to calculate the stress field
beneath a sliding circular contact. According to Hamilton [5] the maximum
tensile stress occurs at the circumference of the contact (see figure 2.2). The
effect of friction is to add a compressive stress to the leading edge of the contact
and to intensify the tensile stress at the trailing edge. This maximum tensile

stress (Gﬁ?éh) is given by:

1-2 4+
cﬁ?@h:Po[ 3V+ 8an} (2.2)

in which P, is the maximum Hertzian pressure (see appendix A), v is Poisson’s
ratio and f is the coefficient of friction.
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Figure 2.2: The distribution of the stress (o) at the surface for a range of the
coefficient of friction [5].

The stress field beneath a sliding elliptical contact was derived by
Sackfield and Hills [14]. They also observed that the maximum tensile stress
occurs at the trailing edge of the contact. Suppose the direction of sliding is
parallel to the x-axis (see figure 2.1), the maximum tensile stress due to normal

loading (Op ) at the trailing edge of a sliding elliptical contact can be calculated

as:
P,(1- 2v)£(1 —Etan_l(ED ,ifa<b
- e? e k
OpE = k (1 (2.3)
P0(1—2v)—2(—tanh_1(e)—lj ,if b<a
e e
with:
a
k== 2.4
b (2.4)
5
(1—k2)O ; if b>a
e= 0.5 (2.5)
(1—%} ; if a>b
k

where a and b are respectively the minor and major axes of the contact ellipse
(see figure 2.1), e is the eccentricity and P, is the maximum Hertzian pressure
for elliptical contact (see appendix A). In the presence of friction, the tensile
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stress due to friction (¢ ) at the trailing edge of a sliding elliptical contact can
be calculated as (Sackfield and Hills [14]):

Of | = :l;PO [(92 +V)I1 - Vk212] (2.6)

where I; and I, are the elliptical integrals defined as:

=] /SW 72 (2.7)
0(1+W2)3 (1{2+w2)1

=T dw (2.8)
0(1+w2)1 (k2 2)3

So the total maximum tensile stress at the trailing edge of a sliding elliptical

mech

contact (G, ) due to normal loading and tangential loading can be calculated

as:
mech
OmE =OfE TOPE (2.9)

For a line contact, the maximum tensile stress due to normal loading and

mech

tangential loading (0,,, ) was derived by Johnson [11]:

omsh =2 £ P, (2.10)

The calculation of the tensile stress (cgggh) at the trailing edge of a circular,

elliptical or line contact, can in fact, be written in a general equation as the
summation of the tensile stress due to normal loading and the tensile stress due
to tangential loading for an elliptical contact:

omeh —p ((1-2v)Cy +£Cy) (2.11)

where P, is the maximum Hertzian contact pressure, f is the coefficient of
friction, C; is a proportionality constant to calculate tensile stress at the trailing
edge due to normal load and C, is a proportionality constant to calculate the
tensile stress due to a tangential load. For a circular contact, equation (2.11)
must yield to equation (2.2) by setting the ratio between the minor and major
radii (see equation (2.4)) equal to unity, whereas for line contact, equation (2.2)
must yield to equation (2.10) by setting the ratio of the minor and major radii to
zero or infinity. Therefore, C; in equation (2.11) can be defined based on
equation (2.3) as:
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%(1 —Etan_l(gn ,ifa<b
e e k
1

£[—tanh_l(e)— 1) ,if b<a

e2€

Cy = (2.12)

The possible value of constant C; is shown in figure 2.3.
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Figure 2.3: Constant C; as a function of the ratio between the minor axis and
the major axis (a/b) of an elliptical contact.

The constant C, can be calculated using equation (2.6). As shown in
figure 2.4 for different values of the Poisson’s ratio, the value of C, does not
vary much. Therefore, the value of C, can be calculated using equation (2.13)
which was obtained by fitting the numerical results given by equation (2.6). The
curve fitting equation can calculate the value of C, with an error less than 8 %.

s 5
Ffo: Cy, = 2tanh| sinh ™ %[%}7 (2.13)

Since the tensile stress at the trailing edge of the contact area can be
calculated, one can find that by inserting equation 2.11 into equation (2.1), the
crack will start to grow if the following equation is fulfilled:
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M=P0((1_2V)Cl +fC2)\/EZ 1
Kic Yn

(2.14)

where M is a dimensionless number defined as the mechanical severity
parameter.

For a circular contact, using the assumption that the Poisson’s ratio is
0.25, equation (2.2) can be simplified to:

smech _ 3P |1+10f

(2.15)

By substituting equation (2.15) into equation (2.1), Adachi et al. [4] defined the
mechanical severity (S m) of a sliding circular contact as follows:

3P(1 +10f \d
Sc,m= ( b} N_ZCm (2.16)
2ma KIC
in which Cp, = 6/(Y\/E)
Consequently, the relation between the mechanical severity parameter

defined by Adachi [4], S.m and the general mechanical severity parameter (M)
is:

M="C (2.17)

2.0 &0
A v=0.01
1.5 0 v=0.25
¢ v=0.5
— Curve fit
Cav, k) 10
0.5 .
Circular contact
0.0 ; ‘ ; — A
001 0.1 1 10 100 1000 10000
_a
Line contact (a/b)~0 K= b Line contact (a/b) = oo

Figure 2.4: Constant C, as a function of the ratio between the minor axis (a)
and the major axis (b).
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2.2.3 Thermal severity parameter

When a sliding contact passes a spot on a stationary surface, the temperature
on the surface will rise due to frictional heating, followed by rapid cooling down
due to heat dissipation. The temperature rise will induce thermal strain and
therefore compressive stress at the surfaces. While it is cooling down, a tensile
stress will be induced in the surface. The maximum temperature rise due to
frictional heating has been derived by Bos [8], resulting in:

fPv 1
b T ) (2.18)

where f is the coefficient of friction, P is the normal load, V is the sliding velocity,
a and b are the minor and major axes respectively, K is the thermal
conductivity, 6is the flash temperature number [8] and subscript i refers to the
bodies in contact.

For sliding, where one of the contacted bodies is stationary and the
other is moving, equation (2.18) can be written as [8]:

PV 1
\/E Kmov +Ksta (2-19)
emov esta
with:
1
s s
0
oS +| 2 (2.20)
mov 1 q)Pej
B5ta =61 (2.21)
and:
b
s=0.5exp/1-—|—-2.5 (2.22)
a
caV
P, =pTi (2.23)
0,=0.375 6, =0.589 (2.24)
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where s is the shape factor [8], P, is the Peclet number, p is the density, c is the
specific heat, 6, and 6, are constants obtained from numerical results performed
by Bos [8].

For a circular contact, where a is equal to b, Metselaar et al. [7] defined:

fPV
aKegr

AT = (2.25)

in which K = 2.667[K,+(K;2+0.4Vap;c1K1)®?], K is the effective thermal
conductivity for a sliding circular contact. Next, the maximum stress due to this
maximum temperature rise in the contact can be given by:

thermal _ Ea AT

Gmax 1 —v

(2.26)

in which a is the thermal expansion coefficient and E is the elastic modulus.
Substitution of equation (2.26) into equation 2.1 leads to:

1
>
il—ViKIC Y (2.27)

The material properties in equation (2.27) can be related to the thermal
shock resistance of the material with the following linear relation (see Adachi et
al. [4]):

1-v)K

where m is a proportionality constant and ATsQ is an offset value. When
(1-v)K;/[Ea(nd)?°1—0, then the thermal shock resistance of the material

ATs — 0, and as a consequence ATso = 0.

Combining equation (2.27) and equation (2.28), the thermal severity parameter
(I') in general can be calculated as:

AT [ 1
F=——>— ,
ATg Lﬂ} (2.29)

AT, = AT, +m

For a circular contact (a = b), equation 2.29 can be written as [7]:

(]

PV S 1 5 30
aKeffATS - mY ( ' )

where Zis the thermal severity parameter for a circular contact defined by
Metselaar et al. [7].
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2.3 Combined mechanical and thermal severity parameter

An analytical solution to determine the surface temperature distribution due to
frictional heating is not available yet. However, numerical calculation shows that
the maximum surface temperature due to frictional heating moves from the
centre of the contact area, for Peclet number (P.) equal to zero, to the trailing
edge for higher Peclet numbers, say P. > 2. This is based on the results
presented by various authors [15-19].

So for P, larger than 2, it can be assumed that the maximum
temperature rise due to frictional heating occurs at the trailing edge of the
contact area (see figure 2.5). Based on this assumption, the maximum tensile
stress due to frictional heating and the maximum tensile stress due to
mechanical loading (normal force and friction force) coincide at the trailing edge
of the contact area. The total maximum tensile stress can be calculated as a
summation of these maximum stresses. By using equation (2.1), the following
expression can be derived for the crack growth due to a combined mechanical
loading and thermal heating, using equations (2.11) and (2.26):

Yo, axVTd 2 Ky

mech Thermal
Y max T Omax nd 2 KIC

Y{PO (@-ve; + sz)+%AT}\/H > K¢
-V

m 1
M+—=I'2—F4 (2.31a)

Jno o Yin

For a circular contact, equation (2.31a) can be expressed as:

3P |1+10f Eo fPV
Y + Jrd > K
{Znaz { 6 } (1 -v)aK g } ¢

Wby (2.31b)
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Figure 2.5: Dimensionless steady surface temperature distribution along the x-
axis (moving direction) and along the y-axis (perpendicular to
direction of motion of the frictional heat source) [16].

Based on experimental results, according to Adachi et al. [4], a mild to severe
wear transition due to mechanical loading will occur at Sc,m = 6 and according
to Metselaar et al. [7] mild to severe wear transition due to thermal loading will
occur at & = 2.7. Substitution of these results into equation (2.31b) and by
using the value of Y = 0.71[9]and c = 0.47 [7], one finds that severe wear will
occur when the following expression is fulfilled:

2.7S¢m +6E216.2 (2.32)

2.4 Experimental procedure

To evaluate the transition from mild to severe wear of ceramic sliding circular
contacts, experiments were performed on a pin-on-disc tribometer (see figure
2.6). The ball on disc geometry is chosen to avoid misalignment problems. The
tribotester (CSEM, Switzerland) used for these experiments and the schematic
setup of the pin on disc are shown in figure 2.6.

The disc is mounted on a holder that is driven by a motor. The motor is
controlled by a controller connected to a personal computer, and by using built
in software a user can determine the sliding velocity and the distance or the
number of revolutions applied to the test. A ball shape counter body is mounted
in a ball holder that is attached to a very stiff arm (see figure 2.6) in the normal
direction which is held by two elastic joints. The friction force is obtained from
the displacement experienced at the end of the elastic joints (see figure 2.6).
The normal load is applied by placing a corresponding mass on top of the pin. In
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order to obtain constant test conditions the tribometer was placed in a controlled
environment with the temperature set at 23°C and the relative humidity at 40%.

Alumina ceramic was chosen as disc material for its high conductivity to
be able to operate in the mild wear regime at high contact pressures and high
Peclet numbers. They were made from commercially available, high purity o-
alumina powder. In addition, discs made of zirconia doped with CuO, on which
low friction was observed (will be explained later in chapter 3), were also tested.
The discs had a diameter of 36 mm and a thickness of 4 mm. The discs were
polished to a RMS value of less than 0.1 um. Commercially available 10 mm
diameter Al,03, Y-TZP, SisN, and SiC balls were used as counter surface. Both
discs and balls were cleaned ultrasonically in ethanol for 30 minutes and dried at
120°C prior to use. Properties of the ceramics used are listed in table 2.1.
Velocities and loads used in the experiments are listed in table 2.2. Each test
was carried out for 10 km sliding distance.

The surface topography of the specimens before and after each
experiment was measured using the MicroMap interference microscope (ATOS,
Germany). The principle of the apparatus is shown in figure 2.7. This apparatus
operates on the bases of the white light interferometry imaging measurement
technique. This technique allows the apparatus to instantly measure the
topography of a surface.

This apparatus can be used to measure surface topography of a certain
area and depending on the chosen magnification, the measured area ranges
between 0.1 x 0.085 mm? to 4.42 x 3.45 mm?2 The measured surface is
represented by 304 x 228 data points and the height resolution is better than 1
nm. The digital data provided by this apparatus allows the user to treat the data
using a computer by which one can determine the radii and heights of the
asperities of a measured surface which are parameters needed to calculate the
contact between rough surfaces (see chapter 4).

Tabel 2.1: Properties of materials used.

Disc Pin

Property Symbol Unit Al,O3 | ZrOo, | Al,03 | ZrO, | SizN, | SiC
Grain size d [um] 1.8 0.18 6 4 na* na*
Fracture Toughness Kic [MPam?| 3.5 7 3.5 | 10 8 4
Young's Modulus E [GPa] 390 210 390 | 210 | 320 | 430
Poisson's Ratio v [-] 0.23 0.3 0.23 [0.31| 0.24 |0.17
Density p [kg/m3] 3900 | 5700 | 3900 | 6050| 3100 |3200
Thermal Expantion Coeff. o [10°K] 8 9 8 9.8 3 | na*
Thermal Conductivity K [W/(m.K)] 29 2.5 29 3 35 110
Spesific Heat c [J/kgXK)] [ 600 400 600 | 400 | 800 [1000
Thermal Shock Resistance ATs K] 200 280 200 | 250 | 600 | 380

* not available
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Table 2.2: Velocities and loads used in the experiments

Pin Velocity (m/s) | Load (N) Pmax(MPa)
Al,O3 0.35-0.85 2-20 870-1875
3Y-TZP 0.7-0.85 1-2 555-700
SizNg4 0.65-0.85 2-3 814-932
SiC 0.45-0.85 2-10 892-1524

Figure 2.6: The pin-on-disc tribotester used in this thesis.
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Figure 2.7: The principle of MicroMap measurement (a). Examples of
measured surfaces (mild and severe wear) obtained by the
MicroMap surface interferometer which are displayed in 3D view

(b).
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2.5 Results
2.5.1 Specific wear rate

For all the tests performed, both mild and severe wear, besides through the
obtained specific wear rate (k), could be recognized easily by the naked eye.
Mild wear always shows a shiny and smooth wear track as a result of running-in.
Severe wear shows a rough surface accompanied by a lot of wear debris beside
the wear track. Typical wear track profiles for mild and severe wear are shown in
figure 2.8. Figure 2.9 shows the distribution of wear data for mild and severe
wear of ceramics tested. It was found that severe wear will occur for a specific
wear rate higher than 10°® mm3N'm™ [4] for the alumina disc and 3x10°
mm3(N*m™) [7] for the zirconia disc. Here, mild wear was defined when a
relatively smooth wear track was formed with a specific wear rate less than 10°
*mm>3N"m? for the alumina disc and a specific wear rate less than 3x10® mm?3N"
!m™ for the zirconia disc while severe wear was defined when a rough wear
track was formed with a specific wear rate larger than 10°® mm3N™*m™ for the
alumina disc and 3x10°® mm3N"*m for the zirconia disc.

2.5.2 Wear map

Figure 2.10a shows the transition from mild to severe wear of ceramics on a
logarithmic scale. The present experimental results are plotted together with
data taken from Adachi et al. [4] and Metselaar et al. [7] as well as the
transition defined by them (dotted lines). In addition, the experimental results
on zirconia doped with CuO (see chapter 3) reported by Reuver [20] are also
plotted. The combined mechanical and thermal severity parameter shows
improvement in predicting the mild to severe wear transition of ceramics,
particularly in the region in which the wear is induced by both mechanical
loading and thermal loading. Figure 2.10b, in which the results are plotted on a
linear scale, shows the improvement more clearly.

2.6 Discussions

A combined mechanical and thermal severity parameter for a Peclet number
higher than 2 was introduced in this chapter. The transition from mild to severe
wear is in good agreement with the experimental results. The experimental data
taken from Adachi et al. [4] and Metselaar et al. [7] also fit to the improved
transition boundary. Moreover, some results which it seemed could not be
explained by their transition models now fit nicely with the improved transition
boundary. Furthermore, this model is valid for various combinations of ceramics.
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Figure 2.8: Cross-section profiles of (a) mild and (b) severe wear. (see also
figure 2.7).
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Figure 2.10a: Wear map of ceramics presented on logarithmic scale. Present
experimental results: (OO,M), Adachi et al. [4]:(O,®) Metselaar
et al. [7]: (A,A), and Reuver [20]: (<, ®).
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Figure 2.10b: Wear map of ceramics presented on linear scale. Present
experimental results: (O0,M), Adachi et al. [4]:(O,®) Metselaar
et al. [7]: (A,A), and Reuver [20]: (O, ®).

As shown by the transition equation (equation (2.31)), the coefficient of friction
has a significant influence in determining the wear type of the ceramic.
Therefore, low friction ceramics are needed to extend operating conditions such
as normal load (P) and velocity (V).

The influence of reducing friction on the extension of the operating
conditions can be shown in the following example. Consider a 10 mm diameter
alumina ball sliding against zirconia. The coefficient of friction of zirconia against
various ceramics ranges from 0.55 to 0.85 depending on the normal load and
the sliding velocity (see figure 2.11) [21]. Taking a coefficient of friction of 0.7,
the maximum allowable normal load - sliding velocity regime for the system of
10 mm diameter ball (alumina or zirconia) sliding against a flat oxide ceramic
can be calculated based on equation (2.31) and the properties given in table
1.1. This result is given in figure 2.12. The same calculations performed for a
coefficient of friction of 0.2, is plotted in figure 2.12 (dotted line).

Figure 2.12, in which the mild to severe wear transition is given as a
function of the coefficient of friction, clearly shows that the coefficient of friction
is an important parameter that determines the maximum allowable normal load
- sliding velocity regime.
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Figure 2.12: The maximum allowable normal load and velocity of 10 mm
diameter alumina ball sliding against zirconia disc.

2.7. Concluding remarks

In this chapter, a relation between the operating conditions and the wear type
(mild or severe) of ceramics has been discussed. The experimental results
showed that the model can quite accurately predict the transition between the
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region of mild and severe wear. With the proposed model, one can predict
whether a sliding ceramic system will experience mild wear or severe wear.

In the following chapter, an attempt to reduce the friction of dry sliding
ceramic systems will be presented.
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Chapter 3
Friction Reduction by Adding Copper Oxide
into Alumina and Zirconia Ceramics

3.1 Introduction

Chapter 2 has clearly shown that the coefficient of friction influences the wear
type of dry sliding ceramic couples. This means that a reduction of friction is
necessary to extend the operational conditions of dry sliding ceramic couples in
which no severe wear take place. In this chapter, attempts to reduce the
coefficient of friction of dry sliding ceramics couples will be reviewed. Further,
investigation results focused on the influence of CuO doped in alumina and
zirconia ceramics in reducing the coefficient of friction will be reported and
discussed.

3.2 Attempts to reduce friction of dry sliding ceramic
couples

The friction of a system is determined by the real contact area and the
interfacial shear strength of the contact between the two opposing bodies. Liquid
lubrication is the most widely used method to reduce the interfacial shear
strength and as a result reduction of friction and wear. The liquid lubricant forms
a film between the surfaces providing low interfacial shear strength resulting in a
low friction system. However, in some applications like biomedical applications,
a synthetic lubricant is not permitted for medical reasons. In addition, at
temperatures higher than 300°C, most liquid lubricants and greases are not
chemically stable [1].

For dry sliding applications, high temperature applications in particular,
friction is usually reduced using a solid lubricant either by covering the surfaces
with a soft thin layer or by a self-lubricating composite in which second phase
particles are dispersed within the base material. Due to sliding, however, a soft
thin layer will experience wear and this will consequently limit the lifetime of the
layer. Once the soft thin layer is completely removed, the coefficient of friction
rises to the level of friction of the substrate material. In addition, the thickness
of the coating must also be optimized in order to obtain an optimum low friction
system.
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To have a long-life low friction dry sliding system, a self-lubricating
composite is preferred. Alexeyev and Jahanmir [2] investigated the friction
behaviour of self-lubricating composites of 20% weight tin (Sn) dispersed in
aluminium. Their investigation results revealed that due to the high contact
pressure, the second phase soft metal particles were squeezed out of the matrix
and plastically smeared by harder asperities of the counter surface, which then
form a soft interfacial layer resulting in a low friction system.

An interesting dry sliding system should have a constant low friction, f =
0.2, and specific wear rate, k, less than 10°°mm3N'm™ [3]. Some articles [4-11]
reported that depending on the normal load and the sliding velocity, the
coefficients of friction of dry sliding alumina and zirconia ceramics range
between 0.5 and 0.9 which is unacceptably high for practical applications.
Therefore, low friction dry sliding ceramic systems are needed not only to
extend the operating conditions but also to reduce energy losses due to friction.

Microstructure modification like grain size reduction shows a significant
improvement of the wear resistant properties of ceramics [4, 5, 9]. However,
reducing the grain size does not show any significant contribution in reducing
the level of friction of dry sliding ceramic systems.

Wang et al. [12] investigated the friction behaviour of zirconia ceramic
covered with a copper oxide layer of 50 nm thickness. Dry sliding tests
conducted on this material showed a coefficient of friction lower than 0.2.
Unfortunately, they only performed the sliding tests for 3.6 meters.

The idea of adding soft second phase particles into oxide ceramics was
implemented by Kerkwijk et al. [13] and Sekulic [14]. Kerkwijk et al. [13] doped
5 % wt of soft metal oxides (CuO, MgO, Mn0O,, ZnO and B,03) into alumina and
zirconia. Dry sliding tests were carried out on these composite materials and the
experimental results showed that only CuO between these soft metal oxides
could contribute significantly in lowering the coefficient of friction. Kerkwijk et al
[13] reported that the addition of CuO into oxide ceramics reduced the
coefficient of friction from 0.65 to 0.45. Seculic [14] added many other additives
into alumina and zirconia. She added 5% weight of CuO, TiO,, B,03, V,0s5, M0Os3,
In,03, SN0, and Cr,05 into the alumina and zirconia ceramics. Her investigation
results confirmed the results reported by Kerkwijk et al. [13] that CuO doped in
alumina and zirconia can significantly reduce the coefficient of friction of dry
sliding alumina and zirconia ceramic systems. However, the friction mechanism
responsible for reducing friction in the tribosystem of dry sliding oxide ceramics
doped with CuO is not yet clear.

Further investigation results on friction and wear of alumina and zirconia
doped with CuO in various environmental conditions are presented in this
chapter. Also, the mechanism of low friction will be discussed.
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3.3 Material preparation

Various weight percentages (0.5 % wt, 1 % wt and 5 % wt) of commercially
available copper oxide powder (Alfa Chemicals, Germany) were added to o-
alumina powder (AKP50, Sumitomo, Japan). The composite of CuO and o-
alumina was sintered at 1500°C for four hours.

Also, various weight percentages (1 % wt and 5 % wt) of the copper
oxide powder were added to 3Y-TZP powder (Tosoh, Japan) [15]. The composite
of CuO and 3Y-TZP was sintered at various sintering temperatures resulting in
various specimens with different densities (see table 3.1).

Table 3.1: List of specimens made of zirconia doped with CuO sintered at
various temperatures [15].

Specimen Composition Sintering temp. (°C) Density
3Y-TZP + x wt % CuO | Sintering time (hours)
1 5% 1350, 4 68%
2 1% 1400, 4 Not measured
3 5% 1400, 4 70%
4 5% 1450, 4 78%
5 5% 1500, 4 92%
6 5% 1550, 8 95%

The material ready for investigation was cut into discs of 36 mm
diameter and 4 mm thickness. The discs were polished to a centreline surface
roughness (Ra) of 0.1 um.

3.4 Testing procedure

The dry sliding tests were performed by using a pin-on-disc tribometer (CSEM,
Switzerland, see chapter 2 section 2.4). In order to obtain given test conditions
the tribometer was placed in a climate chamber by which the temperature (up to
80°C) and the relative humidity (18 % - 95 %) could be set. The tests at
elevated temperature (up to 800°C) were performed using a high temperature
pin-on-disc tribometer (CSEM, Switzerland). Sliding tests on the materials were
conducted with various normal loads (1 - 10 N) and various velocities (0.1-0.5
m/s). All the tests were performed for at least 1 km sliding distance.
Commercially available 10 mm diameter Al,Os3, ZrO,, SiC and SisN,; ceramics
balls were used as a stationary counter-body. The discs and the balls were
cleaned ultrasonically in ethanol for 30 minutes and dried at 120°C prior to use.
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3.5 Friction and wear of alumina and zirconia doped with
CuO at room temperature

3.5.1 Alumina doped with CuO

Overall results of the sliding tests conducted on alumina doped with CuO against
alumina are summarized in table 3.2. Figure 3.1 clearly shows that the addition
of 5% wt CuO into alumina (when sliding against an alumina ball) can reduce
the coefficient of friction from 0.65 to 0.45. At the first 100 m sliding distance,
the coefficient of friction of various percentages of CuO in alumina sliding
against alumina balls started at a value of approximately 0.25 and slowly
increased up to 0.4 after 100 meters as shown in figure 3.2. The low coefficient
of friction for the first 100 meters was probably due to the presence of
hydroxide on the specimens [16]. After 1000 meters sliding distance, the
variation of the percentage of CuO in alumina does not show much influence in
reducing the coefficient of friction (see table 3.2), the coefficient of friction
stayed at the same level of about 0.45. The experimental results also show that
the variation in normal load and sliding velocity does not much influence the
value of the coefficient of friction (f = 0.45).

Alumina doped with CuO sliding against zirconia, silicon carbide and
silicon nitride ceramic balls does show a significant contribution in reducing the
coefficient of friction (see table 3.3). The coefficients of friction in these tests
have a value of about 0.55 or higher.

Tabel 3.2: Coefficient of friction (steady state, i.e. after 1000 m sliding
distance) of various percentage of CuO doped in alumina sliding
against alumina ceramic balls at various normal loads and sliding

velocities.
Coefficient of Friction
Normal Load [N]; [Sliding Velocity
Al,O; + Al,O0; + Al,0; + AlLO; +
(Pmax [GPa]) [m/s] 0 % wt CuO| 0.5 % wt CuO | 1 % wt CuO | 5% wt CuO
0.1 - 0.45 0.40 0.47
5;(1.17) 0.2 - 0.43 0.39 0.43
0.4 - 0.45 0.44 0.43
10 ; (1.48) 0.1 0.7 0.45 0.47 0.43
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Figure 3.1: Coefficient of friction as a function of sliding distance of alumina
disc without copper oxide and alumina disc doped with 5 % weight
of CuO sliding against an alumina ball at 10 N normal load and 0.1
m/s sliding velocity.

0.5
0 % wt CuO
C
9
.45 0.4 -
S / 0.5% wt Cuo 5 % wt CuO
c - *
o
O
‘G 0.3 1 1‘
(o]
(@]
1 % wt CuO
0.2 ‘ | | |
° 20 40 60 80 100

Sliding distance (m)

Figure 3.2: Coefficient of friction as a function of sliding distance of alumina
disc without copper oxide and alumina disc doped with 0.5 %, 1 %
and 5 % wt of CuO sliding against alumina balls respectively, at 10
N normal load and 0.1 m/s sliding velocity (the first 100 m).
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Table 3.3: Coefficient of friction of 1 % wt CuO in alumina sliding against
various ceramic balls at various normal loads and sliding

velocities.
Normal Load [N]; | Velocity Coefficient of Friction
Balls A|203 + A|203 +
(Pmax [GPa]) [m/s] | 0 % wt CuO | 1 % wt CuO
0.1 0.70 0.40
0.15 - 0.38
5;(1.17) 0.2 - 0.39
0.4 - 0.44
o 0.5 - 0.45
=
< 0.1 0.65 0.47
0.2 N 0.45
10; (1.48) 0.3 - 0.50
0.4 - 0.52
0.5 - 0.71
0.1 0.85 0.52
ON 5; (0.93)
rd 0.2 0.80 0.59
N
10; (1.17) 0.1 - 0.62
0.2 0.78 0.65
O
b 5;(1.2)
0.3 - 0.70
0.2 - 0.60
z
o 5; (1.1) 0.3 - 0.80
0
0.5 - 0.90

In general, the wear of alumina doped with CuO sliding against alumina is mild
(k < 107 mm3N*m™). Only at high contact pressures and high sliding velocities,
i.e. table 3.3 for normal load 10N and sliding velocity 0.5 m/s, high friction and
severe wear OCCurs.
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3.5.2 Zirconia doped with CuO

Figure 3.3 shows the coefficient of friction of zirconia doped with 5 % wt CuO
sintered at various temperatures sliding against alumina. The steady state
coefficients of friction for the first 1 km sliding distance of all the specimens with
5 % wt CuO (see figure 3.3) show that the specimens sintered at 1500°C give
the lowest coefficient of friction. However, at a sliding distance more than 1 km,
the coefficient of friction of the specimen sintered at 1500°C suddenly increased
to a value of 0.7 accompanied by a sudden transition in wear. This phenomenon
was also observed in the sliding tests of zirconia doped with 1 % wt CuO
sintered at 1400°C (see figure 3.4). This transition phenomenon will be
discussed further in section 3.9. For these cases, there was no significant wear
observed when the coefficients of friction were lower than 0.25 (mild wear) but
a lot of wear was observed (severe wear) after the transition in the coefficient of
friction.

The tests of all the specimens listed in table 3.1 sliding against ZrO,, SiC
and SisN4 ceramic balls did not show a low value of the coefficient of friction (f =
0.6 to 0.8).
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Zirconia + 5%wt CuO (sintered at 1550°C)
0.9 A
0.8 A
= Pure Zirconia (sintered at 1400°C
S 0.7 1 ( )
)
Q
i 0.6 -
“5 Zirconia + 5%wt CuO (sintered at 1350°C)
< 0.5 A
c
Q
O 0.4 - Zirconia + 5%wt CuO (sintered at 1400°C)
= N
8 03 W
i ™y "
O ) 1
0.2 Zirconia + 5%wt CuO (sintered at 1500°C)
Zirconia + 5%wt CuO (sintered at 1450°C)
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Figure 3.3: Coefficient of friction as a function of sliding distance of
specimens listed in table 3.1 sliding against alumina (normal load
5N and sliding velocity 0.1 m/s).
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Figure 3.4: Coefficient of friction as a function of sliding distance of zirconia
doped with 1 % wt CuO and zirconia doped with 5 % wt CuO
sintered at 1500°C sliding against alumina (normal load 5N and
sliding velocity 0.1 m/s).

The coefficient of friction varies as the normal load changes. The variation of the
coefficient of friction for various loads can be seen clearly in table 3.4. In
general, for low loads the coefficient of friction tends to be low and as the load
increases the coefficient of friction increases and as a result, the wear changes
from mild to severe wear.

Table 3.4: Coefficient of friction of various 1 % wt CuO and 5 % wt CuO in
zirconia sliding against alumina at various normal loads and 0.1
m/s sliding velocity.

Coefficient of Friction

Normal Load [N]; Zro, + 2ro, + Zro, +
(Pmax [GPal) |0 % wt CuO 1 % wt CuO 5 % wt CuO

1; (0.55) - 0.29 0.35
2; (0.69) - 0.28 0.35
3; (0.79) 0.68 - -

5 (0.94) 0.7 02 (up to 4 km) 0.25

& 0.8 (after 4.2 km)

7 ; (1.05) - - 0.27
8; (1.1) 0.75 - 0.35
9; (1.15) . . 0.42
10 ; (1.19) . 0.6 0.43
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3.6 Friction and wear of alumina and zirconia doped with
CuO at various humidities

Alumina doped with 5 % wt CuO was also tested against alumina in high
humidity environments. At high humidity, the coefficient of friction of dry sliding
alumina doped with 5 % wt CuO sliding against alumina is reduced but not
significantly (see figure 3.5). This phenomenon was also observed by Gee [16]
for pure alumina tested at various humidities. According to Gee [16], low friction
occurs due to the presence of hydroxide that forms during sliding.

There was hardly any wear observed for all the tests performed at high
humidity of alumina doped with 5 % wt CuO sliding against alumina (k << 107
mm3N*m™).
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Figure 3.5: Coefficient of friction of alumina doped with 5 % wt CuO sliding
against alumina as a function of the relative humidity (normal
load 5N and sliding velocity 0.1 m/s).

In contrast with zirconia doped with CuO, the effect of humidity on
friction is really significant (see figure 3.6a and 3.6b). In general, the coefficient
of friction of zirconia doped with CuO decreases as the relative humidity
increases, but humidity does not show a significant effect on friction and wear of
pure zirconia (see figure 3.6c). The coefficients of friction as a function of sliding
distance in general follow a certain characteristic. At the start, the coefficient of
friction is low for a certain sliding distance then gradually increases and stays at
a high value. The low coefficient of friction at high humidity may be caused by
the formation of a soft tribochemistry layer during sliding, [17].
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Figure 3.6: Coefficient of friction of zirconia doped with CuO sintered at
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1550°C (a), zirconia doped with CuO sintered at 1500°C (b) and
pure zirconia (c) at various humidities (normal load 5N and
sliding velocity 0.1 m/s).



3.7 Friction and wear of alumina and zirconia doped with
CuO at elevated temperatures

At elevated temperatures (up to 500°C), alumina doped with 5 % wt CuO sliding
against alumina shows an increase in friction. The coefficient of friction increases
from 0.4 to 0.8 as the temperature increases (see figure 3.7). The values of the
coefficient of friction are in the same range with the values observed by Dong et
al. [18] where the coefficient of friction of pure alumina increased from 0.4 to
0.8 as the temperature increased from 100°C to 800°C.

Specific wear rates, k < 107 mm3N!m™, were observed in the sliding
tests of alumina doped with CuO sliding against alumina at elevated
temperatures.

0.8 A

0.6 -

0.4

Coefficient of friction

0.2

0 \ ‘
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Temperature ( C)

Figure 3.7: Coefficient of friction of alumina doped with 5 % wt CuO sliding
against alumina at elevated temperatures.

The steady state coefficients of friction of zirconia doped with CuO
sliding against alumina tested at elevated temperatures are shown in figure 3.8.
At elevated temperatures, the coefficients of friction of zirconia doped with CuO
are at about the same value as that of pure zirconia. In addition a lot of wear
(severe wear) was observed when zirconia doped with CuO was tested at
elevated temperatures. For pure zirconia, Stachowiak [19] observed that the
coefficient of friction increased from 0.55 to 0.7 when the temperature was
increased from room temperature to 400°C. Stachowiak [19] also reported high
wear of zirconia tested at elevated temperatures.
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Figure 3.8: Steady state coefficient of friction of pure zirconia and zirconia
doped with CuO sliding against alumina at elevated temperatures.

3.8 Friction and wear of alumina and zirconia doped with CuO sliding
against steel

If alumina doped with 5 % wt CuO is tested against steel, the coefficient of
friction ranges from 0.55 to 0.65 depending on the sliding velocity (see figure
3.9). It was observed that the steel wears a lot whereas alumina doped with 5
% wt CuO does not wear at all and some of the worn metal is transferred onto
the ceramic surfaces which in fact create a metal-metal tribosystem [9].
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Figure 3.9: Coefficient of friction as a function of sliding velocity of alumina
doped with 5 % wt CuO sliding against steel (normal load 1N).
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Pure zirconia and zirconia doped with CuO were tested against ball bearing steel
under dry sliding conditions and lubricated conditions using a transmission oil.
The results show (see figure 3.10) that in dry and lubricated systems, the
addition of CuO does not make any contribution to lowering the coefficient of
friction but on the contrary, a somewhat higher friction is observed. The
presence of CuO in zirconia increases the adhesion force with steel which causes
a higher coefficient of friction. Observations on the discs after dry sliding
revealed that a lot of metal was transferred onto the ceramic surface which also
indicates the strong adhesion between the metal and the ceramic. Therefore,
after a certain sliding distance a lot of metal transfer occurs, and the
tribosystem is no longer a ceramic-metal system but a metal-metal system [9].
In the lubricated situation, the coefficient of friction of pure zirconia and zirconia
doped with CuO shows a slight difference at higher velocities (0.1 and 0.2 m/s).
This is due to the fact that the shear in the contact was partly taking place in the

lubricant.
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Figure 3.10: Coefficient of friction of zirconia doped with CuO sliding against
alumina (a) dry and (b) lubricated.
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3.9 Low friction mechanism

SEM pictures taken from the wear track of alumina doped with CuO sliding
against alumina (see figure 3.11) show that after a short sliding distance, a
small number of grains are in contact which carry the load. These grains are cut
microscopically which creates debris as the system slides on. In time, the debris
is trapped in the wear track, then compacted to form a smooth patchy layer.
Further sliding causes the patchy contact area to increase and stabilize to a
certain value, which also indicates the stable steady-state coefficient of friction.
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Figure 3.11: SEM pictures of (a) the bulk material before testing, (b) the
wear track at a low coefficient of friction (f = 0.25) and (c) the
wear track at a higher value of the coefficient of friction (f =
0.45) of alumina ceramic doped with 1 % wt CuO sliding against
alumina at 5N normal load and 0.1 m/s sliding velocity.

The SEM pictures (figure 3.12) were taken in each specific region of the
coefficient of friction versus the sliding distance graph: low friction region,
transition region and high friction region. The SEM pictures show that an
interfacial layer was formed. The layers are not uniform but patchy. Surface
profile measurement across the wear track using the surface interferometer
shows that a very smooth wear track is formed (see figure 3.13). The patchy
layer is formed during sliding and a self-lubrication mechanism is generated. It
appears that the surface deforms plastically and creates an interfacial layer in
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the contact. This layer is removed gradually (the transition region) which causes

the wear track to be rougher as well as an increase in the coefficient of friction.
Transition Region . o .

High Friction Region

sle

Low Friction Region

Coefficient of Friction

Figure 3.12: SEM pictures of the genesis of the wear track of a zirconia disc
doped with 1 % wt CuO sliding against an alumina ball at 5 N
normal load and 0.1m/s sliding velocity. (a) SEM picture of bulk
material before the test (b) after 500 m of sliding (f = 0.2) (¢)
after slide for 4 km of sliding (f = 0.45) and (d) after 7 km of
sliding (f = 0.8).
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Figure 3.13: Wear track profiles of zirconia doped with 1 % wt CuO sliding
against an alumina ball. (a) Across the wear track (b) along the
wear track.

Nano-hardness measurements (see appendix B) were conducted on
alumina and zirconia doped with CuO, both in the wear track (at the patchy
layer) as well as outside the wear track (bulk material). The hardness
measurement results as a function of the penetration depth are presented in
figure 3.14.

For the zirconia doped with CuO, the hardness of the surface inside the
track (patchy layer) and outside the track for low indentation depths have
almost the same value. This might indicate that a soft layer is formed when
polishing the disc. This layer may also be the reason that the coefficient of
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friction at the start of each experiment is rather low. The measurement results
also show that the hardness of the patchy layer (H = 6 GPa) is much less than
the hardness of the bulk (H = 14 GPa). This soft interfacial layer behaves as a
solid lubricant layer that reduces the resistance to motion and as a result
lowering the coefficient of friction.

In contrast with zirconia doped with CuO, the hardness measurement
results of alumina doped with CuO showed that the patchy layer is harder than
the hardness of the bulk material itself. It might be that during the formation of
the patchy layer it continuously compacted resulting in a hard layer.
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Figure 3.14: Hardness as a function of penetration depth of (a) zirconia

doped with CuO and (b) alumina doped with CuO sliding against
alumina.
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The XRD analysis of zirconia doped with CuO (sintered at 1500°C) shows that a
strong peak of copper is observed in the wear track where low friction was
observed (see figure 3.15) but is not really pronounced in the bulk material.
These results confirm that the presence of a copper rich layer, which is soft, is
present in the wear track of zirconia doped with CuO.

Counts/s

Zr_hr96_1mmstep_I3[ C13

Strongest peak of Cu,O

20

10 / Inside the wear track

] S
0 Zr_hr96_1mmstep_I3|C15

Outside the wear track (Bulk)

T T
20 30 40 50 60 70 80 90
Position[2Theta]

Figure 3.15: XRD pattern of the wear track where low friction was observed
and the bulk of zirconia doped with 5 % wt CuO sintered at
1500°C sliding against alumina.

3.10 Concluding remarks

This chapter has shown the influence of CuO in reducing the friction of alumina
and zirconia for the dry sliding contact situation. The effects of load, velocity,
humidity and temperature on friction are shown. Low coefficients of friction,
between 0.15 to 0.25 for a sliding distance of 1 km and more, were observed in
the tribosystem of zirconia doped with CuO sliding against alumina. The SEM
pictures and hardness measurements suggest that a smooth patchy layer is
present in the wear track and for the case of zirconia doped with CuO, the
patchy layer is softer which indicates a self-lubricating mechanism. In chapter 4,
a contact model of a rough surface in contact with a flat layered surface will be
presented followed by friction model in chapter 5.
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Chapter 4
Deterministic Contact Model of a Rough
Surface in Contact with a Flat Layered Surface

4.1 Introduction

Chapter 3 has shown that a tribosystem of zirconia doped with CuO sliding
against alumina exhibits a low coefficient of friction (f = 0.15-0.25). The nano-
indentation results (see figure 3.14a) and the SEM pictures (see figure 3.12)
reveal that a soft thin layer is present in the wear track. This soft thin layer
provides easy shear that principally reduces friction. So, in fact, the tribosystem
of zirconia doped with CuO sliding against alumina is a soft layer on top of a
hard substrate in contact with a hard counter-surface. To model this
tribosystem, in this chapter, a general contact model of a rough surface in
contact with a flat layered surface will be outlined. This contact model will be
developed further in chapter 5 to predict the friction of a rough surface sliding
against a flat layered surface. Further, in chapter 6, the prediction of the
coefficient of friction of zirconia doped with CuO sliding against alumina will be
presented and discussed.

4.2 Overview of contact models
4.2.1 Statistical contact model of Gaussian surfaces

The work of Greenwood and Williamson [1] was among the first to provide a
significant contribution to the research of contact between rough surfaces. They
developed a statistical model to analyze the contact behaviour of rough surfaces
by modelling a rough surface as an array of spherically capped asperities with
the same radius, and the asperities’ heights varied randomly following a
Gaussian distribution. Their work has been cited in many articles and has
experimentally been proven [2] for the case of elastic contact. However, the
experimental results show a significant deviation from the theoretical calculation
when the contact situation is no longer elastic, i.e. elastic plastic or fully plastic.
The work of Greenwood and Williamson [1] in studying the contact of
two nominally flat surfaces for an elastic contact situation has been extended by
Zhao et al. [3] by incorporating the contribution of the elastic-plastic and fully
plastic contact situations. Zhao et al. [3] followed the assumption of Greenwood
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and Williamson [1] by assuming a rough surface to be an array of spherically
capped asperities with the same radius (B) the heights of which vary randomly
following a Gaussian distribution (statistical model). They also assumed that
there is no interaction between the neighbouring asperities and the deformation
is solely at the asperity level. Based on this assumptions, if a rough surface is in
contact with a perfectly smooth surface and these two surfaces are separated by
a distance d, then the number of asperities in contact (n), the real contact area
(Ae) and the load carried by the asperities in contact (P.) in an elastic contact
situation can be calculated respectively as follows [3]:

n=nAp, [0 (s)ds (4.1)

h

h+m§1 .

A, =mnAomBo | (s—h)o (s)ds (4.2)

h

4 %00.5 15h+w:1 1.5,*
P, :gnAnomE B”°c? [ (s=h)’¢ (s)ds (4.3)
h
with:

E (4.4)

B, (1-vd)+Ey(1-v2)

0" (s) = \/;—nexp(—%?] (4.5)

where n is the asperity density, A.,,m is the nominal contact area, o is the
standard deviation of the asperity height, h is the standardized separation (d/c),
E is the elasticity modulus, v is the Poisson ratio, @'c; is the standardized onset
of yielding (see equation 4.7) and subscripts 1 and 2 denote the two bodies in
contact.

The contact situation can change from elastic to elastic-plastic if the load
is sufficient to initiate the onset of yielding. Tabor [4] observed that for metals,
the onset of yielding occurs when the maximum Hertzian contact pressure reach
0.6 times the hardness of the material deformed. Based on the work of Tabor
[4], Greenwood and Williamson [1] defined the critical indentation depth (w.) at
which the onset of yielding occurs as:

0 = 0.89P (4.6)

*
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where H is the hardness of the softer material in contact.
In standardized form, equation 4.6 can be written as:

2
H (4.7)

*

e 0.898
c ol E

Further deformation after the onset of yielding will lead to an elastic-plastic
contact situation. The range of the elastic-plastic contact area is significant and
the critical indentation depth (w.;) at which the transition from the elastic-plastic
to fully plastic contact situation occurs is a few times more than the onset of
yielding:
_ o et (4.8)
Weg =C W1 > Mg =C WO
Based on the work of Johnson [5], Zhao et al. [3] suggested that the fully
plastic contact situation will occur when an asperity is deformed more than 54
times the onset of the first yielding (c = 54). According to Jackson and Green
[6], based on the finite element simulations they performed, the value of the
constant c in equation (4.8) can be about 110. A different value of constant c
will certainly lead into a significant difference in calculating the contact area and
the total load carried by the asperities. However, Jackson and Green [6]
reported in their paper that they observed an error of up to 17% between the
Hertzian contact area obtained from their finite element simulations and the
analytical solution. Depending on the penetration depth, the contact area
calculated by using the model of Jackson and Green [6] shows about 0 to 20 %
difference from the contact area calculated using the model of Zhao et al. [3].
This error is in the range of difference between the contact area calculated with
the model of Zhao et al. [3] and the contact area calculated with the model of
Jackson and Green [6]. Therefore in this thesis the calculation of the contact
area is carried out based on the work of Zhao et al. [3].

Zhao et al. [3] defined a smooth transition from the elastic to the fully
plastic contact situation based on a third order polynomial template (see figure
4.1). According to Zhao et al. [3], the real contact area (A.,) and the load
carried by asperities at the elastic-plastic contact situation (P.,) can be
calculated as:

Aep = TmAnomBG X
e, -0y ) fG-h-oy ) | (4.9)
[ (s-h)1-2 ST | g ST 0 | " (g)ds

* *
h+03:1 Wcg — Ocy Weo — O
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h+,, o _
Py = Ao HBo | [1—0-61““’02 Infs *h)]x
h+oy, Inos —Inwy

e \3 . N2 (4.10)
(s—h)l—Z(%J +3[%} 0" (s)ds

Wco — Ocy Weo — Ocy

ElasticI Elastic-plastic , Fully plastic
1 I

Contact area (A)

_______
-
e

(O (O35} Indentation depth (®)

Figure 4.1: Contact area as a function of the indentation depth as proposed by
Zhao et al. [2].

At fully plastic contact, the contact area (A;) and the load carried by asperities
(Pp) can be calculated as [2]:

A, =2mnA, B0 (xj)(s ~h)¢ (s)ds (4.11)
P, = 21nA,,o,BoH O}(s ~h)o" (s)ds (4.12)
()

So, the total real contact area (Aw:) and the total load carried by
asperities (Pyt) can be calculated by summarizing respectively the contact area
and the load carried at elastic, elastic-plastic and fully plastic contact situation:

Aot =Ae+Aep+Ap (4.13)

Piot =Pe + Pep + Pp (4.14)
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4.2.2 Statistical contact model of nhon-Gaussian surfaces

In practice, many engineering surfaces do not have a Gaussian height
distribution. Kotwal and Bushan [7] attempted to solve the problem of the
contact between non-Gaussian surfaces. Instead of using the Gaussian
probability density function (equation (4.5)) they used for non-Gaussian
surfaces a curve fitting equation of the real probability density function. So
basically, for the case of the contact between non-Gaussian surfaces, one can
calculate the total contact area (Aw:) and the total load carried by asperities in
contact (Pyt) by substituting the real probability density function instead of the
Gaussian probability density function into equations (4.2), (4.3), (4.9)-(4.14).

The model of Kotwal and Bushan [7] covered the effect of a non-
Gaussian distribution of the asperity heights. However, their model still assumed
that the asperities have the same radius, which is, in fact, not true. Therefore, a
deterministic contact model that takes into account the effect of non-Gaussian
distribution of the asperities heights as well as the effect of asperities with
different radii should be used in order to calculate the real contact of rough
surfaces more accurately.

4.2.3 Deterministic contact model

As discussed above, in reality the radius of each asperity present on a surface is
not the same and in many cases the asperity height distribution does not follow
the Gaussian distribution. Therefore, in this thesis, a rough surface is modelled
as an array of asperities with different radii and heights (deterministic model).

Nowadays, there are many kinds of commercial three dimensional
surface topography measurement apparatus available, e.g. MicroMap
interference microscope, ATOS, Germany (see figure 2.7a). This apparatus
provides the user with digital data of the measured surface, which enables the
user to treat the data using the computer. Using a good method, for example
the 9-points method used by de Rooij [8], the radius and the height of every
single asperity on the measured surface can be obtained. Once the data of the
radius and height of each single asperity are obtained, one can determine the
number of asperities in contact, the contact area and the load carried by each
asperity as a function of the separation between the contacting surfaces. The
total contact area and the total load can be calculated by summarizing
respectively the contact area and the load carried by each individual asperity.
The present model will diminish the assumption of an average radius and enable
one to calculate the contact of non-Gaussian surfaces more accurately.

Suppose n asperities are present on a rough surface. It is assumed in
this thesis that the asperities, at least near the summits, are spherical and the
interactions among the neighbouring contacting asperities are negligible. The
asperities have different radii (B;) and heights (z) which are measured from a
mean plane (see figure 4.2). When the rough surface approaches a flat surface,
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some asperities might make contact with the flat surface (if z>d) and some
might not (if z;<d) depending on the separation (d) between the two surfaces
(see figure. 4.2). Assuming that the deformation solely occurs at asperity level,
the local indentation depth of each asperity () is determined by:

w; =z; —d (4.15)

e

Mean plane Q /

Z3 \ o5/ EA txf/

o
[ AN %

Figure 4.2: Contact model of a rough surface with a flat surface.

Depending on the indentation depth (w;), the contact situation of every single
asperity can be elastic, elastic-plastic or plastic. Adopting the transition from the
elastic to the elastic-plastic contact situation (w., equation 4.7) proposed by
Greenwood and Williamson [1] and the transition from the elastic-plastic to the
fully plastic contact situation (0., equation 4.8) proposed by Zhao et al. [3], the
contact area of each asperity (A;) at the elastic (Ai), elastic-plastic (Ai,) or fully
plastic (A;j;) contact situation can be calculated as:

Aje(o;) if o) <oy (o)
Ai(wi): Aiep(wi) if wcl(wi)< ; <mc2(wi) (4.16)
Ay (o) if  oglo;) <oy
where:
Ajol0) = B (4.17)
o - ) o - )
Ajep(@;) =B 0 1—2( : CIJ +3( ! CIJ (4.18)
We9 — ¢y Weg — Wcy
Ajp (o) = 27B;0; (4.19)

The load carried by each asperity (P;) in the elastic (P), elastic-plastic (Pie,) or
fully plastic (P;,) contact situation can be calculated as:
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Py (o;) if o <o ()

Py (0;)=1{Pip(0)  if (o)< <og(o;) (4.20)
P, (o) if (o)< o
where:
4 s
P, =3 EBd-5wid (4.21)
P —|H-06H P2 N0 |, 4.22
1ep - * ln Q)C2 —ln 0)01 1ep ( . )

P, =HA;, (4.23)

The total real contact area (Aw:) and the total load (Pw:) carried by the
interacting asperities can be calculated by summing up the individual contact
areas and the loads carried by each individual asperity:

n n
Aot =2 A; 5 Py =2B (4.24)
1 1

4.2.4 Comparison between the statistical model and the
deterministic model

To compare the statistical model and the deterministic model, two different
surfaces are used with surface parameters as shown in table 4.1. These surfaces
consist of asperities with different radii (B;) and heights (z;) relative to a mean
height plane (see figure 4.3). Suppose these two rough surfaces (E; = 210 GPa,
H;=7.6 GPa, v; = 0.3) are brought into contact with a flat surface (E; = 210
GPa, H, = 7.6 GPa, v, = 0.3), the dimensionless separation (d/c) as a function
of dimensionless load (Pwt/(AnomE’)) calculated by the present model and the
statistical model [3, 7] are presented in figure 4.4.
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Table 4.1: Surface parameters of the two surfaces used.

Case | Bavg [M] c[m] n [m~]
1 2x107° 4.8x10°8 6x101°
2 1.58x107° 2.63x107 8.98x10%°
2
10
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0.4 | Case 1
>
= 1
2 03 1 o 10 : g
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Figure 4.3: The asperity height distribution and radius distribution of the two
surfaces, i.e. radius ratio (Bi/Bavg) as a function of normalized
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Figure 4.4: Comparison of the deterministic model and the statistical model for
the two surfaces in contact with a flat surface, case 1 (a) and case
2 (b).
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It is clear from figure 4.4 that for the two cases studied in this chapter,
the results obtained with the deterministic model and the statistical model show
a difference. The difference in calculating the separation is more pronounced
(see figure 4.4b) for the non-Gaussian surface (case 2). For the non-Gaussian
surface (case 2), even when the real distribution function [7] is used, the
difference in calculating the standardized separation and the normalized load is
significant. This is due to the fact that the asperities have different radii (see
figure 4.3), therefore, each asperity has its own transition from elastic to plastic
contact conditions and by this, obviously for the same indentation, the load
carried and the contact area calculated by the statistical model and the
deterministic model will reveal different values. Clearly, the radius of each
asperity is a very important parameter and should be taken into account since
assuming an average radius in analyzing the contact of rough surfaces will lead
into a significant difference in calculating the separation.

4.3 Contact of a rough surface with a flat layered surface

As outlined in the previous section, in order to analyze the contact behaviour
between two surfaces, one needs to know the topography and the mechanical
properties (Poisson’s ratio (v), elasticity modulus (E) and hardness (H)) of the
contacting surfaces. Gao et al. [9] derived an analytical solution to calculate an
effective Poisson’s ratio (veg) of a layered surface. Further, by adopting the work
of Gao et al. [9], Swain & Mecik [10] proposed a simple equation, which they
also validated experimentally, to calculate an effective elasticity modulus (E.¢) of
a layered surface. The effective hardness (He) of a layered surface can be
calculated using an equation proposed by Bhattacharaya & Nix [11], which was
obtained by fitting the finite element simulations they performed. Depending on
the indentation depth (w), the values of the effective mechanical properties of a
layered surface range between the value of the mechanical properties of the
layer itself and the value of the mechanical properties of the substrate.

Since the three effective mechanical properties of a layered surface can
be determined as a function of indentation depth, a flat layered surface can be
modeled as a solid which has an effective elasticity modulus [10], effective
hardness [11] and effective Poisson’s ratio [9] as a function of the indentation
depth. This will allow one to treat the contact of a rough surface with a flat
layered surface like the contact of a rough surface with a flat surface in which
the mechanical properties of the flat surface are varied as a function of the local
indentation depth.
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4.3.1 Contact of a sphere with a flat layered surface (single
asperity model)

By assuming that the layer is perfectly bounded to the substrate, a layered
surface is modelled like a solid that has effective mechanical properties (Vves(®)
[9], Eer(w)[10] and Hex(w) [11]) as a function of indentation depth (w). The
model is schematically illustrated in figure 4.5.

Normal approach

Layer Thickness (t)

Elayer, Hlayer,w layer ,l,

Esubstrate, Hsubstrate, U substrate

Figure 4.5: Contact model of a sphere with a flat layered surface.

4.3.1.1 Elastic contact

Swain & Mencik [10] proposed an equation to calculate an effective elasticity
modulus (E.¢) for a layered surface based on the weight function (Iy(§)) derived
by Gao et al. [9] as:

Eor () = Eg +(E; —E I E(o) (4.25)

where:

T, (@) = 2 tan~ (@) +

T

1 1+&w)? E(w) (4.26)
- - |f1- 1 _
211 — v o1 (@) 1-2veg (@K@ Ew?  1+E0)?
with:
t
é(@)—m (4.27)
a(w) = *°0"? (4.28)
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in which Eg is the elasticity modulus of the substrate E, is the elasticity modulus
of the layer, v is the effective Poisson’s ratio of a layered surface, t is the layer
thickness, a is the Hertzian contact radius, B is the radius of the sphere and wis
the indentation depth.

The effective Poisson’s ratio of a layered surface according to Gao et al.
[9] is:

Verr (@) = v + (v = v )I; (E(w)) (4.29)
with:

2
T (&) = %tan_l () + 5@ 1 L+ 5@

4.30
T E(w)? (4:30)

where v, is the Poisson’s ratio of the substrate and v, is the Poisson’s ratio of the
layer.

By replacing the elasticity modulus (E,) and the Poisson’s ratio (v,) in
equation (4.4) with the effective elasticity modulus (Ec(®), equation (4.25)) and
the effective Poisson’s ratio (ver(®), equation (4.29)), the reduced elasticity
modulus (E*(0)) of a flat-layered surface in contact with a sphere (E; and v;)
can be calculated as:

E; Eop (@)

E'(0) =
E; (- (v (0)?) + Eggp ()1 - v?)

(4.31)

The contact area (A.) and load carried (P.) for the elastic contact
situation of a sphere in contact with a flat layered surface can then be calculated
as [5]:

A (0) =B (4.32)

P, (o) = %E*(m)ﬁo'%m (4.33)

4.3.1.2 Fully plastic contact
Bhattacharaya & Nix [11] empirically derived the effective hardness (Hes) of a

hard layer on a soft substrate (equation (4.34)) and for a soft layer on a hard
substrate (equation (4.35)) as a function of the indentation depth (®) as follows:

onEs (o 2
Heff((‘)) =Hg + (Hl - Hs)eXp _y_(?j (4.34)
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Hegr (@) = Hg + (Hl - HS)eXp - (Hl /HS) [gj (4.35)

(Gyl /Gys )(Eyl/Eys )0.5 t

where H is the hardness, E is the elasticity modulus, o, is the yield stress of the
material, o is the indentation depth, t is the coating thickness and subscript s
and | refer to substrate and layer respectively.

The contact area (A;) and the load carried (P,) for the fully contact
situation of a sphere in contact with a flat layered surface can be calculated as:

Ay =21Bo (4.36)

P, (0) = Hegr (0)Aw) (4.37)

4.3.1.3 Elastic-plastic contact

It is assumed in this model that the layered material follows the Hertzian
behaviour for the elastic contact situation as described in section 4.2. The critical
indentation depth (o.1(®)) to initiate the onset of yielding (which might be in the
layer or in the substrate) then can be calculated as:

2

0.1 () = 0.89B ? (4.38)

(@)

The critical indentation depth (w.) where the fully plastic contact condition
starts to occur is assumed to be the same as that of the surface without layer,
thus:

ez (®) = ¢ 0y (®) (4.39)

with c equal to 54 (see section 4.2.1)

Following the transition from the elastic to the fully plastic contact
situation as proposed by Zhao et al. [3], the contact area (A.,) and the load
carried by the deformed layered surface (P.,) for the elastic-plastic contact
situation can be calculated as:

3 ~ 2
Agp(®) = 7B 1 —2(Lﬂ(wj + 3{MJ (4.40)

0o (@) — 01 (@) ez (®) — 001 (W)
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In 0.5(®) - Ino

Pep (@) =| Hegr (@) — 0.6Hgr (@) In ©.5(®) - In ® (®)

}Aep(w) (4.41)

4.3.1.4 Comparison of the single asperity model with the
data available in the literature [12-14]

The contact behaviour of a sphere pressed against a flat layered surface was
studied experimentally by EI-Shafei et al. [12], EI-Sherbiney [13] and
numerically by using the finite element method by Tangena [14] and Tang &
Arnell [15]. The present model, in which the flat layered surface is modelled as a
solid with effective mechanical properties, is used to simulate the experimental
results of El-Shafei et al [12], El-Sherbiney [13] and the numerical results of
Tangena [14] and Tang & Arnell [15]. The material properties, radius of the
indenter and the thickness of the coating for the experiment [12, 13] and
numerical simulations [14, 15] are summarized in table 4.2 and table 4.3. The
normal approach and contact radius as a function of the load for the case of El-
Shafei [12], the normal approach as a function of the load for the case of El-
Sherbiney [13], the contact area as a function of the load for the case of
Tangena [14] and the normal load and mean contact pressure as a function of
the indentation depth according to Arnell & Tang [14] are calculated with the
present analytical model and the results are plotted together with the
experimental data [12, 13] and the numerical simulation results [14, 15] in
figures 4.6, 4.7, 4.8 and 4.9 respectively. More comparison between the present
model and the experimental data of El-Shafei et al. [12] and El-Sherbiney [13],
the finite element simulations performed by Tangena [14] and Tang & Arnell
[15] are presented in appendix C.

Table 4.2: Materials, indenter radius and coating thickness used by El-Shafei
et al. [12], El-Sherbiney [13], Tangena [14] and Tang & Arnell

[15].
Material Indenter Coating
Reference Indenter Coating Substrate Radius (mm) Thickness (um)
El-Shafei et al. [12] Steel Lead Steel 1.59, 3.7 0,1.5,3,6,9, 12
El-Sherbiney [13] Steel Lead Mild Steel 6.35,12.75 1.2, 15
Tangena [14] Rigid lead Steel 3.175 2,4,6
Tang & Arnell [15] Diamond ceramic Steel 0.1 1,2,5,10
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Table 4.3: Materials properties used by El-Shafei [12], El-Sherbiney [13],

Tangena [14] and Tang & Arnell [15].

Properties

Indenter Coating Substrate
References E v H E v H E v H

(GPa) [-] (GPa) (GPa) [-1 (GPa) (GPa) [-1 (GPa)
El-Shafei et al. [12] 210 0.3 7.6 18 0.35 | 0.17 210 03 | 7.6
El-Sherbiney [13] 210 0.3 7.6 18 0.35 | 0.17 140 0.3 | 1.86
Tangena [14] 1000 0.07 - 14 0.45 0.04 210 0.3 1.2
Tang & Arnell [15] 1141 0.07 | - 400 0.3 22.5 200 0.3 | 7.5
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Figure 4.6: Comparison between the experimental data published by El-Shafei

et al. [12] and the calculated results using the present model. See
appendix C for further comparison between the present model and
the experimental data published by El-Shafei et al. [12].
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Figure 4.7:

Figure 4.8:
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The comparison between the experimental data obtained by El-
Sherbiney [13], the model of El-Sherbiney [13] and the calculated
results using the present model (units along the axis are in
accordance with the literature data). See appendix C for further
comparison between the present model and the experimental data
published by El-Sherbiney et al. [12].
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model. See appendix C for further comparison between the present
model and the finite element results published by Tangena [14].
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Figure 4.9: The comparison between the FEM simulations carried out by Tang
& Arnell [15] and the present model, (@) normal load as a function
of indentation depth (b) mean contact pressure as a function of
ration between the indentation depth and the layer thickness. See
appendix C for further comparison between the present model and
the finite element results published by Tang and Arnell [15].

In general, as shown by figures 4.6 to 4.9, the present model is in good
agreement with the experimental data reported by El-Shafei et al. [12] and El-
Sherbiney [13] and the finite element simulation presented by Tangena [14] and
Tang & Arnell [15]. A small deviation from the calculation is observed in the
experimental data reported by EI-Shafei et al. [12] and El-Sherbiney [13].
However, the experimental data reported by El-Shafei et al. [12] also reveal a
certain deviation from the calculated contact area for the case of a solid without
layer. The deviations from the calculations for all combinations of ball radius and
layer thickness are of the same order (see appendix C). This difference is due to
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the fact that in the calculation the ball is assumed to be perfectly smooth (the
roughness of the ball is neglected), and therefore the measured contact area
deviates from the calculated value. For the case of finite element simulations
performed by Tangena [14], the calculated contact areas of a lead and gold
layer on steel using the present model (see appendix C) fit nicely to the finite
element simulations results. However, the contact areas of a silver layer on steel
calculated using the present model deviate from the results of the finite element
simulations. This is due to the fact that Tangena [14] assumed in his simulation
that the layer is elastic, and for the case of the silver layer, this assumption is
not really valid since silver has a higher hardness value compared to lead and
gold. For the same normal load, Tang & Arnell [15] calculated a slightly deeper
indentation depth than the indentation depth calculated using the present
model.

To calculation friction, the necessary parameters to be calculated are the
contact area (to determine the force needed to shear the contact due to
adhesion), the deformation (to determine the force needed to plough through a
plastically deforming surface) and the mean contact pressure (if the interfacial
shear strength is dependent of the mean contact pressure). These three values,
for the case of a sphere pressed against a flat layered surface, can be predicted
quite well with the present model. Therefore, the presented analytical model of a
sphere in contact with a flat layered surface can be extended to contact of a
rough surface against a flat layered surface as discussed in the following section
and can also be extended to calculate the friction of a rough surface sliding
against a flat layered surface (see chapter 5).

4.3.2 Contact of a rough surface with a flat layered surface

Suppose a rough surface is in contact with a flat layered surface as shown in
figure 4.10a. The flat layered surface is modeled as a solid which has effective
mechanical properties as described in section 4.3.1 (see figure 4.10b). Suppose
a large number of asperities is present at the rough surface, and it is assumed
that the asperities are, at least at near the summits, spherical with different
radii (B;) and height (z;). Hence, for a certain separation (d), assuming that there
is no interaction between the neighbouring asperities, one can determine the
indentation depth of each asperity (@ = z-d) and calculate the contact area and
the load carried by each individual asperity in contact. The total contact area
(Awt) and the total load carried (Pw:) are then calculated by summing up
respectively the contact area and the load carried by each asperity:

n n n
Agor = ZAie + bzAiep +_ZAip (4.42)
1p

ie iep
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n n n
Piot = ZPie + zPiep + ZPip (4.43)
1p

ie iep

n=nie+niep+nip (4.44)

where n is the number of asperities in contact and subscripts e, ep and p
correspond to elastic, elastic-plastic and plastic contacts respectively.
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<Layer'l§1ickness (® “ \QN/ M o <

Elayer B Hlayer 5 vlayer

E H

substrate > Tlsubstrate > Vsubstrate

\“f/ /N mean plap,

</
BN~y T
z, W }// »

(b) Eg ()
Heg ()
Vegr (007)

Figure 4.10: Contact model of a rough surface with a flat layered surface.

4.3.3. Results

Suppose a flat surface (Es = 210 GPa, Hg = 7.6 GPa, v,=0.3) is covered with a
variable thick lead layer (E, = 18 GPa, H, = 0.17 GPa, v, = 0.35). If this flat
layered surface is brought into contact with the two rough surfaces listed in
table 4.1 (E; = 210 GPa, H; = 7.6 GPa, v; = 0.3), the dimensionless separation
(d/o) and the dimensionless contact area (Awt/Aom) as a function of
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dimensionless load (Pot/(AnomE t=0)) for the two cases studied in this chapter
(see table 4.1) are shown in figure 4.11.
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Figure 4.11a: Dimensionless separation (d/c) and dimensionless real contact
area (Awt/Aom) as a function of dimensionless load
(Prot/ (AnomE t=0) ) for various thicknesses (t) of lead layer on a flat
surface in contact with a rough surface (case 1).
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Figure 4.11 clearly shows that as the steel surface is coated by a certain
thickness of lead layer, the value of the dimensionless separation as a function
of dimensionless load of the layered system should be between the value of the
system without layer (t = 0) and of the system with a very thick layer (t = ).
Intuitively, one will observe that as the load increases, the indentation depth
becomes larger, i.e. the separation is smaller and the contact area for various
thicknesses of layer is closer to the value of that of the substrate without a
layer. These results show that the effect of the substrate in controlling the
contact behaviour is more pronounced as the asperities penetrate deeper into
the layer.

4.4. Concluding remarks

A deterministic contact model of a rough surface against a flat layered surface is
presented in this chapter. As for the case of a sphere pressed against a flat
layered surface (single asperity model), the proposed model shows good
agreement with the experimental and the numerical results, one can extend the
single asperity model to calculate the contact of a rough surface with a flat
layered surface by analysing the contact of each individual asperity
(deterministic model). The deterministic contact model allows one to analyse the
contact of non-Gaussian surfaces and eliminate the assumption of an average
asperity radius, which makes the calculation of the contact area and the load
carried more accurate. Based on this deterministic model, a deterministic friction
model will be developed and discussed in the following chapter.
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Chapter 5
Deterministic Friction Model of a Rough
Surface Sliding against a Flat Layered Furface

5.1. Introduction

In chapter 4, an analytical model is developed to describe locally the contact
behaviour of a rough surface with a flat layered surface. In this chapter, the
deterministic contact model described in chapter 4 is extended to a deterministic
friction model by analyzing locally the resistance to motion experienced by each
asperity for the elastic, elastic-plastic and fully plastic contact situations. These
are then summarized as the total friction force, as will be outlined in the
following sections.

5.2. Friction of layered surfaces

Dry sliding contact applications require low friction and high wear resistant
material combinations to increase the efficiency of these systems. A low friction
system can be achieved by having hard materials to support the normal load
and a weak interface between the two opposing surfaces to provide easy shear.
This idea can be implemented by covering a hard substrate with a soft thin layer
or creating a self lubricating composite like zirconia doped with CuO (as
discussed in chapter 3) that can generate a soft interfacial layer due to the high
contact pressure during sliding contact.

Bowden and Tabor [1] performed experiments on a steel rider with
radius 3 mm sliding against various thicknesses of indium layers on steel. They
observed that the coefficient of friction of a layered surface varied as a function
of the layer thickness (see figure 5.1). For a very thin layer, according to
Bowden and Tabor [1], the coefficient of friction of the layered system is about
the same as that of the substrate without a layer. As the thickness of the layer
increases, the coefficient of friction is reduced to an optimum value after which
the coefficient of friction increases again, and for a very thick layer, the value of
the coefficient of friction is the same as that of the layer material when used as
a bulk material. Therefore, the layer thickness is an important parameter need
to be optimized in order to obtain a low friction tribosystem. This means that a
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friction model is needed to describe the relation between the coefficient of
friction and the layer thickness.
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Figure 5.1: Experimental results of Bowden and Tabor [1].

5.3 Halling’s Model

Halling [2] developed an analytical friction model of a flat layered surface sliding
against a rough surface based on the adhesion theory of Bowden and Tabor [1].
Halling [2] assumed that when a rigid rough surface is in contact with a flat
layered surface, all the local contacts are plastic. For the case of a soft layer on
a hard substrate, some asperities might penetrate through the layer and have
contact with the substrate (see figure 5.2). Halling [2] further assumed that the
resistance to motion is only caused by the shear strength of the material in the
contact and the effect of ploughing is neglected.

Rigid Rough Surface
Mean plane

< Layer’l[l'hickness (t)

Layer <

Pl
/\/ .
Contact with substrate Contact with layer Substrate

Figure 5.2: Schematic model of Halling [2].

90



Based on the aforementioned assumptions, the coefficient of friction (f) of a
layered surface in contact with a rough surface according to Halling [2] is:
2 TisAjs + lel'lAl
f=3 - 5.1
ZHSAS + ZHeAI ( )

is il

where 1is the interfacial shear strength, A is the contact area, H is the hardness,
i is the number of asperities in the contact region, H. is the effective hardness of
the substrate covered by a certain layer thickness, subscripts s and | denote the
substrate and the layer respectively.

According to Halling [2], the effective hardness of a layered substrate
can be calculated as follows:

H, =H; + (H; —Hl)exp(—%J (5.2)

where B is the radius of the asperity, t is the thickness of the layer and c is an
empirical constant.

Halling’s model [2] showed that the friction of a layered surface varied
as a function of the layer thickness, by which one can determine the optimum
layer thickness to reduce friction. It is also observed and explained by Halling in
his model that for a very thin layer (t = 0) the coefficient of friction should be the
same as that of the substrate without a layer (f = f;) and for a very thick layer
the coefficient friction should be the same as that of the layer (f = f}) as also
observed by Bowden and Tabor [1].

5.4. Deterministic friction model

As mentioned above that Halling’s contact model was based on the assumption
that both the layer and the substrate deform plastically, and as a consequence
this model is not applicable to predict friction in the elastic and the elastic-plastic
contact situations. So, by adding the components of elastic and elastic-plastic
contact situations to the model, one could predict more accurately the friction of
layered surfaces. In addition, in his model Halling only considered the
contribution of adhesion in calculating the friction force. In fact, for the plastic
contact situation, a harder asperity will plough through the deforming surface
and consequently the asperity experiences resistance to motion (friction force
due to ploughing). This idea will be discussed further in the following section.
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5.4.1. Contact area of a moving asperity

At static contact, the situation of each single asperity on a rough surface in
contact with a flat layered surface can be determined based on the deterministic
model described in chapter 4. However, when an asperity starts to move on a
plastically deforming surface, the contact area that carries the load (A=nBo,,) is
initially only half of the contact area at the static condition (As=2npwst).
Therefore, the asperity tends to sink deeper (o, = 2ws) into the plastically
deforming surface in order to balance the normal load. When an asperity starts
to move on an elastically deforming surface, the contact area during motion is in
fact slightly changed due to friction. In this model, the dynamic elastic contact
area is assumed to be equal to the static elastic contact area. For the elastic-
plastic contact situation of moving asperities, the contact area is assumed to
change as shown in figure 5.3. Based on these assumptions, the contact area of
a moving asperity in an elastic (Aiem), elastic-plastic (Aiepm) or fully plastic (Aipm)
contact situation can be calculated as follows:

Ajem (wim) = Aiepm(mim) = Aipm (mim) = 1B; Wiy, (5.3)
with:
®im ZZi—d (54)

in which o, is the penetration depth of the moving asperity, z is the height of
the asperity measured from the mean plane and d is the separation between the
flat surface to the mean height line of the rough surface (see figure 4.10).
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Figure 5.3: Contact area of a single static and moving asperity.
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Accordingly, the load carried by moving asperities in the elastic (Piem), elastic-
plastic (Piepm) and fully plastic (Pipm) contact situations can be calculated as
follows:

1ern<0)1m>__E 505 e (5.5)

In @9 (@) — In 05,

Piepm (wim) = l:Heff (mim ){1 -0.6 }:|XAiepm (O)im) (5.6)

In ®c2o (wim )—1In ®c1 ((’)im )

Pipm((oim) = Heff(mim )Aipm(wim) (5.7)

5.4.2. Calculation of the separation (d)

For a certain applied normal load (P), an iteration procedure should be
performed to determine the corresponding separation of the two contacting
surfaces to balance the normal load at the dynamic contact situation. The
iteration starts (see figure 5.4) by guessing the value of the separation by which
one can determine the penetration depth of each asperity. By using equations
5.5, 5.6 and 5.7, the load carried by each asperity can be calculated and
summarized as the total normal load carried by the moving asperities. The
guessed value of separation should be increased if the calculated total load
carried by the asperities is more than the applied load or vice versa. The
iteration continues until the normal load is balanced, i.e.:

PZPtot(mim)ZZPie( 1m)+z 1ep( 1m)+ZPip(mim) (5.8)
1e 1p

iep

Surface Properties

Increase the value of d I_

Figure 5.4: Iteration procedure to determine the value of the separation
between the opposing surfaces for a corresponding given load.
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5.4.3. Contact with substrate and layer (o > t)

Sherbiney [3] performed friction tests of balls covered with lead sliding against
steel discs. He observed the evidence that the hard asperity might penetrate
through the layer and make contact with the substrate. This condition is
schematically shown in figure 5.5. Based on the observation of Sherbiney [3],
for the case of a soft layer on a hard substrate, it is assumed in this model that
when the indentation depth (w;) of an asperity is less than the layer thickness,
the asperity makes contact only with the layer whereas when the penetration
depth is more than the layer thickness, part of the asperity is in contact with the
layer and the remaining part is in contact with the substrate. So, after the
calculation of the separation (explained in section 5.4.2) is carried out, the
model is transformed back to the real condition. Based on the aforementioned
assumption, the number of asperities in contact with the layer and the number
of asperities that penetrate through the layer and make contact with the
substrate and layer can be determined.

Substrate

Figure 5.5: Schematic representation of an asperity penetrating through the
surface layer.

The contact area (Aia, Aiepis Aip) and the load carried (P, Piepi, Pip) by the
asperities that are only in contact with the layer are similarly obtained as the
contact area (Ai, Aiep, Aip) and the load carried by asperity (Pi, Piep, Pip) as
discussed in section 5.4.1:

Aiel =Ajem Aiepl = Aiepm ; Aipl = Aipm (5.9)

P

iel =

Pem Piepl = Piepm ; Pipl = Pipm (5.10)

For asperities that penetrate through the layer and make contact with the
substrate, some part of the load will be carried by the substrate and the layer
will carry the remaining part. The amount of load carried by the substrate and
the amount of load carried by the layer depends on the indentation depth of the

94



individual asperity into the substrate (ws). The indentation depth of an asperity
into the substrate is defined as:

0 =2z, —(d+1t) (5.11)

Depending on the value of w;s the contact condition with the substrate can be
elastic, elastic-plastic or fully plastic. The load carried by the substrate for the
elastic (Pies), elastic-plastic (Pieps) or fully plastic condition (P,s) respectively can
be calculated as follows [4]:

4«
Pies(wis)ngs 95('01155 (5.12)

Piops (03) = {Hs ~0.6H, P25~ InOjy }

In ®eog — In ®c1g

3 2 (5.13)
X | TP; 03 1—2[—0)1S Dets J +3(—(Dls Dets j
®cos — D1 W¢2s — Ocs
Pips(wis) = 2np; o5 Hy (5.14)
with:
* E, E
Es = — 5.15
* B A-v)+EQ-vd) (5.15)
2
H, .
®c1s = 0.89B; B g =540 (5.16)
s

The contact areas of a moving asperity in contact with the substrate in the
elastic (Aies), elastic-plastic (Aieps) or fully plastic (Aj,s) condition are then written
as:

Ajes = Aieps = Aips = 1; ;s (5.17)
So, as the total normal load (P;) carried by an asperity that penetrate through
the layer is known from the calculation of the separation (d) as described in
section 5.3.2, the part of the load carried by the substrate can be calculated by
using equations (5.12)-(5.14), and the remaining part of the total load carried
by an asperity that penetrate through the layer, which is carried by the layer
(P%)), can simply be calculated as:
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Pies ’ if Wj5 < Oc1g

s .
il = P' Pleps ,1f Wcos > Vg = We1g (5.18)
Pips 1f ;g 2 Oc2g

Accordingly, for the case of an asperity penetrating through the layer, the
contact area with the substrate can be determined using equation (5.17) and
the remaining contact area with the layer (A%) can be calculated as:

A, I o <0
§=A- Ajeps > 1f 0cgg> 05 > @14 (5.19)
Aips , 1if o 2 0,96
= A — P06
Therefore, the total contact area with the layer can be calculated as:
=2 Ajel + 2 Ajepl + ZAIp] + XA} (5.20)
iel iepl ipl is
and the total contact area with the substrate is:
A = iQZSAies + igsAiepS + %SAips (5.21)
The total real contact area is then:
Apor = A1+ A (5.22)

5.4.4 Friction force due to adhesion

The dynamic contact model described in the previous section enables one to
calculate the contact area of each asperity (A;) in contact. If the interfacial shear
strength of each asperity in contact with the substrate and the layer in the
elastic (te), elastic-plastic (te,) and fully plastic (t,) contact situations can be
determined or measured, then the friction force due to adhesion can be
calculated by:

Faa = ) ZTiesAiesm + ) )y TiepsAiepsm + ] )y TipsAipsm +

iesm iepsm ipsm
(5.23)
+ ZrlelAlelm + 2 TleplAleplm + Z TlplAlplm + 2 TlplAﬂm
ielm ieplm iplm ism

96



5.4.5 Friction force due to ploughing

When a spherical asperity is in contact with the substrate or the layer in a fully
plastic condition, the resistance to motion will also be determined by ploughing
through the softer material. A schematic representation of the ploughing
phenomenon is shown in figure 5.6.

\Y

— -

. ;i
Bl *

Figure 5.6: Schematic representation of the resistance due to ploughing of a
rigid asperity through a plastically deforming surface.

For a certain attack angle (6;), the coefficient of friction of a rigid asperity
ploughing through a plastically deforming surface can be calculated on the basis
of the work of Komvopoulos et al. [5] as:

2 6; —sin©; cosH;

fip =— 5.24
Pom sin?e (5.24)
where 6; can be estimated geometrically as:
N, (2B —o) | .
tan_l [L] if w; < Bi
0, = Bi — o (5.25)
T .
E if ; > Bi

In an elastic-plastic contact situation, a harder asperity also experiences
resistance to motion due to ploughing. The value of the ploughing force in the
elastic-plastic contact situation depends on the penetration depth. When the
penetration depth is close to the transition value of the elastic-plastic to the fully
plastic contact situation, the coefficient of friction should be close to the
coefficient of friction as calculated using equation (5.24), whereas when the
penetration depth is close to the transition value of the elastic to the elastic-
plastic contact situation, the coefficient of friction due to ploughing is close to
zero. Therefore, equation (5.24) can be written in a general form as:
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2 0; —sin6; cos6;
f; = x(mi)—% (5.26)
s sin” 6;
where x(w;) is defined by:
1 if o >
; .
wop) =1—— if 0y <o <oy (5.27)
C(Dcl
0 if o <oy

The corresponding friction force due to ploughing can be calculated as follows:

n
Fipp = X f; xP; (5.28)
1

5.4.6 The total friction force

Assuming that the resistances to motion are due to adhesion (F,4) and ploughing
(Fni) only, the total friction can be calculated as:

Fiot = Faqa + Fol (5.29)
and the coefficient of friction is then calculated as:

f= Ftot
P

(5.30)

5.4.7 Friction of a plastically deforming substrate and
plastically deforming surface layer

For the case of a plastically deforming layer on plastically deforming substrate,
the present model will yield to the model of Halling [2], by assuming that the
friction is only caused by adhesion. For this case, the major difference between
the present model and the model of Halling [2] is only the way of determining
the effective hardness of the layered surface. The present model calculates the
effective hardness based on the work of Battacharaya & Nix [6] in which the
effective hardness changes as a function of indentation depth while Halling [2]
determines the effective hardness only as a function of the layer thickness and
the average radius of the asperities while the effective hardness does not
change as a function of the indentation depth (see equation 5.2). The advantage
of the equation used to calculate the effective hardness as proposed by
Battacharaya & Nix [6] is that it only contains the mechanical properties of the

98



layer and the substrate and does not contain any constant that must be
obtained experimentally. The difference in determining the effective hardness of
the layered surface will certainly lead to a different value of the contact area and
indentation depth at plastic contact particularly when the penetration depth is
less than the layer thickness. This effect is described in greater detail in section
5.5.

5.5. Results

5.5.1. Soft layer on hard substrate
Sherbiney [3] performed friction tests on ion plated lead and indium deposited
on 6.35 mm diameter hardened steel balls sliding against a hardened steel disc.

The properties of the material used by Sherbiney [3] are listed in table 5.1.

Table 5.1: Material properties used (measured by Sherbiney [3]).

Materials EIastic(it(;/P:I)odulus Ha(gj:ae)ss Poisson Ratio
Hardened steel 200 9.6 0.3
Lead (layer) 18 0.17 0.35
Indium (layer) 11 0.09 0.35

It was observed by Sherbiney [3] that the height of the asperities on the tested
surfaces had a Gaussian distribution. The average radius (Bave) Of the asperities
was reported to be equal to 10 um and the combined standard deviation (o) of
the two surfaces in contact is 0.14 um. Unfortunately, the population (n) of the
asperities in contact was not reported in his work. Johnson [7] reported that the
value of npo ranged from 0.03 to 0.05. Based on the observation of Johnson
[7], the friction calculation results presented here are based on = 2.85 x 10%°
asperities/m? or npo equal to 0.04. With all the surface parameters described
above, a number of asperities can be generated by using the standard Gaussian
distribution equation. The apparent contact area can be calculated using the
static contact situation of a ball against a flat layered surface as described in
section 4.3.1.

As the number of asperities is known, and the heights and the radii,
then the calculation of friction due to adhesion and ploughing can be calculated
using the equations described in sections 4.3.4 and 4.3.5. To determine the
value of the interfacial shear strength the following assumption was used based
on the observation of Halling [2] and Bowden & Tabor [1]. When the layer is
very thin, many asperities penetrate through the layer and make contact with
the substrate. Therefore, for the situation where the contact area is dominated

99




by the contact of the asperities with the substrate, the coefficient of friction is
assumed to be equal to the coefficient of friction of the substrate without a
layer. It is also assumed that for a very thick layer, the coefficient of friction is
equal to that of the layer used as bulk material.

The coefficient of friction of hardened steel against hardened steel was
reported by Sherbiney [3] to be about 0.45, therefore the interfacial shear
strength for the elastic contact situation can be estimated. Accordingly, the
coefficient of friction of a very thick lead and indium layer on steel against steel
is about 0.15 [3]. Hence, the interfacial shear strength can also be estimated.
The coefficient of friction as a function of layer thickness of various lead and
indium thicknesses on hardened steel can be calculated and the results are
plotted together with the results obtained from Halling’s model in figures 5.7 and
5.8.

0.5 - e — -1
0.45 @z - - - / +09
0.4 - ) ,: 108
c 4 [3]
S 0.35 1 Measured [3] 1707 o8
k3] <z
£ 031 _ - 0.6 Blm
5 Halling's Model 8|8
= 0.25 - - 05 §|E
3 o3
8 0.2 — Present Model - 0.4 28lg
© . , a5
& 0.15 4 _ . Ratio of fully plastic to 03 g|m
| total contact area A 1
01 Present model * s / 0.2
- * ’ '
0.05 y ot +0.1
Le=" ’ ‘\-/'
0 —_——— T T T T 0
0.0001 0.001 0.01 0.1 1 10 100

Layer Thickness (um)

Figure 5.7: Coefficient of friction as a function of layer thickness of a lead
layer on a hardened steel substrate sliding against hardened
steel.
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Figure 5.8: Coefficient of friction as a function of layer thickness of an indium
layer on a hardened steel substrate sliding against hardened
steel.

5.5.2. Hard layer on soft substrate

In the work of Wang & Kato [8], silicon substrates were covered with various
thicknesses of carbon nitride layers. The layered surfaces were tested against a
10 um radius diamond indenter. The applied normal load was 80 mN. In their
work, they observed that the diamond indenter is rough on a nanometer scale.
The average radius of the asperities on the indenter was 150 nm and the
standard deviation of the asperity height was 20 nm. The hardness of the silicon
was reported to be 6 GPa and the hardness of the carbon nitride was 20 GPa.
For the calculation presented here, the elasticity modulus of carbon nitride was
assumed to be 200 GPa [9] and the elasticity modulus of Silicon was 127 GPa
[6]. The value for the Poisson’s ratio was assumed to be 0.23. Following the
same procedure as described in section 5.4.1 to determine the shear stress, the
coefficient of friction as a function of layer thickness of the experiment
performed by Wang & Kato is shown in figure 5.9.
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Figure 5.9: Coefficient of friction as a function of layer thickness of a carbon
nitride layer on a silicon substrate sliding against diamond.

5.6. Discussion

The calculated results of the coefficient of friction as a function of the layer
thickness for the work of Sherbiney [3] and Wang & Kato [8] are in good
agreement with the measurement results they reported. These results confirmed
that the present model is applicable for the prediction of friction of layered
systems in which a hard rough surface slides against a soft layer on a hard
substrate or a hard layer on a soft substrate.

The coefficients of friction as a function of the layer thickness predicted
by using the model of Halling are also plotted in figures 5.7, 5.8 and 5.9. Those
calculations were carried out by using the value for the constant c (see equation
5.2) equal to 10 for the cases of lead and indium layer on steel and c equal to
125 [10] for the case of a carbon nitride layer on silicon. According to Halling,
this constant should be experimentally determined. The value of the constant c
affects the calculation of the coefficient of friction considerably (see figure 5.10).
In fact, as shown by Bhattacharaya & Nix [6], the effective hardness of a
layered surface varies as a function of the ratio between the indentation depth
and the thickness of the layer which is used in the model described in chapter 4.
By using the present model, one does not need to determine the value of c since
the calculation of the effective elasticity and hardness (see equations (4.34) and
(4.35)) does not contain any empirical constants but only the indentation depth
and mechanical properties of the layer and the substrate. The different way of
using the effective elasticity and hardness of the layered surface causes the
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difference in the value of the coefficient of friction obtained by the present
model and Halling’s model.
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Figure 5.10: Coefficient of friction as a function of layer thickness of a lead
layer on hardened steel sliding against hardened steel, calculated
using the model of Halling with various values of ¢, see equation
5.2.

In addition, for the case of asperities penetrating through the layer,
Halling assumed that the entire load is carried by the substrate, thus the ratio
between the contact area with the layer compared to the total contact area for a
very thin layer predicted with Halling’s model is larger than the value predicted
by the present model. Therefore, the model of Halling predicts a higher friction
for t < 0.1 um in the case of a soft layer on a hard substrate and a lower value
in the case of a hard layer on a soft substrate. For a very thick layer, where a
fully plastic contact situation occurs, the current model and the model of Halling
show a slight difference in predicting the coefficient of friction.

The plasticity index (y = (E"/H)(c/p)°°) as defined by Greenwood &
Williamson [12] for the case of a lead layer or an indium layer is equal to 1.35
for a very thin layer and 76 for a very thick layer. Halling’s model uses the
definition of Greenwood & Williamson [11] who stated that if the value for the
plasticity index is more than unity the contact situation is fully plastic. In this
model, the value of the plasticity index equal to unity is defined as the onset of
yielding which means the start of an elastic-plastic contact situation (see
equation (4.6)). Therefore, for the case of the lead layer, if the contact is
assumed to be entirely plastic, the coefficient of friction calculated using the
present model will be close to the coefficient of friction calculated using Halling’s
model (see figure 5.11). The difference observed between Halling’s model and
our model is due to the use of the effective hardness and the effective elasticity.
The difference in defining the start of the fully plastic contact situation may
therefore result in a different value in calculating friction.
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Further, for the case of a carbon nitride layer on a silicon substrate, in
fact, Halling’s model is not valid for a layer thickness greater than 0.1 um, in
which all the contacts are purely elastic. The calculation of friction using Halling’s
model, see figure 5.9, was carried out by assuming that the contact is entirely
plastic, which is not correct. This means that the model of Halling is only suitable
for predicting the trend rather than predicting the coefficient of friction where
local elastic contact occurs.

0.5
4 - o Halling’s Model
0.45 - —-—
.~ ~ ~ /
0.4 SO .
e Present Model (Assuming

P! that the contact is entirely
plastic)

0.3 /
Present Model (Taking into

account the elastic, elastic-
plastic and fully plastic
0.15 1 deforming micro-contacts)

Coefficient of Friction
©
N
(6)]

0.1 1 \
N -
0.05 - N
0 : : : : :
0.0001  0.001 0.01 0.1 1 10 100

Layer Thickness (um)

Figure 5.11: Coefficient of friction as a function of layer thickness of a lead
layer on hardened steel sliding against hardened steel, calculated
using the model of Halling, the present model assuming that the
contact is entirely plastic and the present model taking into
account the contribution of elastic and elastic-plastic deforming
micro-contacts.

Overall results show that the present model gives a better prediction of
the friction in comparison with the experimental results. Halling’s model and the
present model gave the same trend in predicting the friction as a function of the
layer thickness for the plastic contact situation. For a thin layer, Halling’s model
gave a higher friction than the present model for the case of a soft layer on a
hard substrate and a smaller friction for the case of a hard layer on a hard
substrate. Further, it should be noted that the values of the interfacial shear
strength of each asperity for the elastic, elastic-plastic and fully plastic contact
situations are assumed to be equal and were estimated from experimental
observations.

According to Blancoe & William [12], the shear strength of boundary
films varies as a function of contact pressure. Therefore, the assumption of
equal shear strengths for elastic, elastic-plastic and fully plastic contact
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situations may result in differences in the friction calculations. This might be also
the reason why the coefficient of friction obtained from the calculation deviates
from the values obtained from the experiment. Indeed, interfacial shear strength
is a difficult parameter to obtain.

5.5. Concluding remarks

A friction model based on a deterministic description of the macro-geometry was
developed. The present model extends the capability of Halling’s model and
shows a better prediction of the coefficient of friction as a function of layer
thickness. With this model, one can predict the coefficient of friction as a
function of the layer thickness of a soft layer on a hard substrate or a hard layer
on a soft substrate and estimates the optimum layer thickness in order to obtain
the lowest coefficient of friction of a layered system.

This deterministic friction model will be used in the following chapter to
calculate the friction of the tribosystem of zirconia doped with CuO sliding
against alumina.
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Chapter 6

Prediction of the Coefficient of Friction of
Zirconia Doped with Copper Oxide (CuO)
Sliding Against Alumina

6.1. Introduction

In chapter 5, a deterministic friction model was developed based on the contact
model described in chapter 4. This chapter will discuss the prediction of the
coefficient of friction of zirconia doped with copper oxide (CuQ) sliding against
alumina by using the deterministic friction model described in chapter 5.

This chapter starts with the investigation results that can be used to
explain the possible low friction mechanism occurring in the tribosystem of
zirconia doped with CuO sliding against alumina. Based on the observations and
the experimental results, the coefficient of friction as a function of layer
thickness of this tribosystem will be presented.

6.2. Low friction mechanism

In chapter 3, it was shown that the addition of CuO in zirconia is beneficial in
reducing the coefficient of friction when sliding against alumina (see figure 3.4).
Nano-indentation tests performed on the wear track where low friction was
observed (see figure 3.14a) suggest that a layer which has a lower hardness (H,
~ 6 GPa) than that of the bulk (Hs = 14 GPa) is present on the wear track. These
results are basically in accordance with the low friction mechanism proposed by
Bowden & Tabor [1] that a soft thin layer on top of a hard substrate can reduce
friction.

By using the adhesion theory of Bowden & Tabor [1] and by inserting
the hardness data obtained from the nano-indentation tests (H, = 6 GPa, Hs = 14
GPa), the macroscopic coefficient of friction of the tribosystem of zirconia doped
with CuO sliding against alumina is:

1 H 1 6
1
f:i:&:ﬁgo,ogz (6.1)
H H 14

S
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The aforementioned value of the coefficient of friction is lower than the
measured coefficient of friction (f = 0.15-0.25) because the calculation did not
include the ploughing effect. Nevertheless, the calculated value of the
macroscopic coefficient of friction shown above confirms the evidence of low
friction in the tribosystem of zirconia doped with CuO sliding agaist alumina.

An EDS element mapping on a scanning TEM image of zirconia doped
with CuO sintered at 1500°C was performed by Ran et al. [2]. They showed that
copper-rich grains are formed in between the zirconia grains after sintering. The
copper-rich grains are also present at or near the surface. Therefore, it is
possible that the copper-rich grains, which are soft, somehow come into the
contact region by a squeezing out mechanism due to high local contact pressure.
The squeezed out copper-rich grains are smeared further as the system slides
and a (patchy) layer is formed resulting in a soft thin interfacial layer on top of a
hard substrate which will principally reduce friction. This mechanism is
schematically shown in figure 6.1.

Copper rich grains squeeze out onto the surface and form a
soft interfacial layer

i uo

/tlon

i
1
\

Copper-rich

Figure 6.1: Schematic representation of the squeezing out mechanism of
copper-rich grains.

As shown in figure 3.12, the layer is not uniform but patchy. This is due
to the fact that the copper-rich grains are dispersed in the bulk but only some of
them are present at or near the surface. Therefore, even if all of the copper-rich
grains at or near the surface are squeezed out, the wear track is not covered
completely by the smeared grains. As the smeared layer is attached to the
surface, this layer will be loaded repeatedly as it slides against the counter-
body.
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Surface profile measurement across the wear track where low friction
was observed shows that the wear track is relatively smooth and it is relatively
higher than the surrounding surface (see figure 3.13). The exact thickness of the
layer is not easy to estimate but as shown in figure 6.2, a surface profile taken
across the wear track suggests that the layer thickness might be around 100 to
200 nm.

um Layer thickness (t)
| Wear Track +100-200 nm

Y

] 58 18e 1se =[] 258 =TI 358 um

Figure 6.2: Estimation of the layer thickness from the surface profile across
the wear track where low friction was observed.

Since the tribosystem of zirconia doped with CuO sliding against alumina
is in fact a soft thin layer on top of a hard substrate sliding against a hard
counter-body, the friction model described in chapter 5 can be used to predict
the friction of this tribosystem, as outlined in the following section.

6.3 Coefficient of friction as a function of layer thickness of
zirconia doped with CuO sliding against alumina

To predict the coefficient of friction of zirconia doped with CuO, two asymptotes
of the coefficient of friction are required (see section 5.5). At first, the coefficient
of friction of the tribosystem without a layer (pure zirconia) and secondly, the
coefficient of friction of the tribosystem with a very thick layer (zirconia covered
with very thick copper-rich layer).

The first asymptote is obtained from the friction measurement of pure
zirconia sliding against alumina. To obtain the second asymptote, first CuO
powder is melted on top of pure zirconia. Some of the melted CuO powder will
be diffused into the pure zirconia substrate forming a strong bond between the
copper-rich layer and the pure zirconia substrate. The thick layer is then
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polished to a proper surface roughness (R, = 0.1 um) prior to testing. Micro-
indentation was performed on this specimen to check whether the mechanical
properties of the copper-rich layer produced by melting had the same
mechanical properties compared to that of the layer observed in the wear track
of zirconia doped with CuO. The indentation load as a function of indentation
depth of the indentation measurement is shown in figure 6.3. The theory of
Pharr [3] was used to determine the elasticity modulus and the hardness of the
material from the load displacement curve (see appendix B). The hardness and
the elasticity modulus of the copper-rich layer on top of pure zirconia were 5.9
GPa and 130 GPa respectively. These values are almost the same as the
mechanical properties of the copper-rich layer in the wear track where low
friction was observed when zirconia doped with CuO slid against alumina (see
figure 3.14). Based on these results, it is assumed that the second asymptote of
the coefficient of friction (for a very thick layer) is the coefficient of friction of
the copper-rich layer produced by a melting process on top of pure zirconia
sliding against alumina.

06
05 |
0.4 /
03 7

0.2

Indentation load (N)

0.1+

0 T T T / T
0.0 0.5 1.0 1.5 2.0 25
Indentation depth (um)

Figure 6.3: Indentation load as a function of indentation depth of melted CuO
on top of pure zirconia.

The three samples, pure zirconia, zirconia covered with a very thick copper-rich
layer and zirconia doped with CuO, were tested against an alumina ball (10 mm
diameter) using a pin-on-disc tribometer (see figure 2.6). The normal applied
normal load was 5N and the sliding velocity 0.1 m/s.

The coefficient of friction of melted CuO on top of pure zirconia sliding
against alumina is plotted together with the coefficient of friction of pure zirconia
and zirconia doped with CuO sliding against alumina, as shown in figure 6.4.
Figure 6.4 shows that the steady state coefficient of friction of pure zirconia
sliding against alumina (first asymptote) is about 0.65 and the steady state
coefficient of friction of a very thick copper-rich layer sliding against alumina
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(second asymptote) is about 0.35, while the coefficient of friction of zirconia
doped with CuO sliding against alumina is about 0.25.

1.0
0.9 -
< 0.8 Pure zirconia sliding against alumina
5 0.7 1 \
< 0.6
2 05 - CuO melted on top of pure zirconia
s sliding against alumina
o 0.4 4
&=
Y 0.3
© 0.2 -
' Zirconia doped with CuO J
0.1 sliding against alumina
0-0 T T T T

0 200 400 600 800 1000
Sliding distrance (m)

Figure 6.4: The coefficient of friction of melted CuO on top of pure zirconia,
pure zirconia and zirconia doped with CuO sliding against alumina
(normal load 5N, sliding velocity 0.1m/s).

The asperity heights and radii distribution of the alumina ball which is in
contact with the zirconia doped with CuO are shown in figure 6.5. The
macroscopic contact area can be calculated based on the contact of a ball in
contact with a flat layered surface as described in chapter 4. As the contact area
can be determined, then the asperities in contact with zirconia doped with CuO
and the coefficient of friction as a function of layer thickness for the case of a
uniform copper-rich layer on top of zirconia can also be determined using the
model described in chapter 5.

However, as discussed before, the layer is patchy and not uniform. So
the contact area is not wholly covered by the layer. Therefore, in order to model
this condition, a parameter y that determines the percentage of the wear track
that is covered with the layer is introduced. By using this parameter, one can
determine the asperities that make contact with the layer and the rest of the
asperities that make contact with the substrate. For the case of zirconia covered
with a copper-rich layer, the coefficient of friction as a function of layer thickness
for different values of y can be calculated by analyzing the contact and the
resistance to motion experienced by each asperity (as described in chapter 5).
The results are presented in figure 6.6.
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112

alumina ball which is in contact with the zirconia doped with CuO
disc, i.e. radius ratio (Bi/Bavg) as a function of normalized height
(Zi/G); Bavg =46 um, o = 0.1 um.



0.7

— m————————————=0%

0.6 1 R NG Lo

c + RN | U ¥=20% =T
g5y - 140% T
i T | | 60% . i
« 0.4 1 | ! Y
O 1 I I [N} I [t
Sost - — AN eaon =
O + IR ‘ it R
“‘5 T IR —v=100% || Y
6 0.2 1 RN - oL Y
O T 1 Measured coefficient of friction X
0.1 + 1 (see figure 6.2 for the estimation of layer thickness ||

' 1 111 and see figure 3.12 for the estimation of y) i

0.0 + A

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02

Layer Thickness (um)

Figure 6.6: The coefficient of friction as a function of the layer thickness for

different values of ¥ for the case of zirconia covered with a copper
rich layer.

6.4 Discussion

As shown in figure 3.12, the coefficient of friction measured on the zirconia
doped with CuO sliding against alumina varied between 0.2-0.25 for the first 4
km of sliding and 0.55 after 5.5 km of sliding. The values of y estimated from
figures 3.12b and 3.12c are about 80% and 50% respectively. As can be seen in
figure 6.6, for the estimated value of vy, the coefficient of friction at the
estimated layer thickness can be predicted rather well with the model outlined in
chapter 5. Figure 6.6 also clearly shows that when the part of the contact area
covered by the patchy layer is less (yl) the coefficient of friction increases (fT)
due to the fact that more asperities are in contact with the substrate.

The local maximum temperature rise at each asperity contact due to
frictional heating can also be calculated from equation (2.25). For the asperity
distribution shown in figure 6.5, the maximum temperature rise at each asperity
contact for the case of pure zirconia sliding against alumina with a sliding
velocity of 0.1 m/s is presented in figure 6.7. As shown in figure 6.7, the flash
temperatures range from about 0°C to 25°C. This result reveals that the
formation of the soft thin layer as proposed in figure 6.1 is dominated by a
mechanical process and the effect of heat can be neglected.
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Figure 6.7: Temperature rise at each asperity contact due to frictional heating
(the asperity distribution is shown in figure 6.5 is used).

The main difficulties in predicting the coefficient of friction of zirconia
doped with CuO sliding against zirconia is that the layer thickness is not known
beforehand. Therefore, a layer formation model should be developed in order to
predict the coefficient of friction. The layer thickness and the value of y are very
strongly dependent on the number of copper-rich grains present near or at the
surface. In addition, the applied normal load determines the formation and the
removal of the layer as shown in figure 6.8.

EEIL —— 1woum  JEOL

Figure 6.8: SEM images taken from the wear track of zirconia doped with CuO
sliding against alumina at various normal loads and 0.1 m/s sliding
velocity.
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6.5 Concluding remarks

The sliding tests of zirconia doped with CuO sliding against alumina reveals that
a soft thin patchy layer is present in the wear track. The deterministic friction
model outlined in chapter 5 is able to predict the coefficient of friction of zirconia
doped with CuO sliding against alumina. However, the thickness of the copper-
rich layer cannot be estimated beforehand. Therefore, a layer formation model is
needed in order to predict the coefficient of friction of zirconia doped with CuO.
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Chapter 7
Conclusions and Recommendations

7.1. Conclusions
Chapter 1: Introduction

Based on the literature review, it was shown that ceramics are potential
materials for use in many technological applications. However, dry sliding
ceramic systems exhibit a high coefficient of friction (f = 0.4 — 0.85) and in many
cases severe wear is observed which limits their application.

Chapter 2: The transition of mild to severe wear of ceramics

A wear transition model has been developed which can predict whether a dry
sliding concentrated ceramic system will experience mild or severe wear. The
experimental investigation showed that the model can predict quite accurately
the transition between the mild and the severe wear regimes. From this model,
it became clear that besides the energy losses (chapter 1), the coefficient of
friction has a significant influence in determining the wear type of ceramics.
Therefore, low friction ceramic systems are required to extend operating
conditions such as normal load (P) and velocity (V).

Chapter 3 Friction reduction by adding copper oxide into alumina and
zirconia ceramics

It was found that small amounts of copper oxide doped in alumina ceramics can
reduce the coefficient of friction from 0.65 down to 0.4-0.45 when sliding
against alumina. The coefficient of friction does not vary too much with the
variation of the amount of CuO. It was also observed that the coefficient of
friction does not change much as a function of the normal load and the sliding
velocity. Humidity does not have any significant influence on the friction of
alumina doped with CuO

Significant reduction in the coefficient of friction can be achieved by
adding CuO into zirconia. CuO doped in zirconia can reduce the coefficient of
friction from a value of 0.7 down to 0.2 - 0.3, depending on the operational
conditions, when sliding against alumina. Smooth patchy layers were formed in
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the wear track, which are responsible in lowering the coefficient of friction. The
patchy layers wear off due to repeated loading resulting in a high coefficient of
friction after a length of time. Humidity has a significant influence on the friction
of zirconia doped with CuO. The coefficient of friction is lower at higher humidity.
However, humidity does not have any significant influence on the friction of pure
zirconia.

Alumina and zirconia doped with CuO show high friction (f = 0.7 - 1)
when tested at elevated temperature (100 - 500°C).

When sliding against steel, the addition of copper oxide into alumina and
zirconia does not have any influence in reducing friction. This is due to the fact
that a lot of metal is transferred onto the ceramic surface which creates in fact a
metal-metal tribosystem.

Chapter 4 Deterministic contact model of a rough surface in contact
with a flat layered surface

A deterministic contact of a rough surface against a flat layered surface has
been developed. As for the case of a sphere pressed against a flat layered
surface (single asperity model), the proposed model shows good agreement with
the experimental and numerical results, one can extend the single asperity
model to calculate the contact of a rough surface with a flat layered surface by
analysing the contact of each individual asperity (deterministic model). This
deterministic contact model allows the calculation of the contact behaviour of
Gaussian as well as non-Gaussian surfaces and eliminates the assumption of an
average asperity radius.

Chapter 5 Deterministic friction model of a rough surface sliding against
a flat layered surface

A friction model based on the deterministic contact model described in chapter 4
has been developed to be able to predict the friction of layered surfaces in
contact with a rough surface. The developed model is an extension to Halling’s
model and shows a better prediction of the coefficient of friction as a function of
the layer thickness of layered surfaces. With this model, one can predict the
coefficient of friction as a function of the layer thickness of a soft layer on a hard
substrate, or a hard layer on a soft substrate, and estimates the optimum layer
thickness in order to obtain the lowest coefficient of friction of a layered system.

Chapter 6 Prediction of the coefficient of friction of zirconia doped with
copper oxide (CuO) sliding against alumina

The tribosystem of zirconia doped with CuO sliding against alumina is in fact a
soft thin layer (copper-rich layer) on top of a hard substrate sliding against a
rough hard counter-body. The patchy layer was formed by a squeezing out
mechanism and the layer thickness was estimated to be about 100-200 nm. The
coefficient of friction for the estimated layer thickness could be predicted rather
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well with the model outlined in chapter 5 for the case of y (the percentage of the
coverage in the wear track) equal to 80 % and 50 % estimated from SEM
images of the wear track where low friction was observed.

7.2. Recommendations

Experiments could be performed in order to validate the wear transition model
for the case of concentrated sliding elliptical contacts.

More studies should be carried out to investigate the relation of the
microstructure, which is determined by sintering time and sintering
temperature, with friction and wear of zirconia doped with CuO sliding against
alumina. Further, the layer formation mechanism must be investigated to give
feedback for optimizing the material processing technique for zirconia doped
with CuO that gives better tribological behaviour, i.e. low friction and high wear
resistance. In addition, the mechanism of the transition from low friction to high
friction in the tribosystem of zirconia doped with CuO sliding against alumina
should be studied in more detail in order to maintain the low friction regime.
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Appendix A
Summary of the Hertzian Contact Formulas for
Circular-, Elliptical- and Line contacts

A.1 Circular contact

Figure Al: Contact of two spheres resulting in a circular contact.

Consider two spheres (with radius of R; and R,) in contact under an applied load
P. The contact area will be a circle. The radius of contact according to Hertz can
be calculated as follows:

1

a:(3PFJ3 (A1)
E
with:

2 1-v 1-v3

=5 ' (A.2)
and:
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1,1 1,12 2 3
Rix Riy Rox Roy Ry Ry '

1
R

in which E is the reduced elastic modulus and R is the reduced radius.
The elastic approach (3) can be calculated as:

1
, o
&= & 3 (A.4)
SR(E") 2

The mean pressure (P,,) and the maximum pressure (P,) can be calculated as:

3
Ph=—% Po :_Pm (A.5)
a 2

A.2 Elliptical contact

Figure A2: Contact of two ellipsoids resulting in an elliptical contact.

Suppose two bodies with different radii (see figure A2) are in contact under a
normal load P; the contact area will be an ellipse. The major and minor axes of
the contact area (a and b) and the normal approach (8) can be calculated as
follows:
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e 0{3PR]3 (A.6)

b:B(SPRJS (A.7)
E‘k
1
2
&= & ’ (A.8)
SR(E) 2
where:
1_1 + ! + ! + ! 9
R Rlx R‘ly RZX R2y (A )
and:
1 1
aszFE(m)T (A10)
T
9 1
b 2o o
T
9 -1
Y= KSF E(m)} : {EK(m)} (A12)
T T
with:
L 2m 1
E(m)~§(1—m){1+n(l_m)—gln@—m)} (A.13)
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nl-m

K(m) zg(l—m){lntlz—m)ln[ 1 J—%ln(l—m)} (A.14)

1
Kz|:1 16/7‘ —yIn(4) +0.16 In(1 } (A.15)
m=1-«%> (A.16)
X=§X for0<A<1 (A.17)

y

The mean pressure (P,,) and the maximum pressure (P,) can be calculated as:

p -+ PO:%Pm (A.5)

A.3 Line contact

Figure A3: Contact of two cylinders resulting in a line contact.

Suppose two cylinders (with radii R; and R,) are in contact under a normal load
P, the contact width (b) can be calculated as:
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(A.18)

where B is the length of the cylinder and E* and R are the reduced elasticity
modulus and reduced radius respectively. E* and R can be calculated using
equation A2 and A3.

The mean and maximum contact pressure therefore can be calculated as :
P 4
P

P,=— , Al
m = opp o= (A.18)
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Appendix B
Calculation of Hardness and Elasticity Modulus
from the Indentation Load-Displacement data

Figure B1 shows typical indentation load-displacement data. The indentation
process starts by loading the indenter with an increased load at a constant rate
to a certain value, held at the peak value for a preset amount of time and then
decreased to zero at the same rate as that for loading (see figure B1).

Pmn: ___________

loading .

Load, P

]
he for AN
Displacement, h

Figure B1: A typical indentation load-displacement curve.

The data analysis begins by fitting the unloading curve to the power law
relation:

P(h) = B(h —hg)™ (B.1)

where B, h;, and m are empirically determined fitting parameters, P is the
indentation load and h is the displacement.
The unloading stiffness (S) can be calculated from the derivative of equation B1
at the maximum indentation depth (hpay):

dP _
S:E(hmax):mB(hmax_hf)m ! (B.2)

As the unloading stiffness (S) is obtained, then the reduced modulus (E*) for the
contact of the indenter and the specimen is defined by:
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F_q\n

E =S (B.3)
2W/A
where A is the projected contact area (see figure (B2).
The contact area (A) is determined from a tip calibration function A(h.) as:
A(h,)=ah? (B.4)

where a is a constant (a = 24.5 for Berkovich and Vickers indenter) and h. is the
contact depth (see figure B2) which can calculated from the load-displacement
data as:
P
h,=h,, -2 (B.5)
S

in which ¢ is a constant (¢ = 0.72 for the conical indenter, ¢ = 0.75 for the
Berkovich indenter and ¢ = 1 for the flat punch).

Figure B2: The physical processes involved in indentation.

As the reduced modulus (E*) of two bodies in contact is known, the elasticity
modulus and the Poisson’s ratio of the indenter is known (for an indenter, E; =
1140 GPa and v; = 0.07), the elasticity modulus of the measured specimen is
then calculated as:

E,E'(1-v3)
E :% B.6
? E -E(1-v}) (B.6)

The hardness is defined by the ratio of the maximum load to the projected

contact area:

P,
H = -max B.7
A (B.7)
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Appendix C
Comparison Between the Model Presented in
Chapter 4 with Data Available in the Literature

C.1 T.E.S. El-Shafei, R.D. Arnell and J. Halling, ASLE Transaction 26
(1983) 481-486.

Table C.1: Material properties used by El-Shafei et al.

Properties
Elasticity Modulus Poisson Ratio Hardness
(GPa) [-] (GPa)
Indenter (Steel) 210 0.3 7.6

Radius: 3.175 & 7.935 mm
Substrate (Steel) 210 0.3 7.6

Layer (Lead)
Thickness : 0, 1.5, 3, 6,9, 12 um

18 0.35 0.17

120
100
80 A

60
40 A

Contact Radius (pum)

--@--El-Shafei et al. 20 1 --@--El-Shafei et al.

—O— Present Model —O— Present Model
0 T T 0 T T

0 20 40 60 0 20 40 60
Normal Load (N) Normal Load (N)

Indentation Depth (um)

Figure C.1 Comparison between the experimental results published by El-
Shafei et al. (dashed line) and the calculated results using the
present model (solid line).
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C.2 M.G.D. ElI-Sherbiney, PhD Thesis, University of Salford, UK, 1975.

Table C.2: Material properties used by El-Sherbiney

Properties
Elasticity Modulus Poisson Ratio Hardness

(GPa) [-] (GPa)
Indenter (Steel)
Radius: 6.35, 12.75 mm 210 03 7:6
Substrate ( Mild Steel) 140 0.3 1.86
Layer (Lead)
Thickness : 1.2, 15 um 18 0.35 0.17
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Figure C.2: The comparison between the experimental data obtained by El-
Sherbiney, the model of El-Sherbiney and the calculated results
using the present model (units along the axis are according to
Sherbiney’s thesis).
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C.3 A.G. Tangena, PhD Thesis, University of Eindhoven, The

Netherlands, 1987.

Table C.2: Material properties used by El-Sherbiney

Properties
Elasticity Modulus Poisson Ratio Hardness
(GPa) [-] (GPa)
Indenter (Rigid) B
Radius: 2.5, 3.175, 4, 5, 12.5 mm, 1000 0.07
Substrate ( Mild Steel) 210 0.3 1.2
Substrate ( Copper) 125 0.32 0.3
Layer (Lead)
Thickness : 2, 4, 6 um 14 0.45 0.04
Layer (Silver)
Thickness : 2, 4, 6 um 71 0.38 0.15
Layer (Gold)
Thickness: 3 um 79 0.42 0.09
140
120 1 B=3.175um
S
= 100 A .
g [ ]
E 80 - °
£ 60 Lead layer (t = 2 um) on steel
ks
c 40 1 ® FEM
O
20 1 -6~ Present Model
0 T T T T T
0 5 10 15 20 25 30
Normal Load (N)
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140 1 B =3.175um
\_% 120 4
g 100 § °
e
S 80+ Lead layer (t = 4 um) on steel
G 60
8
é 40 ® FEM
20 - -©- Present Model
0 T T T T T
0 5 10 15 20 25 30

Normal Load (N)

Figure C.3: Comparison between the finite element simulations obtained by
Tangena and the calculated results using the present model.
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C.4 K.C. Tang and R.D. Arnell, Thin Solid Films, 355-356 (1999) 263-

269.

Table C.4: Material properties used by Tang & Arnell

Properties
Elasticity Modulus Poisson Ratio Hardness
(GPa) [-1 (GPa)

Indenter (Diamond) B
Radius: 100 um 1141 0.07
Substrate (Steel) 200 0.3 7.5
Layer (DLC)
Thickness : 1, 2,5, 10 um 400 0.3 15,22.5, 30
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Figure C.4: Comparison between the FEM simulations carried out by Tang &
Arnell and the present model.
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