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Summary

Wear is considered one of the main challenges in the twenty-first century for
engineers and designers of mechanical systems. The objective is to understand the
wear mechanisms and to seek new solutions - materials, lubricants, additives - to
extend the lifetime of components, enable scheduled maintenance and replacement
intervals.

Research conducted during the past decades shows that wear can be minimized but
not eliminated from systems operation due to a large number of parameters which
are influencing the evolution of this phenomenon: load, velocity, temperature, type
of lubrication as well as the surface roughness.

Depending on operation conditions, the occurrence of wear leads to a change in the
macro contact geometry of the components. In time, this will affect the functioning
of the components, for example: high friction for brakes, clutches and
transmissions or low friction for cylinder-piston contact, cam-follower and gears.

In this thesis the influence of macroscopic wear on friction in lubricated sliding
concentrated contacts is investigated. Experimental wear and friction tests were
conducted on different types of lubricated contacts: line, point and elliptical. These
tests have shown a change in contact geometry and in operating regime of the
systems, i.e. friction level. To understand this, a relation between wear, contact
geometry and minimum film thickness is made.

In a lubricated contact three zones are distinguished: inlet, contact and outlet zone.
The inlet zone dictates the formation of the minimum film thickness between
contacting surfaces. When wear is present the contact geometry changes, leading to
a modification in pressure distribution. Changes in separation due to wear are
modeled based on hydrodynamic theory and are incorporated in a deterministic
mixed lubrication friction model. Using this model the transition between the
lubrication regimes, as shown in a Stribeck curve, can be predicted.

The experimentally obtained results are in agreement with the theoretical
simulations. It is shown that increased wear leads to a decreased friction level
resulting from the occurrence of the hydrodynamic effects due to a reduced contact
pressure. This causes a change in the operating regime of the system. In the one
case this changed regime can be considered to be the main cause of failure in a
system, whereas in another system it means smooth operation after a period of
running-in.
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The theoretical results are presented in a generalized Stribeck curve. From this, it is
possible to select the parameters such that the components of a lubricated system
operate in the preferred regime in order to control friction and minimize wear.
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Samenvatting

Slijtage wordt gezien als één van de belangrijkste aandachtspunten voor ingenieurs
en ontwerpers van mechanische systemen in de eenentwintigste eeuw. Het doel is
om slijtagemechanismes te begrijpen en nieuwe oplossingen te vinden op het
gebied van materialen, smeermiddelen en smeermiddeltoevoegingen om de
levensduur van componenten te verlengen, gepland onderhoud mogelijk te maken
en vervangingsintervallen te verlengen.

Uit onderzoek dat in de afgelopen tientallen jaren is uitgevoerd blijkt dat slijtage
van systemen kan worden geminimaliseerd, maar niet ge€limineerd. Dit is het
gevolg van het grote aantal parameters dat van invloed is op de evolutie van
slijtage: belasting, snelheid, temperatuur, soort van smering alsmede de
oppervlakteruwheid.

Afhankelijk van de condities waaronder een systeem opereert kan slijtage leiden tot
een verandering van de macroscopische contactgeometrie van componenten. Na
verloop van tijd zal dit het functioneren van de componenten beinvloeden.
Voorbeelden zijn hoge wrijving in remmen, koppelingen en versnellingen en lage
wrijving tussen cilinder en zuiger, nok en volger en tussen tandwielen.

In dit proefschrift wordt de invloed van macroscopische slijtage op de wrijving in
gesmeerde, glijdende geconcentreerde contacten onderzocht. Experimenteel
slijtage- en wrijvingsonderzoek is uitgevoerd aan verschillende soorten gesmeerde
contacten: lijncontacten, puntcontacten en elliptische contacten. Uit deze tests
bleek een verandering van de contactgeometrie en van het smeringsregime, ofwel
het wrijvingsniveau, in het systeem. Om dit te begrijpen is een verband gelegd
tussen slijtage, contactgeometrie en minimale scheiding tussen de loopvlakken.

In een gesmeerd contact worden drie zones onderscheiden: de inlaat, het contact en
de uitlaat zone. De inlaat zone is bepalend voor de minimale filmdikte tussen de
twee oppervlakken. Als gevolg van slijtage verandert de contactgeometrie,
resulterend in een aangepaste drukverdeling. Veranderingen in de separatie tussen
de twee oppervlakken als gevolg van slijtage zijn gemodelleerd op basis van de
hydrodynamische theorie en toegepast in een deterministisch model voor de
wrijving in het gemengde smeringsregime. Met behulp van dit model kan de
transitie tussen de smeringsregimes, als aangegeven in de Stribeck curve worden
bepaald.

X



De experimenteel behaalde resultaten zijn in overeenstemming met de theoretische
simulaties. Er is getoond dat een toename van de slijtage leidt tot een afname van
het wrijvingsniveau, als gevolg van het optreden van hydrodynamische effecten
door de lage contactdruk. Dit veroorzaakt een verandering van het regime waarin
het systeem opereert. Aan de ene kant kan deze verandering van regime de
belangrijkste oorzaak zijn voor het falen van een systeem, aan de andere kant kan
het betekenen dat een systeem goed functioneert na een periode van inlopen.

De theoretische resultaten zijn gepresenteerd in een gegeneraliseerde Stribeck
curve. Met deze curve is het mogelijk de parameters zo te selecteren dat de
componenten van een gesmeerd systeem in het optimale smeringsregime opereren
waardoor de wrijving gecontroleerd kan worden en de slijtage geminimaliseerd.
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Nomenclature

a semi-axis of contact ellipse in x sliding direction [m]
ay radius of the Hertzian point contact [m]
Ac total asperity contact area [m’]
Ay hydrodynamic contact area, Ay = Ayom - Ac [mz]
A; contact area of the i asperity contact [m?]
Apom  the nominal contact area [m2]
b semi-axis of contact ellipse in y direction [m]
by half contact width of the Hertzian line contact [m]
B length of the line contact (cylinder) [m]
f coefficient of friction [-]
f(a, G) function depending on o and (inlet) geometry [-]
E, modulus of elasticity of the pin [Pa]
Fc load carried by the interacting asperities [N]
Fipr  friction force in BL regime [N]
Fimp  friction force in HL regime [N]
Fime  friction force in ML regime [N]
Fu load carried by the hydrodynamic component [N]
Fx normal load [N]
h film thickness specific to xoy coordinate system [m]
h’ film thickness specific to x’0’y’coordinate system [m]
ho; parameter to define worn profile after i cycles [m]
h;* the elastic deformation normal to the contact [m]
h, film thickness given by the geometry [m]
Ninin minimum film thickness [m]
hyingp  minimum film thickness in EP regime [m]
hpinri minimum film thickness for RI regime [m]
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Prmax
Pmean
pc
Pu
PN

Ttrack
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Smax

dif
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separation

parameter to define worn profile after i cycles
wear rate

half contact width or half wear scar diameter
power coefficient (~ 0.7)

numbers of the micro contacts

pressure

maximum pressure for the inlet zone

mean contact pressure

pressure carried by the interacting asperities

pressure carried by the hydrodynamic component

pressure exerted by the normal load
radius of the wear scar track

radius of the cylinder

radius of the sphere

radius of the spherical roller in x direction
radius of the spherical roller in y direction
worn radius

sliding distance

maximum sliding distance

velocity

relative motion between the opposing surfaces
volume of the material removed

wear depth

total wear depth

spatial Cartesian coordinates

parameter X =x + L,

spatial Cartesian coordinates
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Z; height relative to the mean plane of surface heights [m]

Greek symbols

o viscosity-pressure coefficient [Pa’]
Bri parameter to define the minimum film thickness in RI [m?]
Y coefficient [-]

Y1 coefficient [-]

Y2 coefficient [-]

Y shear rate, v = vt /h [1/s]
0 deformation depth or asperities indentation [m]
ORr1 parameter to define the minimum film thickness in RI [m3/ 2]
As increment of the sliding distance, As = 27,k [m]

n viscosity [Pa-s]
Mo viscosity at ambient pressure [Pa-s]
Vp Poisson ratio of the pin [-]

TG shear stress at the i"™ asperity contact [Pa]
T hydrodynamic shear stress [Pa]
Ty Eyring shear stress [Pa]
c standard deviation of surface roughness [m]
Abbreviations

BL boundary lubrication regime

ML  mixed lubrication regime

EHL elastohydrodynamic lubrication regime
HL hydrodynamic lubrication regime

RI rigid isoviscous regime
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ElI
RP
EP

elasto isoviscous regime
rigid piezoviscous regime

elasto piezoviscous regime
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Chapter 1 Introduction

1.1  Tribology - friction, wear and lubrication

Tribology is defined as the science and technology of interacting surfaces in
relative motion dealing with the phenomena (friction and wear) occurring between
interacting surfaces related to physics, mechanics, metallurgy and chemistry [1]. In
order to control friction and wear these surfaces can be lubricated.

A car is an assembly of a great number of systems (see Figure 1.1) like the
transmission, engine, brakes, tires, suspension and fuel injection in which surfaces
operate under different conditions: dry and lubricated.

Rear suspension

¥ Front suspension
and
Brake system

Steering system

Figure 1.1  Examples of systems.

The tribosystems are reference units in tribology and are composed of two bodies
which are interacting with each other in the presence of a lubricant and in a specific
environment, schematically shown in Figure 1.2. The aforementioned car systems
contain such tribosystems.

If the lubricant is not able to separate the surfaces, contact between the surfaces
takes place at asperity level (microscopic contact). The level of contact depends on
the operating parameters: load, velocity, temperature, type of lubrication as well as
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the roughness [2]. In time, due to friction between the surface components, wear
appears and changes the micro (roughness) and macro geometry and as a result this
leads to energy losses (for example: more than one quarter of the power is lost by
friction in the engine and transmission system) [3] and finally to the failure of a
system.

micro
cortact

body 1 lubricant

: macroscapie
I geomatry |

Figure 1.2 Schematic representation of a tribosystem.

Worldwide, wear is considered as the main failure phenomenon of tribosystems
and is defined as the loss of material from contacting surfaces in relative motion
being controlled by the properties of the material (hardness, ductility, thermal
properties, etc.), the environment (lubricant type, temperature) and operational
conditions (surface topography, load, velocity) and the geometry of the contacting
surfaces [4]. During the lifetime of a system lubricated components undergo three

stages towards failure [5] and are affected by nearly as many variables as in human
life [6].

stage 1 : stage 2

Wear

\4

Service life

Figure 1.3 Service life diagram in sliding lubrication reproduced from [5].
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In stage 1 (running-in) wear exists due to accommodation of the surfaces and the
surface topography changes during the running-in process by removal of the high
asperities of the contacting surfaces. As a function of the operational parameters,
tribolayers can be activated by interaction (physical-chemical, colloidal-chemical
or chemical) between the rubbing surfaces and additives in the lubricant (antiwear
and EP additives), having a protective role against wear [7].

The operating period of a system in stage 2 (service life) depends on the properties
of the tribolayers, like hardness and thickness, and is characterized by a constant
increase in wear. During this period modification in the subsurface structure
(plastic deformation, micro-crack initiation and development of these) takes place
due to large plastic strains and high contact temperatures, due to friction.

In stage 3 (surface deterioration) micro-fatigue takes place in the contacting
surfaces due to an increase of micro-cracks below the contact area, increasing the
amount of wear and finally to the failure of the system [5].

1.2 Lubrication regimes

Lubrication is defined as “the application of a lubricant between two surfaces in
relative motion for the purpose of reducing friction and wear or other forms of
surface deterioration” [1].

From the late nineteenth, early twentieth century many researchers began to
develop theories related to friction and wear that occur in tribosystems. Stribeck
was the first who reported the dependency of the coefficient of friction of a
lubricated system as a function of velocity, in the so-called Stribeck curve [8].
Depending on the operational conditions (load, temperature and velocity) a
lubricated system can operate in one of the following three lubrication regimes:

Boundary lubrication (BL) is the regime where the load is carried by the interacting
asperities of the contacting surfaces (no hydrodynamic effects due to low values of
velocity). In this regime the values of coefficient of friction are in the order of 0.1 -
0.15, friction and wear are controlled by the protective layers built on top of the
rubbing surfaces.

Under hydrodynamic lubrication conditions (HL or EHL) the lubricant film
separates the contacting surfaces, due to motion, the coefficient of friction is
governed by the lubricant properties and is of the order of 0.01 (in this regime the
wear is considered to be zero).
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Figure 1.4  Generalized Stribeck curve and lubrication regimes.

The third lubrication regime (mixed lubrication regime ML) is considered to be a
transition regime between BL and HL in which the load is shared between the
hydrodynamic and asperity component.

Using the generalized Stribeck curve it is possible to select the parameters such
that the components of a lubricated system operate in a preferred regime to control
friction and minimize wear [9].

1.3 Objective of this thesis

Wear is considered to be the main challenge for engineers and designers of
mechanical systems in the 21st century due to permanent losses in industry, by
trying to understand the wear mechanisms and to find new solutions (materials,
lubricants, additives) for extension of the components lifetime. Depending on
operational requirements: high friction (brakes, clutches, transmissions) or low
friction (i.e. cylinder-piston contact) each lubricated tribosystem is designed to
operate in one of the three aforementioned regimes in the Stribeck curve.

The literature shows that wear leads to changes in surface parameters [10] and [11]
surface geometry [12] and [13] as a function of the operational conditions.



How will these geometrical changes affect the operating regime of a lubricated
system?

The goal of this thesis is to investigate the effect of macroscopic wear (changes in
contact geometry) on friction in lubricated sliding concentrated contacts (line, point
and elliptical contact). In the case of lubricated contacts three zones are
distinguished: inlet, contact and outlet zone. When wear is present the contact
geometry changes leading to a modification in pressure distribution whilst the inlet
zone dictates the formation of the minimum separation between the contacting
surfaces. For each concentrated contact changes in separation due to wear are
calculated based on the hydrodynamic theory (Reynolds equation) and a mixed
lubrication friction model is developed to predict the transition between the
lubrication regimes of the so-called Stribeck curve. The model is validated by
friction measurements performed on a pin-on-disc tribometer.

1.4  Outline of this thesis

The next chapter gives a literature overview on lubricated wear: classification,
changes in surface topography and geometry, wear volume and wear rate.

In chapter 3 the influence of wear on the separation in line, point and elliptical
contacts is calculated based on the Reynolds equation of the hydrodynamic
lubrication theory. These results are compared with results from the literature.
Chapter 4 presents a deterministic mixed lubrication friction model which takes
into consideration changes in contact geometry due to wear. The experiments
performed to validate the friction model are described in chapter 5.

In chapter 6 theoretical results from chapter 4 will be compared with the
experimental results performed on a pin-on-disc tribometer. Chapter 7 discusses
the change of the Stribeck curve in time, i.e. during the lifetime of a lubricated
contact. The final chapter summarizes the conclusions and the recommendations
for further research.
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Chapter 2 Wear in lubricated systems

2.1 Introduction

Every year the cost of losses due to wear in industry represents a significant
percentage of the gross national product of each country (for example: 6 - 7 % in
USA [1]). Studies conducted in the last five decades show that the lifetime of
tribological systems is influenced by the choice of the key factors that control wear:
operational conditions and material properties.

The relationship used to study wear in tribosystems is Archard's law in which the
wear coefficient K [-] is defined as product between wear rate k [mm®/N-m] and
hardness H [MPa] of the softer material in contact.

K=k -H .1

The wear rate is not a material property and is defined as the wear volume per unit
distance and unit load.

k= v
FN‘S

(2.2)

with: V. total wear volume of the specific component [mm’]
Fxn  normal load [N]
s  sliding distance [m]

The values for wear rates of metallic materials in sliding contact under different
lubrication regimes are shown in Figure 2.1.

In the HL regime the separation between the surfaces is sufficient to prevent
asperity contact and is characterized by low values of the wear rate (10" to 107
mm?*/N-m). Depending on the lubricant properties in BL the values for the wear
rate increase to 10° mm*/N-m.

If the operational conditions become severe (high loads and high temperatures) and
sliding contact occurs between unlubricated surfaces then the values of wear rate
may become 107 to 10" mm?/N-m.
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Figure 2.1  Distribution of wear rate in sliding contacts under different
lubrication regimes [2].

2.2  Lubricated wear

The main way to reduce friction between bodies is the use of lubricants. Research
studies [1] and [3] have shown that the use of lubricants does not completely
reduce the appearance of wear; this phenomenon largely depends on the
operational conditions of the systems.

In a lubricated system one method to evaluate wear is using a wear map which is
able to provide information about the behaviour of materials under different sliding
conditions and gives relationships between the dominant wear mechanisms which
take place between the rubbing surfaces [4].

In 1972 Beerbower proposed a conceptual wear mechanism diagram for steel under
lubricated conditions as a function of the specific film thickness [4]. According to
the wear map Figure 2.2, low values of wear are obtained only if between the
contacting surfaces exist a “good” lubrication (high film thickness) due to
hydrodynamic effects which appear at high values of the sliding velocity (HL or
EHL regime).

In the case of BL, wear is controlled by chemistry and properties of the boundary
lubricating film which are dependent on reactivity and severity of operational
conditions.
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Figure 2.2 Wear map for steel under lubricated conditions [5].

Figure 2.3 indicates that wear scar evolution depends on the wear mechanism and
chemical reactions between the rubbing surfaces and lubricant. For the first four
samples of Figure 2.3 wear was caused by abrasion (scratches in sliding direction),
the differences in size of the wear scars can be explained by different properties of
the protection layers formed as a result of interaction of additives (friction modifier)
and surfaces. The sample on the right-hand side of Figure 2.3 presents a different
wear mechanism (clean and smooth) which involves the rubbing of the chemical
film (reaction between a steel layer and active elements of FM-3) as soon it was
formed.

ol C oilD oillE
parafinic oil LN 0il LN+3wt% FM-4 oil LN+5wt% FM-1 oil LN+1wt%o FM-2 oil LN+1wt% FM-3
FM-1 to FM-4 - friction modifiers

Figure 2.3 Wear scars on bearing steel balls sliding against bearing steel disk at
a speed of 0.785 m/s and a sliding distance of 9.42 km [6].
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Another method to evaluate lubricated wear in systems is provided by the IRG
transition diagram [7] which displays regimes of lubricated wear as a function of
the operational parameters (normal load and sliding velocity). According to Figure
2.4 the following regimes are possible:

PN % \
2000 - %

1500 -
Unlubricated

1000 -

500 —
Mixed / EHD

0 ! I I I I
0.001 0.01 0.1 g 10

V(m/s)

Figure 2.4 IRG transition diagram.

- regime I corresponds to partial EHL and is characterized by low values for the
coefficient of friction (0.04 to 0.1) and wear rate (k ~ 10° mm’/N-m) and is
described as a regime of mild wear, whereby the main cause for removing of
material is by tribochemical wear;

- regime II is characterized by values for the coefficient of friction (0.2 to 0.4) and
wear rate (10® to 10°¢ mm’/N-m) due to high values of contact pressure which
define BL;

- in regime III, due to increase in load, the contact between metallic asperities is
inevitable (unlubricated) and leads to an increase of the coefficient of friction (~
0.5) and wear rate (larger than 10”° mm’/N-m). This regime is defined by the term
“scuffing” which is associated with the breakdown of lubrication.

2.2.1 Wear mechanisms in lubricated systems

Wear depends on many parameters and can be classified according to the following
criteria:

- function of the appearance of the wear scar: pitted, scratched, polished,
fretted, gouged and scuffed;

- function of the physical mechanism which causes damage by material
removal: adhesive, abrasive, fatigue and tribochemical;

- function of operational conditions: lubricated wear, unlubricated wear,
sliding and rolling wear, high temperature metallic wear.

10



2.2.1.1 Adhesive wear

Adhesive wear is defined as wear by transfer of material from one surface to
another during relative motion due to a process of solid-phase welding [8]. In this
mechanism wear particles are created due to a fracture of the softer material close
to the welded junction being permanently or temporarily attached to the other
surface.

Asperity Collision Adhesion Material Transfer  ——

Figure 2.5 Schematic adhesive wear mechanisms [9].

Adhesive wear takes place in systems which operate in the BL or ML regime and
appears due to an incorrect mounting or misalignment between components
(piston/cylinders, cams and followers, gears and bearings) or severe operational
conditions which can lead to the lubricant’s failure. This mechanism can be
prevented by ensuring that the correct type of lubricant is used (antiwear AW and
extreme pressure EP additives to reduce the surface damage) and by lowering the
contact loads.

2.2.1.2 Abrasive wear

Abrasive wear can be defined as removal of any part of material due to friction by
hard particles and protuberances [8]. Depending on the hardness values of the
rubbing surfaces two types of abrasive wear are defined: two and three body
abrasive wear. The first type is characterized by the fact that asperities of the
harder surface will plough through the softer surface. The second type is based on
the theory that the hard removed particles are able to move freely in the contact
area and form scratches.

a) two-body abrasive wear
Plastic flow
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b) three-body abrasive wear

Plastic flow

—_—
Foreign Particls

s

Farelgn Partlcle

Figure 2.6  Schematic abrasive wear mechanism [9].

2.2.1.3 Fatigue wear

Removal of particles detached by fatigue arising from cyclic stress variations is
defined as fatigue wear [7]. This type of wear occurs after repeated cycles where
the stress cycling leads to initiation of subsurface cracks. The crack network
continues to propagate with increasing of number of stress fluctuation until de
cracks intersecting the surface and free metallic particles are released, resulting in a
progressive loss of material from the surface [10].

Elastic deformation Crack formation and propagation

Figure 2.7  Schematic fatigue wear mechanism [9].

2.2.1.4 Tribochemical wear

Tribochemical wear is considered the mildest form of wear and its evolution is
influenced by the tribolayers properties formed on top of surface asperities.
Protected film formation depends on the additives [11] and nature of the rubbing
surfaces [ 12 ] involving the following three mechanisms: chemisorption,
decomposition and diffusion [3]. As a function of the operating conditions,
chemical reactions between interacting surfaces and the environment take place
and new products (tribolayers) are deposited on the surfaces.

12
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Figure 2.8  Surface and ZDDP tribolayers structure: a) structure of metal
surface [13] and b) schematic structure of the ZDDP film [14].

Further asperity-asperity contacts occur due to film removal by friction, film
regeneration largely depending on contact temperature (reactivity increases with
increasing contact temperature). Continuous repeating of these cycles leads to the
impossibility of formation of protective films.

2.2.2 Change in contact due to wear

Wear is considered as a dynamic phenomenon that leads to changes in operational
conditions affecting the contacting surfaces through a continuous change of the
following parameters: surface topography, contact geometry and contact pressure.
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2.2.2.1 Change in surface topography

The surfaces of machine elements are not perfectly smooth [15]; their topography
depends on the manufacturing process [16], [17] and surface treatments [18], [19].

r;ﬁvwww‘
initial surface

a 2

[T [

dispersed wear local wear

= ¥ 1

wear particles changed topography energy loss

_—

£ £

[change of mass] [change of geometry] [Change of mech. properties]
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[quantiry J [quality J
- depth information
- length codified in
- volume surface
morphology

Figure 2.9  Changes in surface topography due to wear reproduced from [20].

In a lubricated system the roughness of the surface [21] has an important role in
indentifying the lubrication regime using the lubrication number:

PR

L (2.3)

a

where: 19 viscosity at ambient pressure
R, CLA surface roughness
v velocity
p  mean contact pressure

Transformation of the topography of the contacting surfaces begins with the
running-in process [22], [23], [24] (microscopic level) and continues until the
systems no longer fulfill the requirements for which these surfaces were designed,
leading to failure (macroscopic level), see Figure 2.9. Changes in surface
topography depend on operation conditions (load, temperature, velocity), material
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properties (wear rate decreases with increasing hardness) and lubricant
characteristics.

Test 1 P=1.83 GPa, v=0.84 m's, 20 C, SAF40 Test 2 P =3.32 GPa, v=0.21 m/s, 20 C, N16
Ball ) Digc Ball ___Disc

Stage

StageI

Running-in

Stage IT
Steady wear

Stage 1T

Severe wear

180 minutes

Figure 2.10  Surface topographies of the tested samples, reproduced from [25]

Figure 2.10 shows the evolution of the surface topography from two different
friction tests, conducted on a ball-on-disc tester [25] using different types of
lubricants (SAE 40 and N16). In test 2 (see Figure 2.10) wear is more pronounced
(higher surface roughness and more wear particles generated throughout all wear
stages) even when the sliding distance is less compared to test 1. Wear is
influenced as mentioned before by the test parameters: load (200 N - test 1 and 600
N - test 2) and lubricant viscosity (viscosity at 40 °C - 144.6 mm?/s for test 1 and
15.3 mm?/s for test 2).

During lubricated sliding with high loads local deformations occur and lead to
changes in microstructure of the subsurface zones (nano-crystalline layers) and
material properties [26] affecting the values of the coefficient of friction and wear
rates of rubbing surfaces.

In [27], subsurface deformations in lubricated aluminium alloy composites were
investigated by focused ion beam microscopy (FIB). According to Figure 2.11 a,
heavily deformed grains are formed and extend to 1-1.5 um below the surface
being oriented parallel to the sliding direction.

In the second case (b) a large amount of plastic deformation occurs and is
attributed to a different wear mechanism (wear track scratches formed by abrasive
wear).
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Figure 2.11  Subsurface deformations in a lubricated aluminium alloy composite
(5056, after lubricated sliding at 630 N for 306 km, reproduced from [27].

2.2.2.2 Changes in contact geometry

When two bodies are in contact, depending on surface geometry, three types of
contact are possible (see Figure 2.13):

- line contact: cylindrical roller bearings, piston-ring cylinder liner;

- point contact: ball bearings, cam-follower contact;

- elliptical contact: bearings, rail-wheel contact, road-tire contact.

Due to friction between the system components, surface wear occurs and causes
geometrical modification both on micro and macro level. Based on material
properties (hardness), contact evolution due to wear for a sphere sliding against a
flat is shown in Figure 2.12 [28].

ﬁ | ||

a) only sphere wears b) only flat wears c¢) both sphere and flat wear
Hpan < Hpae Huan > Hpae Hian = Hiae

Figure 2.12  Change in contact configuration as a result of wear.

The evolution of the macro-geometry due to wear depends on, besides the
operational parameters, the properties of the surfaces in contact.

16



a) line contact b) point contact ¢) elliptical contact
Figure 2.13  Different types of contact geometry.

Considering the case in which only one of the bodies (pins) is worn, different
profiles for dry and lubricated systems, see for instance [29, 30, 31], are obtained
after tests.

In the first case (Figure 2.14-a) flattening of the profile after wear tests is due to
functioning of the system in the BL regime at low values for the velocity and high
loads. Increasing the sliding velocity and reducing the load hydrodynamic effects
in the contact occurs, which leads to formation of a wedge shape (see angle 0 in
Figure 2.14-b).

The worn geometry presented in the third case (Figure 2.14-c) differs from the
other two geometries (new contact radius larger than the initial radius of the sphere)
and is encountered in wear tests performed at low levels of speed and load.

17
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Figure 2.14  Change in macro-geometry of lubricated contacts.
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2.2.2.3 Changes in contact pressure

The question arises: How does wear affect the contact pressure and which
parameters are influenced by this?

In the previous section it has been shown that, depending on the operating
conditions, machine elements change their macro-geometry in time having as
consequence changes in operational parameters. Wear tests carried out for different
materials in lubricated contacts indicate that by increasing the sliding distance
between rubbing surfaces an increase in wear scars size is obtained which leads to
a decrease of the contact pressure (p = Fn/Aconact) [32]. Based on wear data from
Figure 2.15 the authors conclude that the evolution of contact pressure depends on
the material behaviour in interaction with the active products (additive package)
from the lubricant (reactivity of steel with additives is more pronounced in the case
of 52100 steel compared to ceramics ZrO, and form protected layers whose
properties result in a lower wear scar size respectively low wear rate).

10°

—6— Si3N4
50 N normal load 3 Zr02
Hertzian Pressure -6— 52100 Steel
= -¢-- M50 Steel
=5
(o]
2
w2
s
~
= ot m—————p
g N\ T T X
5
(@)
10° N i i i L
1] 50 100 150 200 250 300

Sliding distance (m)

Figure 2.15  Evolution of the contact pressure in worn lubricated contacts (Fy =
SON, T = 23 °C, humidity = 30-50%, lubricant: polyolester based synthetic oil,
pin and disc roughness = 0.08 um, reproduced from [32].

2.2.2.4 Wear parameters: wear volume and wear rate

Wear is expressed in the amount of volumetric material removed and can be
measured by several methods with different accuracies: mass loss measurements,
two dimensional (2D) and three dimensional (3D) topographical analysis.
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The first method is relatively quick and simple by measuring the mass of the
samples before and after the wear tests, the amount of material removed can be
calculated based on next equation:

V= Mpefore — Myfier (2 4)
p
with: V loss volume of material [m?]
Mperore ~ Mass of tested sample before wear test [kg]
Myfier mass of tested sample after wear tests [kg]
p material density [kg/m’]

The accuracy of this method is low in the case of high wear-resistant materials due
to the small amount of mass loss.

The second method, 2D is based on wear scar profile measurements. Wear volume
calculations assume a flat worn surface (Figure 2.16-a). In the case of non-flat wear
scars (Figure 2.16-b) the third method (3D) can be applied and involves profile
measurements at multiple points of the tested samples. This method is accurate but
is costly with respect to time [33].

After After
testing testing RW
R() l{0
ho A\ ho hW
A4 Y
~~ Yowr == =
= y = \
Before / Before /
testing dscar testing dscar
a) flat worn scars (dry contact) b) non-flat worn scars (lubricated contact)

Figure 2.16  Worn profile of tested samples [33].

In the case of the flat worn surfaces, the volume loss of material is calculated using
the following equation (a point contact is considered):

V:%-hg (3R, —hy) (2.5)

For a worn surface whose geometry is shown in Figure 2.16-b the volume loss can
be considered as:
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V=Suh3 (oRy -ho)-h (R, ) 2.6)

where: w wear depth, w = hg - hy, [m]
Ry initial radius [m]
Ry, new surface radius after wear test (R, > Rg) [m]
decar wear scar diameter [m]

ho, hy, parameters of the worn profile (Figure 2.16-b) [m]

Table 2.1 presents loss volume formulas according to the mechanisms of wear
present in the contact between two surfaces.

Table 2.1  Wear volume formulas [34].

Nr. Wear Wear volume,
mechanism \% [m3]
Fy s
V=a-p-—
! Al;f::lrve o the shape factor of the abrasive (asperity), a. ~ 0.1
B the degree of wear at one abrasive (asperity), B ~ 0 to 0.1
H material hardness
FN S
2 Adhesive V=K
wear K wear coefficient
Fo -5 K = 9.3t n
. V=K X ~ ~D _1-D
3 Fatigue C” v,
wear r, 1, vyt coefficients
C effective shear strain
D experimental constant
_Q
F .S R, T
v=K- X PEpc
H K=dA-e =°
. dA  Arrhenius constant 10° - 10"
Corrosive ..
activation energy
4 wear

absolute temperature

density of oxide

sliding velocity

distance along which the wearing contact was made
g gas constant

sliding distance

critical thickness of iron oxides

D e 3o 50

e <
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2.3 Wear models

Due to the complexity of wear no theoretical model is available which fully
characterizes this phenomenon. Existing models given in the literature can be
applied to a specific tribological application and are based on a possible wear
mechanism (mechanical, chemical, physical and metallurgical action) that may
occur between the rubbing surfaces.

The number of wear equations given is impressive; between 1957 and 1992 about
182 equations for erosion and sliding wear were proposed [35] which incorporate
more than 100 variables and constants.

A wear model is defined as a listing, description or discussion of the variables that
influence wear [36]. In [37] a model for predicting the rate of adhesive wear in a
lubricated sliding contact was proposed. This model can be applied to a maximum
sliding velocity of 0.1 m/s and is based on the assumption that the load is supported
by a lubricating film (influence of lubricant on wear process is given by a frictional
film defect) and contacting asperities.

The volume of material removed from the contact is attributed to the contact load
component (asperity contact) and is approximated by the next equation:

w
V:km-1/1+3-u2-B-Pa-s (2.7)

m

with: V wear volume

sliding distance

coefficient of friction

fractional film defect, B=0to 1

characterizing the tendency of a sliding contact to wear by adhesion
load component carried by asperities

flow pressure of material

SrmE ©
o g

e}
=

Reference [38] presents a wear model in lubricated contacts (partial EHL) in which
abrasive wear is considered to be the main mechanism taking into account the
following parameters: surface roughness profile, material hardness, operating
condition (load, velocity) and visco-elastic characteristics of the solid. The wear
model is given as:

dvV_. N-P.S,a

=
o o H"-B- 3~<s~e[4'“r ~h, (2.8)
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where: dV/ds wear rate (m3/m)

TSN <R™aZK

9
*

=

lubricated wear coefficient
parameter N=1/S,, [1/m]
composite surface roughness [m]
exponent sign

height modification coefficient
sliding velocity [m/s]

delay time [s]

average film thickness [m]

hardness rati(), H* = Hhard surface/ Hsoft surface [']

probability of the asperity contact
average asperity wavelength [m]

Another sliding wear model for partial EHL is presented in [39] in which two wear
mechanisms are assumed to occur in the contact: 1) thermal desorption (at low
asperity contact temperature) and 2) oxidative (at elevated asperity contact
temperature) wear mechanism.

The appearance of the two mechanisms is influenced by the contact temperature at
asperity level. If the contact temperature exceeds 200 °C, then the physisorption
may no longer be valid and an oxide film can be formed at the collision point
between the asperities, possibly by detaching from the surface and forming
oxidative wear particles
The equations which describe the wear model as a function of the asperity
temperature T; are:

Function of T; values, wear is defined by a general equation:

with: V

n

_Q
Vi_AgAx [ rRT) [Ad
S C, U A

x n
wear volume loss [m’]

sliding distance [m]

molar gas constant
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v sliding velocity [m/s]

A local asperity contact area [m’]

A, nominal contact area [m’]

Ti  local asperity contact temperature [K]

Qo activation energy for oxidation [J/mole]

k., wear coefficient parameter specific to the contacting asperities [-]

C, oxide constant [-] and C, = Cy for 200 °C < T; < 350 °C
Cy = Cyy3 for 350 °C < T; < 570 °C
Cy=Cyp for T; > 570 °C

2.4  Summary

This chapter presented a review of the literature on wear in lubricated systems. A
discussion followed the introduction, which looked at wear classification and
methods used to evaluate this phenomenon. Sections 2.2.2.2 and 2.2.2.4 presented
the macro-geometrical changes in lubricated contact and the amount of material
removed due to wear on the basis of the wear tests conducted in the literature. The
last section of this chapter showed descriptive wear models for the different wear
mechanisms: adhesive, abrasive and corrosive wear. These models, however,
cannot be used within the scope of this research.

To study the effect of wear on friction the general observed geometry for highly
loaded concentrated contacts as presented in Figure 2.14-a is adopted in this thesis.

The main conclusion is that there is no model available which predicts wear as a
function of the operational condition/parameters. Therefore a k value will be used
to describe the change in macro-geometry as a function of the operational
conditions and as a result the effect of wear on friction.
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Chapter 3 Film thickness in worn lubricated concentrated
contacts

3.1 Introduction

In the previous chapter, influences of different operational parameters on contact
geometry evolution were discussed (velocity, load, time, material and lubricant
properties). Tests conducted on different tribometers show that the contact
geometry starts to change at microscopic level and continues until system
components no longer fulfill the functional specifications for which they have been
designed (macroscopic level). The changes in contact geometry may lead to
modification in operational parameters like: contact pressure, contact temperature,
lubrication regime, etc., so the system no longer operates at its optimum.

In this chapter the influence of wear on the minimum film thickness in worn
lubricated concentrated contacts is investigated based on changes in the macro
contact geometry.

3.2 Minimum separation in worn lubricated contacts

The component’s geometry evolves in time: at first it is Hertzian (see Appendix A)
followed as a function of the operational conditions by stages that allow a system
to operate within normal limits and finally to reach the final stage: failure.
Depending on the operational parameters lubricated systems operate in different
lubrication regimes: BL, ML and (E)HL. In the case of systems which operate in
the BL regime a high friction value between the components is present. In time
wear occurs and leads to a modification of the microscopic and macroscopic
geometry of the components.

Can these changes in geometry affect the operational regime of a lubricated system?

The answer to this question is found by calculating the relation between operational
key parameters of systems taking wear into account. For each concentrated contact
a worn contact geometry is proposed based on experimental data from “wear” tests
performed on a pin-on-disc tribometer.
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3.2.1 Geometry of a worn line contact

Experimental data from Chapter 5 and literature (chapter 2) show the evolution of
pin profile geometries in sliding direction due to wear.

All pin profiles after wear tests show a new surface curvature which is larger than
the original pin curvature (Ry, > R) and parameters that defined the worn profiles
are according to [1] and shown in Figure 3.1.

a) unloaded b) loaded
v A
<—=8liding FN
R. direction
W
aft before
testi?‘lrg R testing t?:;?‘lrg RW
he |hy,
w
= Eo‘ \ /
——— > 2 B T
O X
s . "
- L inlet |we 2L | outlet

Figure 3.1  View of the worn pin profile.

where: R is the initial pin radius, R, is the worn radius, w is wear depth and 2L, is
the contact width.

To determine the evolution of pin profile geometry due to wear a general equation
is used:

~VR? —x? +(\/R3V ~12, —yR? —sz) if xe(-Ly.L,)
f(x) = 3.1)

otherwise -VR? —x?

Using parameters from Table 3.1 of a wear test, measured and predicted profiles
are shown in Figure 3.2. Due to small differences between profiles it can be
concluded that equation (3.1) can be used to describe the profile geometry of a
worn line contact.
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Table 3.1

Worn line profile parameters.

Time | Wear scar, | Wear depth, | Worn radius, | Contact pressure, Wear rate,
(h] | 2Ly [um] | w[um] Ry [mm] Pinean [MPa] k [mm’/Nm]
0 12.8 0 2 146.3 -
4 180 2.1 7.4 104 7.05-10°
8 220 3.1 9.3 8.5 1.76-10°
12 270 45 14 6.9 1.96-10°
8
= unworn profile - experiment
= = unworn profile - prediction
e worn profile after 12h - experimental
61 === worn profile after 12h - prediction
N
'E 2
=
s .
S0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
—E -2p0 -200 -150 -100 -50 0 50 100 150 200 230
S
Z 2

X - sliding direction [pm]

Figure 3.2 Comparison between measured profile and predicted profiles of a
worn line contact.

To find the minimum separation in a worn line contact the geometry of the worn
profile presented in Figure 3.3 is used. In a lubricated contact three regions are
distinguished: inlet, contact and outlet region. The geometry of the inlet region
plays an important role in pressure generation, and as a result the minimum
separation between the opposing surfaces.

The equation of the oil film thickness in the inlet between a flat and a worn
cylinder is:

h=h_, +h,, where h,=h'-w

. . (3.2)
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Sliding = unworn profile

direction

——worn profile
= =pressure distribution

outlet X

inlet
region

2L
contact region

region

Figure 3.3  Worn lubricated line contact geometry and corresponding pressure
distribution.

in which: h, h’ are the total film thickness specific to the coordinate system (xoy
respectively x’0’y’), h, - film thickness given by the inlet geometry, hy, is the
minimum film thickness, w is wear depth, R radius of the cylinder, pm.x is the
maximum contact pressure, Fy is the load and the size of the wear scar width is
equal to 2L,.

3.2.2 Minimum film thickness calculations

In the case of lubricated contacts the Reynolds equation is used to describe the
relation between the pressure distribution and film shape as a function of the
viscosity and the velocity [2].

G Pl PG P RPN L 3.3)
ox ox ) dy dy ox
A% sum of surfaces velocity p pressure n lubricant viscosity
X,y spatial Cartesian coordinates h film thickness
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The most significant property of lubricants is the viscosity which is dependent on
pressure [3], temperature [4] and shear rate [5].

FHE TECHMOLDGICAL UNIWERSITY OF OELFT

VISCOSITY - TEMPERATURE DIAGRAM
FOR MINERAL OILS
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Figure 3.4  Viscosity - temperature diagram reproduced from [4].

According to [6] the minimum film thickness in an EHL line contact can be
estimated accurately by using a survey diagram in which four asymptotic solutions
are presented for the rigid-isoviscous RI, rigid-piezoviscous RP, elasto-isoviscous
EI and elasto-piezoviscous EP regime.
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0.1
0.1 1 10 100 1000

M

Figure 3.5  Survey diagram for the EHL at line contact [6].
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To determine the minimum film thickness for worn lubricated line contacts some
assumptions are made:

a) the surfaces are perfectly smooth;

b) the lubricant acts as a Newtonian fluid and the lubricant flow is only in sliding
direction (x direction);

c) due to macroscopic wear, the contact pressure decreases and the rubbing
surfaces behave as rigid (RI regime).

In the case of isoviscous lubricant behaviour the viscosity is considered to be
constant i.e.:

n=no 3.4)
in which 1 is the viscosity at ambient pressure [Pa-s]

Considering the above assumptions, equation (3.3) results in:

0 (,30dp oh
—| h> — [=6nyv— 3.5
8x( ax] novax (3:5)

Occurrence of wear during operation leads to changes in component geometry and
the film profile in the inlet region is given by:

_ 2 2

h_hmin-"R_\/R —(x+Ly)" -w (3.6)
= profile of the cylinder
= parabola approximation

g -R2

5]

g

=}

o

en

2

hm}

g

(=™

R Inlet zone (6]

Figure 3.6  Approximation of the cylinder profile by a parabola.
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For calculations, the inlet shape (R —\/R2 —(x +Lw)2 ) is approximated by a

parabola ((x+LW )2 /2R ) which is valid only for the cases when L, < R/2 see
Figure 3.6. The film in the inlet zone becomes:

L: 1
2
h=a+bX", where a=h_;, —ﬁ,bzﬁand X=x+L, (3.7)

The minimum film thickness calculations in worn lubricated point contacts follow
the classical solution from EHL theory described in [7]. The general solution of
(3.5) 1s:

dp h-h
—=6m,Vv
dx Mo h3

- (3.8)

where h, is a constant whose value is found from the condition that the flow in inlet
region is the same as the flow in contact region and at x = 0, dp/dx = 0.

r :hmin (39)

The pressure distribution over inlet region is found by integrating relation (3.8):

h . X 1 3h; X 1 bX
p=06m,v| — —= + (— ——mn j + atan( J +C
° 4a (a +bX2 )2 2a 8a® Na+bX? +ab vab
(3.10)

By considering the limit condition p(-0) =0 the integration constant C is found
and the pressure distribution over inlet zone is represented by:

2
byl M X (1 3hy JasbX Gl
0 4a 2 2a 2
(a+bX2) 8a

Applying the second limit condition p(LW )= Pmax» the maximum pressure in the
inlet region is found:

35



3 1 L, T
P max 4110V 3 1 +E' R (3.12)
hrznin hr2nm

The load carried by the contact is the integral over the whole pressure field:

0 oo
F
EN:_J.PdXJFZLmeax +2f[pdx (3.13)

Further, the minimum value of the film thickness between surfaces in the case of
rigid isoviscous behaviour is found from the force equilibrium equation (3.13) in
which the contribution of the inlet and outlet pressure to Fy is considered to be
insignificant compared to the contact pressure (pressure in the inlet pressure is
generated near to the point O, see Figure 3.3), resulting in:

[SSR )

1
[1085%;1 + 12(815‘1§I —768P%; )2} + 48P
1

= — 3.14
minRI 12 ( )

(SR

1
{108821{1 +12(818;§I —768P%; )2}

3 ngvWR By =2 MoVl

4\/5 pmean 4 pmean

where: dp; =—

In worn contacts it is assumed that due to low contact pressure the maximum

contact pressure is given by the mean contact pressure, p .., = ZBE . When
w

wear does not occur in the contacts, the minimum film thickness can be calculated
with equation (3.15) relation which is close to rigid isoviscous calculations
presented in [8]:

2

1
3 —
h ink =1-40539[—T]OV J R (3.15)

pmean
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Equations for the minimum lubricant film thickness (h,,;,) for line contacts for the
EHL regime can be found in [2] and [6]. Rewriting these equations one can express
the film thickness in general by:

(3.16)

h=c-f(oL,G)-(“'VJn

pmean

In which c is a constant, f(a, G) is a function which depends on contact geometry
(G) and pressure-viscosity coefficient (o), n is a power coefficient (~ 0.7), 1 is
dynamic inlet viscosity, v is velocity, and ppe.n 1S the mean contact pressure.

For the situation in which wear does not occur, the film thickness equation (3.15)
shows similarity to the general expression of the minimum film thickness in the
EHL regime. All equations discussed above show a great influence of the (inlet)
viscosity, velocity and contact pressure on the separation in lubricated contacts.

In Table 3.2 the minimum film thickness calculations for rigid isoviscous (3.14)
based on data from wear tests for line contacts are given. Increasing the contact
area between rubbing surfaces, for instance due to a small amount of wear, reduces
the contact pressure which leads to the formation of a thicker film between the
opposing surfaces (see Figure 3.7).

Table 3.2  Minimum film thickness in worn lubricated line contacts.

Lubricant Time Contact Mean contact hypin [m]
(h] Wic;ﬁlr’n?Lw p{ﬁ;‘;‘a rigid isoviscous

0 12.8 145.7 3.29-10”

Esso 4 180 10.4 5.65-10°

EZL 799 8 220 8.5 6.90-10°

12 270 6.9 8.45-10°

0 12.8 145.7 1.02:10°

Shell 4 184 10.2 1.27-107

Vitrea 150 3 240 78 1.62-107

12 260 72 2.00-107

0 12.8 145.7 9.82.10”

Shell 4 204 9.2 1.45-107

HVI 60 8 224 8.4 1.59-107

12 324 5.8 2.30-107

Input parameters for the calculations are given in Appendix D, Table D.1.
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Figure 3.7  Minimum film thickness in worn lubricated line contact for the rigid
isoviscous regime for all lubricants used in wear tests, according to (3.14).

3.2.3 Minimum film thickness in worn elliptical and point
contacts

To observe the influence of wear on friction in worn lubricated elliptical contacts
(see experimental results in chapter 5), the contact between a spherical roller and a
flat is considered.

B

Contact
area

Sliding
direction

38



i9]

N b
e 7 W
VM/ b ¢ 3 L initial profile
a semi-axis of contact ellipse in sliding direction, x
b semi-axis of contact ellipse perpendicular to sliding direction

R,, Ry radius in x respectively in y direction
Figure 3.8 Worn elliptical contact geometry.

Using changes in contact geometry, a theoretical solution for the minimum film
thickness for worn elliptical contacts is proposed.

As it can be seen in Figure 3.8 the profile geometry of the elliptical contact in
sliding direction (section A-B) presents the same geometry as the worn line contact.
Using this observation and following the same steps specified in section 3.2.2 the
maximum pressure in the inlet zone of a worn elliptical contact is found.

3 1 a s
Pmax =7 MoV 3| =71 +E'\/Rx (3.17)
hrznin hr%lin

The minimum film thickness in a worn lubricated elliptical contact shows a similar
relation as for worn line contacts (3.14) for rigid isoviscous solution in which the
parameters: gy, PBri are calculated according to relation defined above in which the
maximum pressure in the inlet region is given by:

F
pmax = pmean = N (3°18)

mab
__ 3 MY R and B =on0Y (3.19)

Opy =——= =
42 Pnean 4 P mean
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The next step consists in calculating the minimum film thickness of worn point
contacts. Since the point contact is considered a special case of the elliptical
contact (R, = Ry = R) the minimum separation uses the same equations as in the
case of the worn elliptical contact where parameters gy, Bry are calculated using the
mean contact pressure in point contacts:

F F
Pmax = Pmean :_NZZ I\; (3.20)
may nwLY,
3t MgV 3 MgV
where dp; =——F—=—",/R and Brr=— L (3.21)
4\/5 Pmean ’ "

4 p mean

In Figure 3.9 values of the minimum film thickness in worn lubricated elliptical
and point contacts are shown. Calculations are made according to experimental
data from wear tests (see Table D.2 and Table D.3 from Appendix D).

a)

30 600
=@~ hmin - elliptical contact, rigid isoviscous

] =B mean contact pressure
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Time [h]
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Figure 3.9  Minimum film thickness and mean contact pressure in a) worn
lubricated elliptical contact and b) worn lubricated points contact.

3.3 Influence of elasticity on the minimum film thickness in
worn lubricated concentrated contacts

In section 3.2 it was shown that macroscopic wear (large contact area) leads to a
decrease in contact pressure and by that the contacting bodies behave as rigid
solids (rigid isoviscous), thereby obtaining a significant increase in separation. In
this section the gap between the no wear situation, i.e. elasto-hydrodynamic
lubricated contacts, and macroscopic wear on the minimum film thickness in
lubricated concentrated contacts is investigated.

To find this link it is assumed that for the cases in which a worn contact area is
close to the size of the Hertzian contact area (bodies are deformed due to high
contact pressure), the minimum lubricant film thickness is close to the one as given
by Moes [6] (see film thickness for EP regime from Appendix C).

In the case of an unworn lubricated line contact, the minimum film thickness in EP
regime (high loads) according to Moes reads as:
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3
2 1\%1

h pinep =1473| amy VR 3b,J (3.22)

In which o is the viscosity-pressure coefficient [Pa'], 1o is the lubricant viscosity
[Pa:s], v is the velocity [m/s], R is the radius of the cylinder [m], by is the half
width of the Hertzian contact [m].

For worn line contacts the minimum film thickness, hy,r; is shown in equation
(3.14). Combining the equation (3.14) and (3.22) the film thickness in worn
lubricated line contact in which elasticity is included reads:

1

hmin = ( IlminRI + hnminEP )n , where n =8 (323)
For line contacts the value of n is 8 which is in accordance with [6] and [9]. From
Figure 3.10 it is observed that when the wear scar is of the same size of the
Hertzian contact area, the film thickness according to Moes is higher than the film
thickness from the rigid isoviscous calculations due to influence of the elastic
deformation of the surfaces and for larger L,/by values the rigid-isoviscous film
thickness is larger than the EHL solution as shown in Figure 3.7 or Table 3.2.

0.8

hminRI / hminEP

0.6 — - —- film thickness according to eq. (3.22)
— film thickness according to eq. (3.14)

04 o= film thickness according to eq. (3.23)

0.2

1 3 5 7 9 11
L, /by

Figure 3.10  Minimum film thickness in worn lubricated line contact including
elasticity.
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The minimum film thickness for point and elliptical contact according to Moes is:

3
2 1\4

hpinep =1.2902| amg v Rga}f , point contact (3.24)

3
1 1y4 1 1 5

_ 3.3 U pl2 RI12
hingp =Cpp | @Mg va “ag | A R Ry

elliptic contact (3.25)

In which a is the semi-axis of contact ellipse in sliding direction X, Cgp is a constant
1

equal to 1.48-312 ~(1+0.0061n(x)+0.63~x4’7 , where A = R, /R,. For the

definition of the other parameters the reader is referred to section A.2, Appendix A.
In the case of a worn elliptic and point contact the minimum film thickness is
represented by the general equation, in which the value of n is in accordance with

[6]:

)—7/20

hmin = ( E’Iil’lRI + hnmmEP )n N Where n= 5 (3.26)

45

hminRI / hminEP

— - — - film thickness according to eq. (3.24)

film thickness according to eq. (3.21)
o= film thickness according to eq. (3.26)

1 2 3 4 5 6
L, /ay

Figure 3.11  Minimum film thickness in worn lubricated point contact including
elasticity, R,/R, = 1.
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2.5

— - — - film thickness according to eq. (3.25)

film thickness according to eq. (3.19)
0.5 == film thickness according to eq. (3.26)

L,/a

Figure 3.12  Minimum film thickness in worn lubricated elliptic contact including
elasticity, R,/R, = 0.15.

3.4 Conclusions

Theoretical results show that by increasing wear in lubricated contacts, i.e. contact
area increases and leading to a decrease in mean contact pressure, cause an increase
in the separation between the opposing surfaces.

Minimum film thickness in worn lubricated concentrated contacts in which
elasticity is included is given and will be used in the mixed lubrication friction
model (see next chapter) to predict friction in worn lubricated concentrated
contacts.
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Chapter 4 Mixed lubrication friction model

4.1 Introduction

In this chapter a deterministic mixed lubrication friction model is presented in
order to predict the frictional behaviour of worn lubricated concentrated contacts.
The friction model is based on the assumption that in the ML regime the total load
on the system is shared between asperity interaction and hydrodynamic action
which was presented for the first time by Johnson et al. [1]. After that researchers
started to predict friction for different contact geometries: for instance line [2] and
[3], point [4] and elliptical [5]. In all references which are listed with respect to this
subject the main goal was to predict friction in lubricated contacts without wear.

In this research a modification of the aforementioned mixed lubrication friction
model is proposed in order to investigate the friction behaviour in worn lubricated
contacts. Experimental tests described in chapter 5 show that by increasing the
operational time of a mixed lubricated system the geometry of the components
change.

Based on this observation a new formula for the minimum film thickness
(hydrodynamic component) which takes into consideration the change in geometry
was developed in the previous chapter. The load carried by the asperities in the ML
regime is calculated using contact surface measurements after the friction tests
(deterministic model).

4.2  Mixed lubrication friction model

As mentioned above the friction model will use the assumption for the ML regime
in which the total load of the systems is carried by asperity (BL) and hydrodynamic
(HL) force components.

In which Fy is the total load on the system, Fc the load carried by the interacting

asperities and Fy the load carried due to hydrodynamic action. According to [1]
equation (4.1) transforms in terms of pressure in:
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PN =Pc *PH (4.2)

where: p; = F;/ Apom in which i =N, H or C and Aoy, is the nominal contact area.

Py

I
/

=i

Figure 4.1  Pressure distribution in a mixed lubrication contact according to [1].

To proceed with the calculation two coefficients y; and vy, are used and they are
mutually dependent through the condition from equation (4.3).

F, P F P
_Nz_N’YZ——N:—N conditionl=i+L (4.3)
Fy Py

Y1 = =
Fo  Pc Y1 Y2

Using these two coefficients and combining a deterministic multi-asperity contact

model with (E)HL theory in which a new formula for the film thickness for worn

concentrated contacts is used, the entire Stribeck curve can be calculated as

discussed in the next subsections.

4.2.1 Hydrodynamic component

To determine the hydrodynamic component the main parameter to be calculated is
the lubricant film thickness which separates the two opposing surfaces. In the case
of worn lubricated contacts the traditional EHL film thickness formulas [6] cannot
be used.

To understand the influence of wear on contact geometry and as a result on film
formation, experimental tests were conducted for different types of lubricant
(chapter 5) to study the evolution of sample profile in time. Using the obtained
profile geometry in the Reynolds equation in combination with the force
equilibrium equation the lubricant film thickness is found. The steps for obtaining
the lubricant film thickness for worn lubricated contacts were presented in chapter
3.
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4.2.2 Asperity component

Data from experimental friction tests will be compared with the calculated friction
of the mixed lubrication friction model having as input the surface topography of
the surface specimen after the friction test.

When the surface is measured, for instance, by interference microscopy, the
surface is characterized using the theory from [7]. According to this a point on a
surface is considered a summit only if its 8 surrounding points are lower (9-points
summit definition). The shape of the asperities is considered as an ellipsoid which
is determined by height z; and two radii of curvature in the main directions (in and
perpendicular to the sliding direction).

The contact between a rough surface and a smooth rigid flat is depicted in Figure
4.2. In the case of elastic deformation, the initial contact area and load is calculated
according to Hertz (see Appendix A).

% ////////////////////////////////////
7 Smooth ngid pl. ane/

.

T

Mean planc of surface heights

Figure 4.2 Contact between a smooth rigid flat and a rough surface [5].

The load carried by the asperities Fc and asperity contact area Ac are found by
summation of each individual microcontact and are presented below:

N

Fo =Y F(5) (44
i=1
N

Ac =ZA1(51) (4.5)

where N is the number of asperities in contact
0; =z, —h, is the deformation depth or asperity indentation.
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4.2.3 Separation

In the ML regime rough surfaces are coming in contact and an average film
thickness can be defined. In [1] this film thickness is approximated by the cross-
sectional area of the gap between two undeformed Gaussian distributed profiles
divided by the gap length. As mentioned before the model is a deterministic
friction model. The film thickness is computed as the volume between the two
surfaces divided by the nominal contact area. The film thickness reads as:

n

1
h=—>"(h, -z (4.6)
n‘3
where n is the number of grid points
A is the height relative to the mean plane of surface heights.

<> Macauley brackets, i.e. negative values are neglected.

4.2.4 Calculation of coefficient of friction

After solving (4.1), (3.23 or 3.26), (4.4) and (4.6) the next step consists of
calculating the coefficient of friction which is assumed to be the sum of the friction
of the BL and the HL components. In the next sections the calculation of the
coefficient of friction for each lubrication regime is presented.

4.2.4.1 Friction in BL

The friction force in BL regime is calculated as the sum of all friction forces
present in each micro-contact.

N
FypL = Z IITCidAi (4.7)
i=l Ag
where: 1;  is the shear stress at the i asperity contact

A; s the contact area of the i™ asperity contact
N is the number of micro-contacts.
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In this thesis the friction between contacting asperities is considered to be of the
Coulomb type f¢; =1¢;/pe; and the coefficient of friction is assumed to be

constant for all asperities fo; =f-. Using the above assumptions equation (4.7)
transforms in:

N
Fp gL :chJ‘J‘pCidAi =fcFc (4.8)
=l Ag

In all the calculations the Coulomb coefficient of friction will take the value of the
coefficient of friction in BL from experimental friction tests corresponding to each
type of concentrated contact.

4.2.4.2 Friction in HL

In the case of sliding contacts, the friction in HL is caused by shearing the lubricant
in the contact zone due to relative motion of the surfaces. Based on the lubricant’s
rheological behaviour the hydrodynamic shear stress ty can be defined as a
function of the shear rate y [8], in these calculations the Eyring model is used:

Ty = roarcsinh(mJ (4.9)
To

where: t; is the Eyring shear stress
n is the dynamic viscosity

The friction force in HL is obtained by the integration of the shear stress over the
contact area:

dif
Fom = [ o (VWAL = TOAHarCSinh[nV ] (4.10)
’ A Toh

with Ay =A,om— Ac is the hydrodynamic contact area
Ac is the asperity contact area and is given in (4.5)
v is the relative motion between the opposing surfaces.
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4.2.4.3 Friction in ML

Calculation of the friction force in ML is done by summing the two friction forces
presented in equation (4.8) for the BL. component respectively (4.10) for the HL
component.

Frme = Fr e + Frpw (4.11)

The coefficient of friction in the ML regime is calculated using the definition of
coefficient of friction f = F; / Fy and is given in the next equation:

dif
fcFe +10AHarcsinh(nV ]
To

f= (4.12)

Fy

4.3  Stribeck curve calculation for worn lubricated contacts

The transition between the three lubrication regimes is represented in the
generalized Stribeck curve (coefficient of friction as a function of the velocity on a
logarithmic scale). In this thesis the friction will be calculated by a deterministic
mixed lubrication friction model as presented in section 4.2. Based on the theory
presented in previous sections the solution scheme for the coefficient of friction
calculation is presented in Figure 4.3.

For the calculation, the following input parameters are required: load, sliding
velocity, contact geometry, lubricant properties (viscosity m, viscosity pressure
coefficient o, Eyring shear stress 1y) and surface topography of the wear scar of the
pin after friction tests.

Using the solution scheme given in Figure 4.3 the influence of several parameters
on the Stribeck curve is investigated for line contacts. Figure 4.4 shows the
influence of wear on friction in worn lubricated sliding line contacts. These results
are particularly of importance for systems operating near the ML/BL transition
which require a high value of the coefficient of friction.
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Input parameters
Fx, v, 1, contact geometry, worn surface topography
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FC initial
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v eq. 4.8 eq. 4.10
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eq. 4.4 Fc
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Figure 4.3  Solution scheme for the coefficient of friction calculation.

By increasing wear (contact width, 2L,) in these contacts, calculations show that
friction decreases allowing a shift (change of the operational regime from BL to
ML) of the Stribeck curve to the left (see Figure 4.4). This change can be attributed
to hydrodynamics effects (increase of the separation) that occur between contacting
surfaces and are mainly due to a decrease in contact pressure.

This is explained as follows: in general the film thickness h is dependent on the
ratio h +(nv/p)" in which n is the dynamic viscosity of the lubricant, v is the

velocity, p is the contact pressure and n is a coefficient. Due to wear, contact
pressure reduces and as a consequence h increases for a certain value of n and v.
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Figure 4.4  Influence of wear on the friction in lubricated line contacts, results
from ML friction model using input parameters from Table D.4, Appendix D.

4.4  Conclusions

In this chapter a deterministic mixed lubrication friction model is discussed and
used for the prediction of the Stribeck curve for worn lubricated concentrated
contacts. The friction model is based on the assumption that the total load is shared
between the interacting asperities and hydrodynamic action. For friction
calculations a solution scheme (Figure 4.3) is given in which load, velocity,
lubricant properties, contact geometry, worn surface topography are used as input
parameters. For the asperity interaction a contact model to calculate the load
carried by asperities in a worn contact is described. For the hydrodynamic action,
solutions of the film thickness for each concentrated contact (line, point and
elliptical) proposed in chapter 3 can be used.

The results show that by increasing wear in lubricated contacts a decrease in
friction occurs and leads to a shift of the Stribeck curve to the left which means a
change in the operational regime (for instance BL to ML). This change can be
attributed to hydrodynamics effects which occur in the contact due to a decrease in
the contact pressure and with that an increase in separation.
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One should keep in mind that the shift in the Stribeck curve in Figure 4.4 is caused
by a small wear depth. The shift observed is a result of a wear depth of only 2.5
um.

4.5 References

[1] Johnson, K.L., Greenwood, J.A. and Poon, S.Y. “A simple theory of
asperity contact in elasto-hydrodynamic”, Wear, Vol. 19, Issue 1, 1972, pp.
91-108.

[2] Lu, X., Khonsari, M.M and Gelinck, E.R.M. “The Stribeck curve:
experimental results and theoretical prediction”, Journal of Tribology,
Vol.128, 2008, pp. 789-794.

[3] Faraon, 1. “Stribeck curve for starved line contacts”, Journal of Tribology,
Vol. 129, 2007, pp.181-187.

[4] Liu, Q., Napel, W.E. ten, Tripp, J.H. Lugt, P.M. and Meeuwenoord, R.
“Friction in highly loaded mixed lubrication point contacts”, Tribology
Transaction, Vol. 52, 2009, pp. 360-369.

[5] Popovici, R.1. “Friction in wheel - rail contacts”, PhD thesis, University of
Twente, The Netherlands, 2010.

[6] Moes, H. “Lubrication and beyond”, Print Partners Ipskamp B.V.,
Enschede, 2000, pp. 155-186.

[7] Rooij, M.B. “Tribological aspects of unlubricated deepdrawing process”,
PhD thesis, University of Twente, The Netherlands, 1998.

[8] Evans, C.R. “Measurement and mapping of the rheological properties of
elastohydrodynamic lubricants”, PhD thesis, University of Cambridge,
1983.

55



56



Chapter 5 Experimental results

5.1 Introduction

This chapter presents the specifications of the experimental devices used for
validation of the theoretical results and the experimental procedure as well as
results. The first section 5.2 describes the pin-on-disc tribometer on which wear
and friction tests were performed for determining the influence of macroscopic
wear on the Stribeck curve. The characterization of the wear scars and surface
topography were investigated by SEM as well as interference microscope. Based
on the experimental procedure given in 5.4 the experimental results for all three
types of contacts are presented in section 5.5.

5.2  Experimental devices
5.2.1 Pin-on-disc tribometer

Wear and friction measurements in lubricated contacts were performed on a pin-
on-disc tribometer (see Figure 5.1) and for each contact a holder was designed.

Holder

Elastic joint
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Figure 5.1 Pin-on-disc sliding tester and pin holder configuration
a) line contact, b) point contact and c) elliptical contact.

A pin-on-disc tribometer consists of a stationary pin under an applied load in
contact with a rotating disc mounted on a motor which is driven by a controller
connected to a computer. The pin is placed in a special holder designed for each
type of contact and is attached to an arm which is held by two elastic joints. The
friction force is measured by a displacement transducer attached to the elastic joint.

5.2.2 Interference microscope

The changes in surface topography of the pins as a result of the wear and friction
tests were performed by an interference microscope (Micromap 560). Using the
wear scar measurements the evolution of the profile geometry during wear tests
was found. Some of the interference microscope characteristics are given: height
resolution: approx. 1 nm, size of a surface measurement: min. 110x85 um, max.
4.42x3.45 mm (depending on magnification, resolution) and number of
measurement points (pixels): 304x228 or 640x478.
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Surface topography of the pin

Surface topography of the disc

Figure 5.2 Interference microscope.

5.2.3 Scanning electron microscope (SEM)

The JCM-5000 NeoScope is used to characterize the wear scars dimension from
worn samples after the wear and friction tests. It gives high magnification images
(magnification 20000 X) with high resolution and large depth of field. The
NeoScope operates in low and high vacuum modes and no special sample
preparation is necessary like coatings or drying.

Figure 5.3 SEM JCM - 5000 NeoScope from Joel.

5.3 Sample geometry

To investigate the influence of macroscopic wear in lubricated contacts different
pin geometries were considered.
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Table 5.1  Pin and flat geometry.

Contact Pin geometry* Dimensions [m] Material | Hardness
Line Roller bearing R=2-10" ,B= 8-107
Point Ball bearing R = 5.10"3 60-66
Elliptical | Spherical roller | R, =4-107, R, = 26.67-10° AISI HRC
* all pin samples are from SKF bearings 52100
flat | d=47-10", thickness = 7-10" ~1000 HV

The contacts were realized by pressing the pins against a flat specimen, being
characterized by the following initial contact parameters:

Table 5.2  Initial Hertzian contact parameters (see appendix A).

Contact Load Contact area dimensions Mean contact | Maximum contact
[N] [m] pressure [MPa] pressure [MPa]
Line 15 b=6.4110°,B=810" 146.3 186.3
Point 15 r=78.510° 774.8 986.5
Elliptical 10 a=85.110°b =69.3-10° 5394 809.2
Table 5.3  Lubricants properties.
Units Method | Esso | Method Shell Method Shell
EZL HVI Vitrea
799* 60%** 150%**
viscosity - - - ISO 150
grad 3448
Kinematic
viscosity | mm%*s | ASTM D ASTM D D 445
40 0C 445 39 445 25 148
100 0C 8 4.4-4.9 14.5
Viscosity - ASTMD | 182 | ASTMD 95 D 2270 95
index 165 2270
Density at kg/m3 ASTM D | 860 - 862 ISO 882
15°C 4052 12185
Flash point °c ASTMD | 205 | ASTMD 202 1SO 243
92 93 2592
Pour point °c - - | ASTMD | -I5 ISO 9
97 3016
Total mg ASTM D ASTM D 0.05 - -
acidity KOH/g 664 0.5 974
Ash wt % - - ASTM D 0.01 D 524 0.23
content 482

* Esso lubricants **www.pertmina.com *** www.shell-lubricants.com
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All tests (wear and friction) were performed at room temperature 20 - 25 °C and for
each contact three different lubricants were used (see lubricants characteristics
Table 5.3).

5.4 Experimental procedure

To observe the change in friction due to wear, the next experimental procedure was
followed (see Figure 5.4). Before starting the experiments, both samples (pin and
flat) were cleaned in an ultrasonic bath (isopropanol) for 5 minutes and surface
topography measurements were performed using an interference microscope. Each
experimental test contains 2 steps.

1 1
1 New samples e Step N
| > . . Wear test
ultrasonic cleaned Smin. I
: Profile and surface 1
I topography Yy v I
| measurements Wear test 1
I A Load: 10 or 15 [N] !
1 Sliding velocity: 5 [mm/s] .
1 Sliding distance: 72 to 216 [m] I
o Jv_ _______
Step 2

Friction test
Sliding velocity: 0.001 to 1 [m/s]
Time: 60 [s] — fye.n for each velocity step

Friction tests

[ Surface topography ]

Figure 5.4  Experimental procedure used for obtaining a Stribeck curve.

The first step is a “wear test”, conducted in order to generate a wear scar at the pin.
For that the system runs for different sliding distances (72, 144 and 216 m) at the
same sliding velocity (0.005 m/s), temperature (20-25 OC) and load (15 N). For
each experiment a new combination of samples (pin and flat) were used. After the
“wear test” both samples were cleaned in an ultrasonic bath and the surface
topography of the pin was measured.
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In the second step the friction coefficient of the worn lubricated contact was
determined by changing the velocity. To have a continuous lubricant flow in the
contact at high velocities a pomp was used to direct the lubricant in the inlet region
of the contact (see Figure 5.5).

Figure 5.5  System to achieve a continuous oil flow during the experiments.

The Stribeck diagram is measured by varying the sliding velocity from 0.001 to 1
m/s and for each value of the velocity the friction was measured for 1 minute (the
steady state value of the friction is recorded).

After the second step the samples were cleaned ultrasonically for 5 minutes, using
again isopropanol. The surface of the samples was studied to determine the size of
the wear scar and the surface topography in the wear scar.

5.5 Results

The goal of these experiments is to observe the effect of wear on the different
parameters involved in a lubricated tribosystem. Using the experimental procedure
discussed in the previous section and the aforementioned testing conditions, the
evolution of contact area, pin profile geometry and friction due to wear for all types
of contacts are obtained.

5.5.1 Line contact results

To observe the changes in pin profile geometry wear tests were carried out by
changing the test parameters (wear time i.e. sliding distance) and keeping the same
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value of load (15 N) and sliding velocity (0.005 m/s) so that the system operates in
the boundary lubrication regime. For the other test parameters see Table 5.1 and
5.2.

Increasing the running-in time of the samples the contact width (2Lw) increases
from 12.8 pm (Hertzian contact) to 270 pm (after a 12 hours wear test) leading to
an increase of the contact area and therefore a decrease in contact pressure (from
146.3 down to 6.9 MPa).

During the wear tests also the friction was recorded. At the start the system goes
through a running-in period in which the coefficient of friction decreases and
stabilizes to a steady state value of about 0.15.

2000 pm 2000 ym

4 hours wear test 8 hours wear test 12 hours wear test
2Ly, =180 pm 2Ly =220 pm 2Ly, =270 pm

Figure 5.6 Surface of the pin after wear tests, using Esso EZL 799 as a lubricant.
Changes in pin geometry due to wear were measured after each “wear test” by

using the aforementioned interference microscope, evolution of the pin profile in
sliding direction is presented in Figure 5.7.
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Figure 5.7  Evolution of the pin profile in sliding direction during “wear” tests.

The friction behaviour in worn lubricated sliding line contacts is investigated in the
second step of the experimental procedure by measuring the Stribeck curve.
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Figure 5.8  Experimental Stribeck curve of worn lubricated sliding line contacts,

using Esso EZL 799 as a lubricant, test conditions see in Table 5.1 and 5.2.
Markers are measurements and the dashed lines are curve fits.
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In Figure 5.8 the experimental results show that by increasing wear, friction
decreases (shift of the Stribeck curve to left) which may lead to, for instance, a
change of the operational regime of a system, from BL to ML. The wear scars after
the friction tests are measured and pin profile geometries are compared with
profiles from “wear” tests. The difference between profiles is insignificant which
indicates that the pin profile hardly evolves during the friction measurements.

The experimental results for Esso EZL 799, Shell Vitrea 150 and Shell HVI 60
respectively are presented in Table 5.4.

Table 5.4  Test results from wear tests for the different lubricant used.

Lubricant | Time Contact Wear depth | Pressure | Wear rate | Roughness
[h] | width, 2L, | W, [um] [MPa] | [mm’/N-m] o [m]
[um]

Esso 4 180 2.1 10.4 7.1-10° 1.75-107
EZL799 [ g 220 3.1 8.5 1.8-10° 1.69-10”
12 270 4.5 6.9 2.0-10° 1.53-10”
Shell 4 184 2.1 10.2 1.2-10° 6.46:10°
Vitrea 8 240 35 7.8 1.8-10° 6.45-10°
150 12 260 3.9 72 4.7-10° 3.50-10°
Shell 4 204 22 9.2 1.4-10° 6.98-10
HVI 60 8 224 2.9 8.4 3.5-10° 235107
12 324 6.3 5.8 3.9-10° 1.89-107

For each wear test a wear rate value was calculated by determining the wear
volume of the pin.

15

DHVI 60
DOEZL799
@ Vitrea 150

13

Wear rate [l()'(' mma/Nom]

‘ NN b
4 8 12
Time [hours]

Figure 5.9  Evolution of the wear rate during wear tests for all lubricants.
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The experimental tests show that for Shell HVI 60 the highest values for the wear
rate were obtained (see Figure 5.9) and for Esso EZL 799 the lowest values, the
evolution of wear in lubricated contacts depends largely on the lubricant type
(chemical composition) used.

5.5.2 Point contact results

Following the same steps of the experimental procedure as in the case of the line
contact the influence of wear on friction in lubricated sliding point contacts has
been investigated for the three lubricants. The test conditions are given in Table 5.1
and 5.2. The wear scars of the tested specimens were measured at the same
magnification in order to easily compare the tests results.

In Figure 5.10 the worn surfaces are given. The wear scar diameter increases to 556

um (after 12 hours wear test) and a steady state value of the coefficient of friction
of about 0.14 is measured.

200 ym 000253 Vac-Low PC-Std. 10KV x 150
Vac-Low PC-Std. 10KV x 150 200 um 000327 [l Top viey \W:50KHz:515nm

2 ous wear test 4 hours wear test 12 hors wear test
dsear = 366 pm dyear = 424 pm dsear = 556 um

200 ym 000250

Figure 5.10  Surface of the pin after wear tests, using Esso EZL 799 as a
lubricant.

In time wear leads to changes in contact geometry. The modifications in the pin
profile were investigated by measuring the pin surfaces before and after the wear
tests. In Figure 5.11 the evolution of the pin profile due to wear is presented.

The occurrence of wear in point contacts changes the contact geometry which leads
to a decrease in contact pressure and as a result a change in hydrodynamic

lubrication causing a change of the operation regime of the tribosystem (see Figure
5.12).
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Figure 5.11  Evolution of the pin profile in sliding direction during wear tests.
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Figure 5.12  Experimental Stribeck curve of worn lubricated sliding point
contacts, using Esso EZL 799 as a lubricant.

The friction level in the (E)HL regime drops significantly due to the fact that the
lubricant behaviour, at this pressure and temperature level, changes from solid state
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to liquid state behaviour [1]. After the friction tests the pin profiles are measured
and compared with the profiles from wear tests.

dew=358pm d=380pm 1 d.. =476 um

unworn and friction tests worn 2h and friction tests worn 12h and friction tests

Vac-Low PC-Std. 10kV x 150 200 ym 000317 [ Vac-Low PC-Std. 10KV x 150 200 ym 000322 [l Vac-Low PC-Std. 10kV x 150 200 um 000313

8 - —unworn profile
—=—worn profile after 2 hours
—==worn profile after 2 hours and friction test

Wear depth [pum]

x - sliding direction [um]

Figure 5.13  Pin profile geometry after wear and friction tests, using Esso EZL
799 as a lubricant.

The experimental results for Esso EZL 799, Shell Vitrea 150 and Shell HVI 60
respectively are presented in Table 5.5.

As for the line contact, the wear rate values of the point contact wear tests were
calculated based on volume loss of the pin during wear tests. Based on data from
Figure 5.14 it is observed that when using Shell HVI 60 as a lubricant wear reaches
the highest values for each of the wear tests and the lowest values are recorded for
Esso EZL 799.
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Table 5.5 Contact parameters from wear tests for all lubricants.

Lubricant | Time | Wear scar Wear Pressure Wear rate Roughness
(h] | 2Ly, [um] depth [MPa] | [mm’/N-m] o [m]
w, [um]

Esso 2 366 3.04 142.6 7.1-10° 6.9-10"
EZL799 | 4 424 426 106.2 47-10°° 1.1-107
12 556 75 61.8 1.6-10° 6.8:10°
Shell 2 346 34 159.5 9.4-10° 7.7-10°
Vitrea 4 572 6 58.4 3.5.10° 6.4-10°
150 12 635 9.7 47.4 2.3.10° 92.10°
Shell 2 448 4.7 95.2 1.4-10° 8.9-10°
HVI 60 4 568 75 59.2 4.7-10° 9.1-10°
12 748 13 34.1 2.3-10° 3.8:10°

The point contact results are in line with the results obtained with line contact wear
measurements.

MHVI 60
BIEZL799
M Vitrea 150

Wear rate [10'6 mrn3/N°m]

N [ |

2 4 12
Time [hours]

Figure 5.14  Evolution of the wear rate during wear test for all lubricants.

5.5.3 Elliptical contact results

The contact between a spherical roller (21305CC SKF bearing) and a flat is used
(see pin geometry from Table 5.1) to study the effect of wear on friction in
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elliptical contacts. The influence of wear on friction in elliptical contact was
investigated by applying the same experimental procedure (10 N load) using Esso
EZL 799 as lubricant and increasing the running time of the samples to 40 hours.
For the test conditions the reader is referred to Table 5.1 and 5.2. During the wear
tests the friction coefficient reaches a steady state value of about 0.14.

— 100 um

Sliding
direction

——

unworn pin surface worn pin after 8h wear test and friction test

worn pin after 16h wear test worn pin for 40h wear test
and friction test and friction test

Figure 5.15  Pin surface after wear and friction tests, using Esso EZL 799 as a
lubricant.

In the case of the elliptical contact the same evolution of contact parameters like in
the other two contacts mentioned above has been found.

Table 5.6  Contact parameters after friction tests.

Lubricant | Time Wear scars Pressure | Wearrate | Roughness
[h] dimensions [um] [MPa] [mm”’N-m] 6 [m]
Esso 8 2a=170; 2b =375 199.7 1.6:10° 7.8-10°
EZL799 | 16 | 2a=270; 2b=650 72.6 6.3-10° 6.3-10°
40 | 2a=340; 2b =840 44.6 6.9-10° 52:10"

By increasing the running time of the tribosystem, the components contact
geometry changes leading to a decrease in contact pressure which can be
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considered to be the main cause of the change in frictional behaviour of a
lubricated system (the decrease in friction from Figure 5.16 results in a shift of the
Stribeck curve to the left).

0.16
Oworn samples for 8 hours
0.14 1 BL < worn samples for 16 hours
Ei O worn samples for 40 hours

012 8:8:@::\5\\
o Q O~
=) N N & ~ o T~
S 0.1 - ~ ~
= N
g NN ML
= 0, N
& | N N d
% 0.08 N S N
5 SN b Xy,
5 0.06 1 Q
=
“’g Q
O 0.04

0.02 EHL

0 T T T
0.001 0.01 0.1 1 10

Velocity [m/s]

Figure 5.16  Experimental Stribeck curve of a worn lubricated sliding elliptical
contact, using Esso EZL 799 as a lubricant.

These results shown in Table 5.6 and Figure 5.16 clearly indicate that the shift of
the Stribeck curve is not caused by a change in the surface roughness. The

roughness varies by approximately 25% and cannot cause a shift of one decade [2]
and [3].

5.6 Conclusions

In this chapter the influence of wear on friction in lubricated concentrated contact
was experimentally investigated. By changing the operational test parameters and
following an experimental procedure the evolution of the contact geometry and
friction due to wear were measured.

All wear tests show that by increasing the running time the contact area (wear scars)
increases and by that a drop in the contact pressure occurs. The rate of change in
contact geometry depends on the type of lubricant used (for all contacts Shell HVI
60 gave the highest values in wear rate). Depending on the chemical compounds
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(additive package) and test conditions some lubricants may form protected layers
on the surface whose role is to protect them against wear and extend the lifetime of
tribosystems.

The second step of the experimental procedure (friction tests) shows that by
increasing wear in the contact the level of friction drops, resulting in a shift of the
Stribeck curve to the left, having as main effect that the tribosystem may operate in
another lubrication regime (for example: from BL to ML). The significant change
in friction is caused by a rather small amount of wear, i.e. a few um wear depth.
The friction results will be used in chapter 6 for validation of the theoretical results
from the mixed lubrication friction model.
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Chapter 6 Validation

6.1 Introduction

This chapter includes a comparison of some of the experimental results of the
concentrated contacts presented in chapter 5 and the friction model presented in
chapter 4. Using as inputs: operational parameters, lubricant rheological properties,
surface topography and contact geometry of the worn contacts in the mixed
lubrication friction model, the coefficient of friction corresponding to each
lubrication regime is calculated and presented in the Stribeck curves.

6.2 Line contact

Stribeck curve simulations for worn lubricated line contacts involve the use of the
worn surface topography (after friction tests). Examples of the evolution of the pin
surface during different stages of testing are shown in Figure 6.1 and 6.2.

a)

626.1 an

Sq: 78.51 nm
Sa 51.63 nm
St 1352 nm

=726.1 nm
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b)

544.7 nm

-835.8nm

Figure 6.1  Surface topography of lubricated line contacts using Esso EZL 799
as a lubricant: a) surface after friction test, b) surface after 12 h running-in and
friction test. The R, is of the order of 0.05 um.

a)
496.2 nim
‘“‘"% 4
&,
81.65 nm
51.78 nm
1815 nm
-1318 nm
b)

496.7 nm

Figure 6.2 Surface topography of lubricated line contacts using Shell Vitrea 150
as a lubricant: a) surface after friction test, b) surface after a 12 h running-in and
friction test. The R, is of the order of 0.04 um.
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Figure 6.3  Comparison between experimental results (chapter 5) and simulation
for a worn lubricated line contact using Esso EZL 799 as a lubricant.
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Figure 6.4 Comparison between experimental results (chapter 5) and simulation
for a worn lubricated line contact using Shell Vitrea 150 as a lubricant.
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Comparison between the measured Stribeck curve and the simulation using the
mixed lubrication friction model shows good agreement see Fig. 6.3 and 6.4. The
values as input for the friction model are given in Appendix D: Table D.5 for
simulations from Figure 6.3 respectively Table D.6 for Figure 6.4.

Although the wear depth is of the order of a few micrometers the effect on friction
when it operates in the ML regime is significant. The theoretical and experimental
results show that wear facilitates hydrodynamic action (an increase in separation
between tested samples due to change in contact geometry) in lubricated line
contacts.

6.3 Point and elliptic contact
Input data from section 5.5.2 respectively 5.5.3 are used for the deterministic
mixed lubrication friction model to simulate the friction in worn lubricated point

and elliptical contacts.

a)

3674 nim

b)

Figure 6.5  Surface topography of lubricated point contact using Esso EZL 799
as a lubricant: a) surface after 2h running-in and friction test, b) surface after 12 h
running-in and friction test. R, is of the order of 0.03um.
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Examples of worn surfaces topography after friction test (Stribeck curve) for a
point contact are shown in the Figure 6.5.

The input parameters for the friction model are given in Table D.7 (see Appendix
D). In Figure 6.6 the comparison between the measured and the calculated Stribeck
curve using the deterministic mixed lubrication friction model in the case of a worn
lubricated point contact using Esso EZL 799 as a lubricant are presented. The
simulations show rather good agreement with the experimental results.

015 4 worn contact for 2h - experiment
) =6—worn contact for 2h - simulation
q @ worn contact for 12h - experiment
=©—worn contact for 12h - simulation
=
4
o
g o0l
=
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fi=|
()
o
-
=
2
8
b
S 0.05
O
( ] J
0 T T T
0.001 0.01 0.1 1 10

Velocity, v [m/s]

Figure 6.6  Comparison between experimental results (chapter 5) and simulation
for a worn lubricated point contact using Esso EZL 799 as a lubricant.
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b)

443.3 m

Figure 6.7  Surface topography of lubricated elliptic contact using Esso EZL 799
as a lubricant: a) surface after 8h running-in and friction test, b) surface after 40h
running-in and friction test.

In Figure 6.8 the simulations for the first test (worn elliptic contact run for 8 hours)
as well as the second test (contact running-in for 40 hours) show good agreement
with the experimental results. The input parameters for the friction model are given
in Table D.8 (see Appendix D).

0.16

B worn contact for 8 h - experiment
=B~ worn contact for 8h - simulation
0.14 ® worn contact for 40h - experiment
=6~ worn contact for 40h - simulation

Coefficient of friction, f [-]

0.02

0.001 0.01 0.1 1 10

Velocity [m/s]

Figure 6.8  Comparison between experimental results (chapter 5) and simulation
for a worn lubricated elliptical contact using Esso EZL 799 as a lubricant.
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6.4 Conclusions

This chapter presented a comparison between experimental results shown in
chapter 5 and the simulation from the mixed lubrication friction model, chapter 4,
for different types of contact.

The predicted Stribeck curves are in agreement with the experimental results, both
show that by increasing wear in the contact, a decrease in friction (shift of the
Stribeck curve to the left) and a modification in operational regime of a system is
inevitable (example: from BL to ML).
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Chapter 7 Evolution of the Stribeck curve in time

7.1 Introduction

In previous chapters it was shown that in time due to wear lubricated contacting
surfaces are changing both at micro and macro geometry level as a function of the
operational parameters. In chapter 6 validation of the experimental measured
Stribeck curves was presented using results from a mixed lubrication friction
model (chapter 4) in which a minimum film thickness formula for worn
concentrated contacts (chapter 3) was incorporated. In this chapter friction
(Stribeck curve) is predicted as a function of the wear rate.

7.2 Geometry of worn contacts

To predict the evolution of the Stribeck curve in time, it is necessary to know the
evolution of contact geometry due to wear at different stages during operation of a
system.

7.2.1 Evolution of line and point contacts geometry in time

Contact geometry plays an important role in formation of the separation between
contacting surfaces in worn lubricated contacts. Components geometry evolves in
time: at first a Hertzian contact takes place which changes due to wear as a
function of the operational conditions. With the model presented an engineer is
able to predict if friction during the life time is maintained. Evolution of the contact
geometry due to wear is calculated based on a modified model [1] using
observations from experimental wear tests (chapter 5):

- the pin geometry changes whilst the wear depth of the disc is negligible,

- all pin profiles after wear tests show a curvature (R,,) which is larger than the
original pin curvature (R;).

The wear is implemented in the model by using the Archard relation [2]:

AV
F-As

k=

(7.1)
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If the volume of material removed from the pin is given by AV=A -Aw , then
the relation (7.1) transforms in:

AW =K P nean - AS (7.2)
where: Aw increase in wear depth [m]
As increase in sliding distance [m]
AV increase in volume of the material removed [mm3]
k wear rate [mm*/N-m]

Prean increase in mean contact pressure [Pa]

The wear model allows the calculation of the pin geometry parameters (L,, and w)
using a value for the wear rate. A value can be taken from experiments, for
instance chapter 5. The flow chart of the wear model (Figure 7.1) starts with the
calculation of the Hertzian contact dimensions (see Appendix A). The elastic
deformation normal to the contact in the case of point contact is calculated using
the relation [3]:

F

e N

cC, =——" 7.3
i EredeHl ( )

For a line contact the normal deformation is computed using the relation adopted
from [1] for the assumed line contact area.

(7.4)

The mean contact pressure (Pmean) and the wear depth (w) are calculated for each
increment of sliding distance (for example: As=2n-1,,. one rotation of the disc)

till a certain sliding distance is reached.
Fx

. Fy .
Pmean = LB (line contact) , P pean =?(p0mt contact) (7.5)

w L,

82



Input parameters
FN, Rp7 Ep, VUp, Track

y

Hertzian contact parameters
v (see Appendix A)
w=0ands=0

v

Sliding distance Siy] =S; T As
Average contact pressure (7.5)or (7.6)

Wear depth Wiy =Ww; +k- Pmean, -As

Total displacement of the pin w;,; =h{ +w;,,

. _ 2
Half wear scar diameter L, = \/ 2R wr —Wr

i+l

Elastic displacement (7.3)or (7.4) i=i+1

Profile parameters according to Figure 3.1

2 2
hg =R, —\R2-L%

h, =h, —h;
2 2
_ D
i 2h,,

i

A

Yes

Sit1 <S

max

v No
END

Figure 7.1  Flow chart of the wear model used to calculate the pin profile
geometry in the case of a line or point contact.
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The results from the wear model are compared with the experimental results from
wear test (see Table 5.4 and Table 5.5).
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Figure 7.2 Comparison between wear model and experimental results from wear
tests for different lubricants: Esso EZL 799, Shell Vitrea 150 and Shell HVI 60 in
the case of a line contact.
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Figure 7.3  Comparison between simulation and experiments: evolution of wear
scar and average contact pressure for the line contact situation using Esso EZL
799 as a lubricant.

84



wear simulation, EZL 799
O experiments, EZL 799
14 = wear simulation, Vitrea 150
O experiments, Vitrea 150
= wear simulation, HVI 60
< experiments, HVI 60

Wear depth [pum]
oo

Y] Kiz 799 = 2.99-107
Kyirea 150 = 5.05-107
Kuvigo = 9.65:107

2 n

0+ ‘ | | |

0 50 100 150 200 250

Sliding distance [m]

Figure 7.4  Comparison between wear model and experimental results from wear
tests for different lubricants: Esso EZL 799, Shell Vitrea 150 and Shell HVI 60 in
the case of a point contact.
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Figure 7.5 Comparison between simulation and experiments: evolution of wear
scar and average contact pressure for a point contact using Esso EZL 799 as a
lubricant.
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The figures show good agreement between simulation and wear experiments. This
observation leads to the conclusion that the wear model can be used to define the
contact geometry of the worn contacts at different stages during the wear process
so that the evolution of the Stribeck curve in time can be simulated for line and
point contacts.

7.3  Evolution of the Stribeck curve in time for worn line
contacts

Based on the results presented in the previous section and on the mixed lubrication
friction model, it is possible to simulate the predicted Stribeck curve for different
stages during service of a system.

Figure 7.6 shows the predicted Stribeck curves after certain sliding distances. It can
be noted that by increasing the sliding distance (from 0 to 2 m), the Stribeck curves
shifts to the left, which results in a change of the frictional behaviour of the system.
This is particularly the case when operating at a velocity of 1 m/s, due to
occurrence of the hydrodynamic effects as a result of changes in contact geometry
(increase in width of the wear scar from 12.8 um to 67 um). The same frictional
behaviour is found by [4].

0.18

—— sliding distance Om

—B—sliding distance 0.25m
——sliding distance 0.38m
—O— sliding distance 0.88m
—@— sliding distance 1.25m
—6—sliding distance 2m
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Figure 7.6  Evolution of the Stribeck curve in time for a line contact, using EZL
799 as lubricant. Fy= 15 [N], no = 0.02 [Pas], R.yy = 2[mm], B = 8 [mm], k =
2-10° [mm’/N-m].
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7.4  Conclusions

This chapter presents the evolution of the Stribeck curve in time using a wear
model proposed to calculate the contact geometry at different stages throughout the
operational time of a system. The results from the wear model simulation show
good agreement with experimental results from wear tests performed on a pin-on-
disc tribometer.

When the evolution of the contact geometry in time is know, the influence of
macroscopic wear on friction in lubricated concentrated contact can be simulated
using the mixed lubrication friction model proposed in chapter 4.
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Chapter 8 Conclusions and recommendations

8.1  Summary / Conclusions

The main goal of this research was to investigate the influence of macroscopic
wear on friction in lubricated concentrated contacts.

The first step consisted in carrying out experimental tests (wear and friction tests)
in order to observe the major changes in the contact due to wear. By changing the
operational test parameters (running time, contact geometry, lubricant) following
an experimental procedure, the evolution of the contact geometry due to wear was
studied. All tests show that by increasing the running time the contact area
increases (wear scar increasing) and by that a reduction in the contact pressure
occurs. The rate of change in contact geometry depends on the type of lubricant
used. The friction tests show that by increasing wear the friction in lubricated
contacts decreases as presented by the friction tests in chapter 5.

Measurements of the surface topography after the wear tests (different running
time/sliding distance) indicate an insignificant difference between surface
parameters (see value of ¢ from table 5.4 and 5.5) from which it may be concluded
that: the decrease in friction is due to change in contact geometry.

Based on this observation the influence of wear on minimum film thickness was
modelled using the hydrodynamic lubrication theory (solving the Reynolds
equation and using the inlet shape geometry of the worn contact).

In order to be able to predict friction in worn lubricated concentrated contacts a
deterministic mixed lubrication friction model is proposed. The main input
parameters are: load, velocity, lubricant properties, contact geometry and
topography of the worn surface. This model is based on the assumption that the
total load is shared between the interacting asperities and hydrodynamic action.
Using the surface topography of the worn surfaces after friction test in a contact
model, the load carried by the asperities is found by summation of each individual
microcontact. The hydrodynamic action is given by the solution of the minimum
film thickness for each concentrated contact from chapter 3.
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The experiments and simulations show that by increasing wear in lubricated
contacts a decrease in friction occurs and leads to a shift of the Stribeck curve to
the left which means a change in operational regime (from BL to ML). This change
can be attributed to an increase in hydrodynamic effects which occur in the contact
due to a decrease in the contact pressure and with that an increase in separation.

Finally, Stribeck curves in time were predicted using the evolution of contact
geometry at different stages through the operational time of a system.

8.2 Discussion / Recommendations

In this thesis the calculation of the separation between contacting surfaces was
made based on observation from pin-on-disc wear tests in which only the pin
geometry is modifying in time which is the situation in applications where the wear
of a system is governed by the wear of one of the components in the contact. As
future work it is recommended to study the effect of wear on friction in systems
where both components change in geometry. The method described in this thesis
can be adapted for this purpose.

In chapter 7 the change in friction (Stribeck curve) is given in time using a certain
value for k. Friction in systems depends on the operational conditions, also k is.
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Figure 8.1 IRG-OECD transition diagram.
Tribosystems are designed to operate in the safe region of the IRG-OECD

transition diagram. The wear mechanism in the safe region is of tribochemical
nature. In this region wear is calculated by Bosman ['] and is able to draw iso-wear
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rate lines as schematically drawn, in Figure 8.1, i.e. k = f(Fy, v). Combining this
model with the model presented in this thesis will enable an engineer to predict the
frictional behaviour in time of systems considered.

8.3 References

[1] Bosman, R. “Wear in boundary lubricated contacts”, 2010, private
communication.

91



92



Appendices

93



94



Appendix A.  Hertzian contacts

A.1 Line contact

A line contact is achieved at the contact between two cylinders loaded with a
normal load see Figure A.1.

Fy
Cylinder 2
Es vy

by half width of the contact

B length of the contact

R, R, radius of the cylinder 1 and 2

E,, E, elasticity modulus of the cylinder 1 and 2
V1, v, Poisson ratio of cylinder 1 and 2

Cylinder 1
Ei v

Figure A. 1  Line contact geometry.

The main parameter characterizing the line contact is given by the following
relation [1]:

2 N7red (A.1)

with: 2 = + and =—+

The mean and maximum contact pressure are calculated as:

Fy

4
Pmean = m >Pmax = ; P mean (AZ)
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A.2 Elliptical contact

The contact area between two ellipsoids subjected to a normal load Fy is an ellipse
whose dimensions (semi-axis) can be calculated based on the next equations:

1—1+1+1+1 (A.3)

Rlx R2 RZ R2y

X X

Major semi-axis

1
3FyR o )3 =
azaE[ g “’dJ ,OthK{EE(m)}3 (A.4)
red

Minor semi-axis
1

! P 1
b= 3[31:1; J3,B=K 3[%E(m)}3 (A.5)
red

Rly /

/ Figure A. 2 Elliptical contact geometry

The coefficients a and B are calculated by using the next relations having as
condition0 < A <1, where A = R,/ R;.

-1
K=|:1 16/% —4/In +016ln } (A.6)

m=1-«> (A.7)

(1—m){l+ 2m —%ln(l—m)} (A.8)

The mean and the maximum contact pressure are given by:

Fy 3

P mean _E’ P max :Epmean

(A.9)
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A.3 Point contact

The point contact is a special case of the elliptical contact (Rix = Riy = Ry, Rox=
R,y = R, which results in o = = 1). The radius of the contact can be calculated

according

T

T
L. VA 2

Q

to [2].

\___//

1
3F\R .4 |3
ay = (%} (A.10)

red

The mean and maximum contact pressure can be
expressed as:

FN
DI P max :Epmean
Tay

p mean

(A.11)

Figure A. 3 Point contact geometry.
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Appendix B.  Definition of roughness parameters

In Chapter 4 the deterministic mixed lubrication friction model for predicting the
Stribeck curve for worn lubricated concentrated contacts was discussed. This
model uses as input parameter the surface topography of the wear scar from the
pins which are measured by an interference microscope (see Figure B.1-a).

In order to find the asperities of a worn surface a 9-point summit definition is used
[1]. According to this a point is defined as a summit only if its 8 surrounding points
are lower (see Figure B.1-b).

a) b)

® & o
L S 7887mm Points: 65536

Sq 1916 um Points: 307200 Sa: 5235m 256x256
St Ls2lum S103850 st 1630mm 53254 nm Wave 5610
10%

st 1010 pm 532-54 nm Wave S610A . . .
10X
-8.156 um -940.6 im

239.1 pm
239.1 pm

4483 um

iy

Figure B. I  a) Surface topography of a wear scar after a friction test and b)
summit definition.

Using the theory from [1] the asperities are considered to be as ellipsoids. The
radius of the asperity B is related to the local curvature of the surface and can be
calculated according to [2] by using the 3-point definition:

1 Zx—Ax,y - 2Zx,y + Zx+Ax,y
n=- ; (B.I)
Ax
a4 Fxy-ay T 22y T Zxyiny (B.2)
1y — 2 .
Ay
where: Biy, Biy the radii in x respectively y direction
Zy, Zy the local surface height at the location (X, y)
Ay, Ay the pixel size in x respectively y direction
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The radius of the asperity can be found by combining the radii in the two directions
by applying the next relation:

_ Bix +Biy

Bi 2

(B.3)

Some examples of pin surface measurements by interference microscopy after
“wear” tests are presented in Figure B.2:

a) b) c)

2055 pm 0722 pm
Area: 597.8 pmx 4483 um 2253 ym Arer: 4004 pmx 213.6 jm
Area: 5978 483 pm

o

| < o| -

Sq 2106 um Points: 307200 Sq: 0426 pm Points: 122880

532:54 rin Wave 56104 S 1710 640480 Sa 0340 um 180x256

10x St 1065 um 532-54 1m Wave 56104 st 2903 pm 532-54 nim Wave 58104
10% 10%

Figure B. 2 Pin surface measurements after “wear” test — a) line contact, b)
point contact and c) elliptical contact.
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Appendix C.  Film thickness in concentrated contacts
without wear

In this appendix a literature overview of the minimum film thickness equations for
different concentrated contacts (when wear does not occur in the contact) is
presented.

C.1 Minimum film thickness for the line contact situation

Prediction of the minimum film thickness can be found, for instance, in [1, 2]. The
general solution is:

Huin =k 'sz 'Uk3 'Wk4 (C.1)

with values for k; given in table C1 in which the dimensionless numbers are
defined as:

=

F
red> U= No¥ ) W=—oo>=" (C.2)
E 4R BE

H._. ZRLin, G=0oE

min

X red ™ x

Table C 1  Values of the constants from equation (C.1).

Reference ki k, k; ky
[1] 1.6 0.6 0.7 -0.13
[2] 3.07 0.57 0.71 -0.11

Moes [3] presented a formula for the minimum film thickness for line contacts
which is based on the four lubrication regimes: RI, RP, EI and EP.

1/s
3s/7 _ _ —2s/7
R e T I R

H
1 a,
szg 7+8 ™ (CAH)
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Hgp =1.2866-L%° (C.6)
Hg =2.621-M7'5 (C.7)

Hgp =1.311- M7 .4 (C.8)

The dimensionless groups used in the given equations are:

172 12
H:hmin [Ered 'Rred] M= FN {Ered 'Rredj
R Mo -V B'Ered'Rred Mo -V

red

1/4
Mo "V J
Ered : Rred

L=(X~Ered(

C.2 Minimum film thickness for the elliptical contact situation

The general solution of the minimum film thickness in elliptical contacts is given
in [4] by:
1

2s/3 «
B 4 Y378 _ o \s/8 (S
H:{(Hf{f +(H,§I +Hy, 4) ) +(HR§, +HE§,) } (C.9)

3 BpLI
s==11+e Hu (C.10)
2
Hy =1.8D"" (C.11)
R
A=—X (C.12)
RY
172
. (E._.-R
H:hmm ( red X] (C.13)
Rx MoV



. 3/4
M=—N ( Mo ¥ J (C.14)
Ered ’ Rred

1/4
Mo "V
L=a-E _— C.15

red(Ered'ij ( )

The dimensionless film thickness equations for all regimes are expressed as:

—15/7
Hp =145-(1+0.796- x”“S) A (C.16)
Hgp =1.29-(1+0.691-2) % . L%? (C.17)
—14/25
Hg =3.18- (1 +0.006In(1)+ 0.63- x“”) ATV M (C.18)

Hpp =148 (1+0.006In(4)+0.63-2.47 | ™ 57124 (N112 13 (C.19)

Several researchers presented formulas for the elliptical and point contact situation
which can be represented in general by:

Hpin =k, -G - US - WH - £(g) (C.20)

where: f(&) is a function which depends on the contact ellipticity ratio (& = 1 for
point contacts and & =Db/a for elliptical contacts)

Table C 2 Values of the constants from equation (C.20).

Contact | Reference K ko k3 Ky £ (é)
Point [5] 1.55 0.725 0.725 -0.058 1
Elliptic [6] 3.63 0.49 0.68 -0.073 1-¢ 005
[7] 3.68 0.49 0.68 -0.073 e 0078

Dimensionless parameters Hy,,, G, U are defined according to equation (C.2) and
F

the load parameter is given by W = —N2 .
Ered ‘R X
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Appendix D.

Line contact

Load

Radius of the cylinder
Length of the cylinder
Velocity (wear test)

Table D. 1

lubricated line contacts

Input parameters

FN = 15
Rcyl= 2
B=8
v =0.005

EEEZ

Input parameters for minimum film thickness calculations in worn

Lubricant Time [h] Lubricant properties Contact width, 2Lw [um]
Esso EZL 799 0 12.8
4 Mo = 0.074 [Pa:s] 180
8 a=210"[Pa] 220
12 270
Shell Vitrea 150 0 12.8
4 Mo = 0.404 [Pa-s] 184
8 a=2-10"[Pa'] 240
12 260
Shell HVI 60 0 12.8
4 Mo = 0.381 [Pa-s] 204
8 a=2.17-10" [Pa™] 224
12 324
Elliptic contact
Load Fy =10 [N]
Radius of the spherical roller R.=4,R, =26.67 [mm)]
Velocity (wear test) v =0.005 [m/s]

Table D. 2 Input parameters for minimum film thickness calculations in worn

lubricated elliptic contact.

Lubricant Time [h] Lubricant properties Contact geometry [um]
Esso EZL 799 0 Mo = 0.074 [Pa-s] 2a=170,2b =139
elliptic contact 8 0=2-10%[Paly 2a =170, 2b =375

16 2a =270, 2b = 650
40 2a =340, 2b = 840

105




Point contact

Load Fx=15 [N]
Radius of the sphere R=5 [mm]
Velocity (wear test) v =0.005 [m/s]

Table D. 3 Input parameters for minimum film thickness calculations in worn

lubricated point contact.

Lubricant Time [h] Lubricant properties Contact geometry, dgeqr
[um]
ESSO EZL 799 0 157
4 Mo = 0.074 [Pa:s] 366
8 a=210"[Pa™] 424
12 556
Shell Vitrea 150 0 157
4 No = 0.404 [Pa-s] 346
8 a=210"[Pa’] 572
12 635
Shell HVI 60 0 157
4 Mo = 0.381 [Pa:s] 448
8 a=2.17-10" [Pa™] 568
12 748

551.1 nm

Sq: 91.62 nm
Sa: 53.99 nm
St 1439 nm

-887.9 nm

Figure D. 1  Surface topography used as input in simulations for Figure 4.4.
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Table D. 4

Input parameters for the simulation of Figure 4.4.

Parameters Value Units
Load, Fy 15 [N]
Coefficient of friction in BL, f, 0.16 [-]
Radius of the cylinder, Ry 2 [mm)]
Length of the cylinder, B 8 [mm]
Contact width, 2L, 12.8, 100, 200 [um]
Viscosity Mo = 0.065 [Pa-s]
Viscosity-pressure coefficient a=2107% [Pa]
Eyring shear stress 0= 2.5.10° [Pa]
Surface topography from Figure D.1

Table D. 5  Input parameters for the simulations of Figure 6.3.

Parameters Value Units
Load, Fy 15 [N]
Coefficient of friction in BL, f, 0.156 (from experiments) [-]
Radius of the cylinder, Ry 2 [mm)]
Length of the cylinder, B 8 [mm]
Contact width, 2L,, unworn contact, 2L, = 12.8 [um]

after 12h and friction test, 2L,, = 270
Lubricant parameters Esso EZL 799
Viscosity Mo = 0.065 [Pa-s]
Viscosity-pressure coefficient a=2.10" [Pa'l]
Eyring shear stress 70=2.5-10° [Pa]
Surface topography from Figure 6.1
Table D. 6  Input parameters for the simulations of Figure 6.4.

Parameters Value Units
Load, Fy 15 [N]
Coefficient of friction in BL, f, 0.137 (from experiments) [-]
Radius of the cylinder, Ry 2 [mm)]
Length of the cylinder, B 8 [mm]
Contact width, 2L,, unworn contact, Ly, = 12.8 [um]

after 12h and friction test, Ly, = 280

Lubricant parameters Vitrea 150
Viscosity Mo =0.47 [Pa-s]
Viscosity-pressure coefficient a=210" [Pa'l]
Eyring shear stress 70=2.5-10° [Pa]

Surface topography from Figure 6.2
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Table D. 7  Input parameters for the simulations of Figure 6.6.

Parameters Value Units
Load, Fy 15 [N]
Coefficient of friction in BL, f, 0.14 (from experiments) [-]
Radius of ball 5 [mm]
Wear scar diameter, 2L, after 2h and friction test, 2L, = 366 [um]
after 12h and friction test, 2L, = 556
Lubricant parameters Esso EZL 799
Viscosity Mo = 0.065 [Pa-s]
Viscosity-pressure coefficient a=210% [Pa]
Eyring shear stress 0= 2.5.10° [Pa]
Surface topography from Figure 6.5
Table D. 8  Input parameters for the simulations of Figure 6.8.
Parameters Value Units
Load, Fx 10 [N]
Coefficient of friction in BL, f, 0.13 (from experiments) [-]
Radius of the spherical roller R,=4 [mm]
Ry = 26.67 [mm]
Dimension of the contact ellipse after 8h and friction test
2a=170; 2b =375 [um]
after 40h and friction test
2a = 340; 2b =840 [um]
Lubricant parameters Esso EZL 799
Viscosity Mo = 0.065 [Pa-s]
Viscosity-pressure coefficient a=210% [Pa]
Eyring shear stress 70=2.5-10° [Pa]

Surface topography from Figure 6.7
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