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Samenvatting

Machineonderdelen worden steeds zwaarder belast en daarom worden er steeds
hogere eisen gesteld aan de ontwerpspecificaties. Om tot zo’n specificatie te komen
heeft de ingenieur ontwerprichtlijnen nodig. In dit proefschrift wordt een
ontwerpdiagram gepresenteerd dat gebruikt kan worden om te voorkomen dat twee
in contact zijnde mechanische componenten falen als gevolg van adhesieve slijtage.

Adhesieve slijtage, ofwel vreten, kan voorkomen worden door te zorgen dat
grenslagen, gevormd door additieven in het smeermiddel, onder alle
bedrijfsomstandigheden aanwezig zijn tussen de beide contactoppervlakken. Er kan
dan overigens nog steeds sprake zijn van slijtage, echter van een veel mildere vorm
dan adhesieve slijtage en die niet tot sterk afnemend functioneel gedrag leidt. Het
ontwikkelde ontwerpdiagram heeft betrekking op de voorspelling van de overgang
van de milde naar de adhesieve slijtagevorm voor gesmeerde geconcentreerde
contacten.

Op basis van de hypothese van Blok, die zegt dat een contact faalt als een
bepaalde kritische contacttemperatuur wordt overschreden, is een analyse gemaakt
waarbij de optredende contacttemperatuur berekend kan worden. Voorheen werden
hiervoor alleen contacttemperatuurberekeningen gemaakt op basis van macro-
contacteigenschappen en werden (flits)temperaturen in ruwheidscontacten niet
meegenomen. In dit proefschrift wordt van een andere aanpak gebruik gemaakt,
waarbij (flits)temperaturen tussen ruwheidtoppen wel worden meegenomen.

Om tot een thermisch model te komen, is er eerst een deformatiemodel nodig dat
het contact voorspelt, zowel op macro- als microschaal. Hiervoor is een
deterministisch contactmodel opgesteld, waarin per ruwheidscontact de belasting en
contactoppervlak berekend kan worden. De deformatie van de ruwheidstoppen kan
elastisch, plastisch of — in een gemengde vorm — elastisch-plastisch van aard zijn.
Hiervan gebruik makend is het mogelijk de totale lokale contacttemperatuur te
berekenen.

De contacttemperatuur is berekend als functie van diverse invloedsfactoren en is
weergegeven in zgn. F/v-diagrammen. Tezamen met een bepaalde kritische
temperatuur kan nu de transitie van een milde naar een adhesieve slijtagevorm
aangegeven worden. Een gecombineerd transitiediagram is opgesteld waarin de
invloedsfactoren langs de assen zijn weergegeven in de vorm van gemodificeerde F-
en v-parameters.



X Samenvatting

Validatiemetingen zijn uitgevoerd in de vorm van pen-schijfmetingen, waarbij de
pen bestaat uit een cilindrisch lichaam en dat in contact met de schijf resulteert in
een lijncontact. Hiervoor is een speciale pen-schijftribotester ontworpen die geschikt
is voor hoge belastingen. Er kan worden geconcludeerd dat de uit metingen
resulterende transities goed worden voorspeld door het in dit proefschrift opgestelde
contacttemperatuurmodel, dit in tegenstelling tot de uit de literatuur bekende
berekeningsmethodes voor de contacttemperatuur.

Het ontwikkelde gecombineerde transitiediagram stelt de ontwerper in staat
machineonderdelen veilig te laten functioneren in het milde slijtagegebied, omdat de
overgang van milde naar adhesieve slijtage bekend is.



Summary

Engineering components are subjected to more extreme operating conditions
nowadays and this leads to higher demands with regard to design specifications. In
order to set-up these specifications, engineers need guidelines to achieve an optimal
design. In this thesis an engineering diagram is presented which can be used to
prevent two contacting mechanical components from failing by adhesive wear.

Adhesive wear or scuffing can be prevented by boundary layers, formed by
additives in the lubricant, being present between the contacting surfaces under all
operating conditions. Now, milder types of wear occur which do not lead to strong
decreasing functional behaviour. The transition from mild to adhesive wear can be
predicted using the engineering diagram which is developed for lubricated
concentrated contacts.

An analysis is made based on the hypothesis of Blok, i.e. a contact fails when a
certain critical contact temperature is exceeded. Up to now, contact temperature
calculations were only made based on macro contact characteristics and (flash)
temperatures due to roughness interactions were not considered. In this thesis a
different approach is used, in which (flash) temperatures between the contacting
roughness summits are taken into account.

In order to develop a thermal model, first a deformation model is needed which
can predict the contact, both on macro and micro scale. For this purpose a
deterministic contact model is developed, in which per summit contact the load and
contacting area can be calculated. The deformation of the summits can be elastic,
plastic or — in a mixed form — elastic-plastic. When knowing this, the total local
contact temperature can be calculated.

The contact temperature is calculated as a function of several factors of influence
and is presented in so-called F/v diagrams. Together with a certain critical
temperature the transition from a mild to adhesive wear region can be determined.
Furthermore, a combined transition diagram is constructed in which the factors of
influence, in the form of adapted F and v parameters, are denoted along the axes.

Validation measurements are carried out by means of pin-on-disk measurements,
in which the pin consists of a cylindrical element, resulting in a line contact situation
in contact with the disk. For these measurements a special high load pin-on-disk
tribotester has been developed. From the experiments can be concluded that the
measured transitions are well predicted by the model which is developed in this
thesis, in contrast to the calculation models known from literature.



xii Summary

The developed combined transition diagram enables the designer to allow
engineering components to function safely in the mild wear region, because the
transition from mild to adhesive wear is known.
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Chapter 1

Introduction

1.1 TRIBOLOGICAL CONTACTS

Tribology deals with contacting surfaces under relative motion. Due to friction in
these contacts, wear may take place, and lubrication is considered to be an effective
way to reduce friction and/or wear. Examples of applications in which tribology
plays an important role include gears, cam and follower mechanisms, traction
systems, brakes, bearings, cutting tools and clutches.

In Figure 1.1 a schematic representation of the tribosystem is presented. It is
composed of two bodies in contact (1 and 2), with a lubricant (3) in between and
operating in a certain environment (4).

|_ A
I_ ''''' structural parameters —r—

ey il 4 I

operating : | interaction
conditions | | parameters

Figure 1.1 Schematic representation of a tribosystem.

Nowadays, engineering components are subjected to more and more extreme
operating conditions due to economical and technological trends. In a tribosystem,
these operating conditions play an important role and they include:

Normal force F

Sliding velocity v or sum velocity v*
Type of motion

Contact time ¢ or sliding distance s
Temperature 0
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These conditions strongly interact with the structural parameters of the
tribosystem. These structural parameters are properties related to mechanical and
thermal behaviour of the materials in the tribosystem and include:

Composition and microstructure
Roughness

Elastic modulus

Hardness

Reactivity of the surfaces

Due to given operating conditions and structural parameters, the tribosystem
leads to the following interaction parameters:

Contact stress/deformation
Friction

Heat generation

Wear

In order to focus further on the characteristics of a tribosystem, a few types of
tribological contacts can be distinguished based on the shape of the contacting
bodies: conformal, counterformal and flat-flat contacts. Together with a certain
specific geometry of the bodies e.g. cylinder or sphere, these contacts result in line,
circular or elliptical contacts. Furthermore, the type of motion is important, e.g.
rolling or sliding motion; continuous or reciprocating motion. In this thesis only
lubricated concentrated contacts are considered.

1.2 FRICTION AND LUBRICATION REGIMES

When two bodies are in contact, they may deform. By using the theory of Hertz
[36], the resulting contact pressure, contact area and deformation can be calculated
under the assumptions that the bodies deform elastically and that the total
deformation is small compared to the overall geometry of the contacting bodies.
Hertz also assumed that the bodies are continuous elastic half-spaces and
frictionless.

Furthermore, the bodies were supposed to be smooth in Hertz’ theory. In reality,
however, surfaces are not smooth and the applied production process creates a
certain roughness. Contact between rough surfaces takes place at the contacting
asperities and hence the real contact area is much smaller than the nominal or
apparent contact area as given by Hertz. This situation is shown in Figure 1.2.

Friction between surfaces under relative motion can be characterised by the
coefficient of friction u and is defined by

: (L.1)

where Fis the friction force and F is the normal force.
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nominal contact area
d

4
v

real contact area

Figure 1.2 Nominal vs. real contact area.

Up to now the surfaces were assumed to be unlubricated, but in order to reduce
friction and wear, very often a lubricant is present in the tribological contact.
Friction in a lubricated contact is often characterised by the Stribeck curve [25][50],
where the coefficient of friction u is plotted against the sum velocity v or a
lubrication number L, which is defined by Schipper [50] as

L= ’70‘V+

; 1.2
pav.Ra ( )

with 7, the dynamic inlet viscosity at ambient pressure, p,, is the average Hertzian
nominal contact pressure (see Chapter 3) and R, is the combined CLA roughness of
the two surfaces and v' the effective sum velocity, in general given by (see [34])

v =y +v,, (1.3)

where v, and v, are the velocities of respectively body 1 and body 2 relative to the
force vector. For a simple sliding contact, v; = v and v, = 0, Eq. (1.2) becomes

L: 770"}

pav'Ra (14)

A schematic representation of the Stribeck curve is given in Figure 1.3.
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M [-]

BL

L[] (log)

Figure 1.3 Schematic representation of a Stribeck curve.

Depending on the operating conditions three lubrication regimes can be
distinguished:

1.

(Elasto)hydrodynamic lubrication or full film lubrication: The applied load
is entirely carried by the lubricant, as shown in Figure 1.4c. Depending on
the pressure generated in the lubricant and elasticity of the contacting
bodies, hydrodynamic or elastohydrodynamic lubrication may occur. For
high pressure elastohydrodynamic lubrication (EHL) is present, where the
geometry of the contacting bodies elastically deforms. And for low pressure
hydrodynamic lubrication (HL) is present, where the elastic deformation of
the bodies can be neglected. The coefficient of friction is determined by the
shear strength of the lubricant, which is mainly dependent of the Iubricant
viscosity and existing shear rate.

Boundary lubrication (BL): The applied load is entirely carried by the
interacting asperities separated by boundary layers, as shown in Figure 1.4a.
The coefficient of friction is determined by the shear strength of the
boundary layers.

Mixed lubrication (ML): This is the intermediate regime between the (E)HL
and BL regimes, where the applied load is partly carried by the lubricant
and partly by the asperities.

a. boundary lubrication b. mixed lubrication c. (elasto)hydrodynamic
lubrication

Figure 1.4 Lubrication regimes
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1.3 WEAR AND WEAR MECHANISMS

1.3.1 Wear

Wear can be defined as the surface damage or loss of material of one or both two
solid surfaces in relative motion. In general, wear occurs through surface
interactions at asperity level. Material on the contacting surface may be damaged
and displaced, so that properties of the solid body, at least at or near the surface, are
altered, but little or no material is actually lost. Furthermore, material may be
removed from the surface and may result in the transfer to the mating surface or may
break loose as a wear particle. In the case of transfer from one surface to another, net
volume or mass loss of the interface is zero, although one of the surfaces is worn
(with a net volume or mass loss). Wear damage precedes actual loss of material, and
it may also occur independently.
Wear can be characterised in several quantitative ways. These include:

e wear volume V,, of the component(s)
e specific wear rate k and is defined by:

k=—x (1.5)

K=kH =——, (1.6)

where V,, is the wear volume, H the hardness, F' the normal force and s
represents the sliding distance.

e wear depth of the component(s)

e change of various roughness parameters

Definition of wear is generally based on loss of material, but it should be
emphasised that damage due to material displacement on a given body, with no net
change in weight or volume, also constitutes wear [6].

1.3.2 Wear Mechanisms

In general, it is possible to distinguish several mechanisms that lead to wear of an
engineering component. These wear mechanisms are [18]

1. (tribo)chemical
2. abrasive wear
3. fatigue

4. adhesive wear
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Whether a contact is lubricated or not is very important. In literature, a lot of
attention is paid to unlubricated (dry) contacts in relation to wear. In lubricated
contacts, lubrication regimes according to the Stribeck curve (see Figure 1.3 and
Figure 1.4) have to be taken into account.

In full film lubrication and then particularly in EHL, the only possible wear
mechanism is fatigue. In BL and ML (part of) the load is carried by asperities. The
asperities make contact but there is no metal-metal contact due to surface films
attached to the surface. Now, shearing takes place in those surface films. If the
hardness of both materials is of the same order of magnitude, thus excluding
abrasive wear, mild tribochemical wear may take place. Under extreme operating
conditions boundary layers will not hold and metal-metal contact occurs and this
may cause adhesive wear.

In the next four sections, the wear mechanisms are explained in more detail. In
the last section attention is paid to running-in.

1.3.2.1 (Tribo)Chemical Wear

Under conditions of boundary lubrication (and partly mixed lubrication) asperities
come in close proximity, and the lubricant viscosity is relatively unimportant. The
physical and chemical interactions of (additives in) the lubricant with the solid
surfaces, control friction and wear.

Surface film formation occurs according to three mechanisms, listed in order of
increasing film bonding strength, Godfrey [26]:

e physical adsorption
e chemical adsorption
e chemical reaction

Friction may change the kinetics of the chemical behaviour and the surface films
may be removed. The base material will react again to form surface films trying to
protect the interacting asperities and these films will again be removed by asperity
contacts. Although shear occurs in the surface films, chemical reactions change the
surface and mild wear will take place. The most obvious mechanism by which
friction increases the rate of chemical reaction is frictional heat produced at
contacting asperities. Tribochemical wear is the mildest form of wear. If the material
removal is purely tribochemical, no microfracture or plastic deformation takes place,
Bhushan [6].

1.3.2.2 Abrasive Wear

Abrasive wear occurs when asperities of a rough hard surface or hard particles slide
against a softer surface and damage the interface by plastic deformation or fracture.
The general rule of thumb is that if one surface is more than 20% harder than the
other, asperities of the harder surface will plough through the softer surface (H, >
1.2 H), Landheer and de Gee [42]. This type of abrasive wear is called two body
abrasion. Another type of two body abrasion occurs, if for example work hardened
debris is embedded in the soft surface which hence leads to hard asperities. Three
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body abrasive wear may occur if these particles (third body) are able to move in the
contact area and are not embedded in a fixed position.

1.3.2.3 Fatigue

Surface fatigue takes place due to repeated loading. The repeated loading and
unloading cycles lead to the formation of (sub)surface cracks. After an incubation
period and a critical number of cycles the formation of large fragments will occur.
These lead to large pits in the surface and this is often called pitting. During the
incubation period negligible wear takes place. Hence fatigue is different from the
other wear mechanisms where a gradual deterioration of the surface is observed.

1.3.2.4 Adhesive Wear

If the adhesion forces in a sliding contact are high, shear takes place in the weakest
material instead of at the surface interface. This may result in detachment of
fragments of one surface and attachment to the other surface. At continued sliding,
material will be transferred across the contact.

When the initial condition is boundary lubrication (only tribochemical wear), a
transition to adhesive wear may take place. Under conditions of increased contact
severity, protective surface layers will not withstand, and metal-metal contact will
occur. First (at e.g. increasing normal force and/or sliding velocity) mild material
transfer will take place at a microscopic scale. This condition is called incipient or
micro scuffing. At even more serious conditions, severe adhesive wear will occur.
This condition is commonly referred to as scuffing.

1.3.2.5 Running-in

Another important phenomenon is running-in. Running-in results in a decrease of
roughness as a function of time or running distance (see Figure 1.5) and is often
considered as beneficial during machine life. During the first stage (A) plastic
deformation as a result of normal stresses occurs at the highest roughness summits
and this will result in a fast decreasing roughness. Strictly speaking this cannot be
called wear because this decrease in roughness only originates from normal
forces/stresses.

roughness
or
friction

t[s] ors[m]

Figure 1.5 Schematic representation of roughness and friction as a function of time ¢t or
sliding distance s during running-in.
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During the next stage (B) tribochemical wear at surface asperities as a result of
lubricated friction occurs at a slower decreasing roughness value and this will
gradually transfer into the last stage (C) which constitutes a stable situation of
process roughness.

Besides this it is possible to distinguish two levels of severity in running-in (and
wear in general):

1. Micro wear: contact pressure does not change in time (p,, is constant) and the
roughness decreases. The area that is worn off equals more or less the
Hertzian contact area.

2. Macro wear: contact area increases and therefore the contact pressure
decreases (p,, is not constant).

1.4 WEAR TRANSITIONS IN TRIBOLOGICAL CONTACTS

The Stribeck curve usually maps (lubrication) regimes by means of the coefficient of
friction as a function of operating conditions under mild wear conditions (as stated
in Section 1.2).

To map transitions in wear mechanisms or failure modes as a function of
operating conditions another diagram is needed. In literature these are known as
transition diagrams, wear (mechanism) maps or failure diagrams. For example the
thermomechanical wear diagrams by Lim and Ashby [43][44], the F-v-0 transition
diagrams as described by Czichos [15][16][17], PV-diagrams by Bhushan [6], IRG
transition diagrams by de Gee/Begelinger [3][4][23] and the mild-severe wear map
for ceramics by Pasaribu [48].

Failure modes in tribological contacts are depending on both operational
parameters and structural parameters. Examples of failure modes are:

e Pitting, a form of (sub)surface fatigue as experienced in highly loaded
machine components e.g. gears and roller bearings, see [12].

o Severe thermomechanical wear due to plastic surface deformation in
(un)lubricated contacts, see [13][43] [57].

e Severe wear in unlubricated ceramics, see [47].

e Scuffing, which is initiated by the transition from a mild to an adhesive
wear region in lubricated contacts (this thesis).

1.5 THESIS OBJECTIVE

This thesis focusses on the transition from mild to adhesive wear of lubricated
contacts. This transition can lead to scuffing and hence catastrophic failure of
machine compenents. Due to this failure, replacement of damaged machine
components is often necessary. Therefore, the transition to adhesive wear as a
function of the complex interaction of operational and structural parameters has to
be mapped in order to be able to optimise the tribosystem with regard to scuffing
resistance.
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In order to lower the high costs involved with identifying and verifying the most
important parameters with regard to scuffing resistance by means of measurements,
a mathematical model has to be developed which can predict the transition from
mild to adhesive wear of lubricated systems.

1.6 OUTLINE OF THIS THESIS

In Chapter 2 a literature review is given on the transition from mild to adhesive wear
and the failure mode of scuffing. In Chapter 3 an elastic/plastic deformation model
of an anisotropic deterministic rough contact is developed. In Chapter 4 the
development of a model that predicts the contact temperature is discussed. In
Chapter 5 the deformation and temperature model are incorporated in a model that
predicts the transition to adhesive wear. Chapter 6 describes the design of a pin-on-
disk type tribotester that is capable of accurately measuring the adhesive wear
transition for a cylinder against a disk. Furthermore, a pin-on-disk tribotester which
is capable of testing at high temperatures is discussed. In Chapter 7 the experimental
results are presented. These results are used to validate the mild-adhesive wear
transition model. Finally, Chapter 8 summarises the results and gives the final
conclusions together with some recommendations for further research.






Chapter 2

Transition from Mild to Adhesive Wear

2.1 INTRODUCTION

As outlined in Chapter 1, scuffing is the catastrophic failure of lubricated machine
components and is initiated by a transition from mild to adhesive wear. Due to
metal-metal adhesion, the surface will be severely damaged and material will be
transferred from one body to the other. The physical manifestations during scuffing
are a sudden increased friction and wear level, accompanied by noise and vibration.

First, diagrams based on measurements reported in literature will be presented
which characterise this transition as a function of several operational parameters.
Next, from these measurement based observations and additional theoretical studies,
conclusions are drawn by several researchers with regard to possible failure
mechanisms and failure criteria.

2.2 WEAR TRANSITION DIAGRAMS

2.2.1 Introduction

The transitions in dominant wear mechanisms occur when loads and sliding
velocities are changed. In some cases, changes also occur as a function of sliding
time or distance. The dominant wear mechanisms are based on mechanical strength
and interfacial adhesion. Increase in both normal load and sliding velocity results in
a monotonic increase in contact temperature. High interface temperature results in
formation or breakdown of surface protecting films at the contact interface.
Furthermore, high temperatures may result in a decrease in mechanical strength and
in some cases structural changes occur. At very high temperatures very severe
adhesive wear will take place (more details are given in Section 2.3).
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2.2.2 The IRG Transition Diagram

Diagrams that cover the transition from mild to adhesive wear of lubricated
concentrated contacts include the IRG transition diagram (see below) and the F-v-6
diagram by Czichos [16] (note: Czichos uses 7 instead of 6 for the temperature). The
wear transition is mapped as a function of a set of operational parameters. The IRG
transition diagram distinguishes between regions of efficient and inefficient
performance in non-conforming lubricated sliding contacts, see [3][4][23][52]. This
diagram is commonly used and representative for other operational parameter based
transition or failure diagrams. The failure criterion used is based on the change of
friction level. For a contact situation in a machine element or test rig, this is a very
useful criterion for in-situ detection.

An example of an IRG transition diagram for point contacts is schematically
shown in Figure 2.1, reproduced from de Gee [24]. In this diagram, where the load-
carrying capacity F is presented as a function of the sliding velocity v, three regions,
separated by two transition curves, can be distinguished. These regions are governed
by the measured friction-time characteristics according to Figure 2.2. The recorded
friction signal is usually less than 5 minutes.

FN] [1* |

I/

Figure 2.1 IRG transition diagram [24].
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Figure 2.2 Friction coefficient-time curves [24].
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Region I/IT is considered to be a ‘safe’ region, where friction is relatively low
(Stribeck curve values; roughly: 4 = 0.15 or less) and wear is virtually negligible
(wear rate k ~ 10® mm’N"'m™). The lubricating conditions in this region are BL, ML
and EHL. If the contact operates in region III, it fails immediately by scuffing, with
1~ 0.5 and k~ 10° mm’N"'m™. In this region very severe adhesive wear (material
transfer) will take place [51].

In the intermediate region III* there is incipient or micro scuffing i.e. adhesive
wear and material transfer takes place at a microscopic scale, and the average
contact pressure decreases. Initial values of z2~ 0.35 and k = 5-10° mm’N"'m™ occur
in this region, both decreasing with time. From a practical point of view this region
should be avoided for machine components. Although the contact restores from
adhesive to mild wear, the macro geometry is lost. Therefore, the transition from I/II
to IIT*/I11 is the interesting one to predict.

2.2.3 Determination of Transitions — Test Procedures

In order to obtain the transition diagram, a set of experiments has been carried out.
At each experiment the friction-time characteristic is measured at a certain
combination of F' and v. Based on this characteristic it can be determined whether
this contact situation belongs to region I/II, IIT* or III (see Figure 2.1 and Figure
2.2).

A few different test procedures are possible depending on the initial state of a
specimen at each experiment and are described in detail by Schipper et al. [52]. The
first procedure (A) uses new, virginal specimens for each experiment, i.e. the test is
performed at a certain load and velocity. Consequently, the order of each experiment
does not matter. This procedure is the traditional IRG method.

A second procedure (B) uses the same specimens at a certain velocity but uses
several increasing load steps. As a result, there is a stepwise growth of the
developing contact area during each load step. This influences the location of the
transitions significantly (see Figure 2.3). The transitions shift to higher values for F.
In other words, when using this loading procedure, the load carrying capacity
increases. Worth noting is that the friction time characteristics for region III* and III
are also different, whereas the region I/II stays the same. In regions III* and III the
friction time characteristic starts with an incubation period, during which the x value
is equal to the one measured during the previous step. This is followed by a sharp
increase in friction values, virtually equal to those found in procedure A.

An explanation for the occurrence of the incubation period or dwell time is given
by Begelinger and de Gee [4]: it is possibly associated with the presence of surface
films (boundary layers), formed during running-in. Such films modify the heat
transfer characteristics of the surfaces, thus delaying the establishment of thermal
steady state in the contact zone.
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F[N]

v [m/s]

Figure 2.3 Transition diagram determined in case of procedure B (drawn line) compared
with procedure A (dotted line) [52].
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Figure 2.4 Friction-time characteristics for region IlI* and Il for procedure B [52].

A third procedure (C) uses the same specimens at a certain load but uses several
increasing velocity steps. Now the contact area does not grow during the experiment
(the load does not change). When starting a test in which procedure A regime I/I1
conditions apply, at increasing v the specimens remain running in regime I/II until
regime III* or III occurs (see the transition in Figure 2.5). Furthermore, the friction
time characteristics of procedure C are comparable with those of procedure B.

Performing subsequent tests (B and C) with the same specimens, instead of with
new specimens, leads to a substantial shift of the transitions. Under the assumption
that performing in regime II1* (and III of course) is not allowed, procedure B can be
used to increase the load carrying capacity, which is defined as the transition value
for the load at a certain velocity. In other words, the maximum load that is allowed
at a certain velocity.
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Figure 2.5 Transition diagram determined in case of procedure C (drawn line) compared
with procedure A (dotted line) [52].

2.3 FAILURE MECHANISMS

In order to explain why the transitions take place, why a contact fails due to scuffing
and to find the failure mechanism accordingly, a closer look at the tribosystem from
Figure 1.1 is necessary. With regard to the contact situation in a lubricated sliding
contact, three levels of protection against scuffing can be distinguished, i.e.

1. (E)HL films
2. Surface films
3. Material strength

2.3.1 (E)HL Films

The (elasto)hydrodynamic action, as described in Section 1.2, completely separates
the two moving surfaces and obviously prevents the contact from scuffing. The
separation is often characterised by the A-ratio, defined as the oil film thickness over
roughness [25]. Several researchers have been investigating the relation of the
breakdown of the EHL film with the onset of scuffing, see for instance Dyson [19].
In this work of Dyson, a model is proposed where the A-ratio needs to reach a
certain critical value for scuffing to take place. However, this relationship could not
be found. Ku et al. [40] stated that the basic objection against this model is that it is
just a physical proposition, which does not account for the known oil-metal-surface
treatment-environmental effects on scuffing.

When under more harsh conditions asperities are capable to penetrate the (E)HL
film, scuffing/adhesive wear may occur in absence of surface films. However, with
the presence of additives in lubricants and the formation of oxide films, the
breakdown of an (E)HL film is just a necessary condition for the occurrence of
scuffing, but not a sufficient condition for scuffing to actually happen.
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Furthermore, a lot of contacts in machines operate under conditions of BL or
ML, without the surfaces being fully separated by an (E)HL film and without
adhesive wear/scuffing taking place. These lubrication regimes can be added to the
IRG transition diagram according to Schipper [51] and is presented in Figure 2.6. In
this figure, region I is represented by the (E)HL regime, region II by the BL regime
and in between the ML regime can be found (see Figure 1.3). It can be seen that the
transition often takes place from a BL or a ML region. In addition to Schipper,
Horng [38] also presented measurements in which scuffing occurred from an initial
ML condition. The contacts operating in ML and BL are protected by the next line
in defense against scuffing: the surface films.

FIN]

ML /@M

v [m/s]

Figure 2.6 Schematic representation of the IRG transition diagram combined with the
Stribeck curve.

2.3.2 Surface Films

Surface protecting films include films of adsorbed lubricant molecules and oxide
films. Surface film breakdown is researched by several investigators, in relation to
temperature. Spikes and Cameron [53] show the occurrence of film breakdown
when the rate of adsorbed layers reaches a critical level in relation to the increasing
rate of desorption at higher temperatures.

Cutiongco and Chung [14] demonstrated the influence of the competitive kinetics
of oxide formation and removal with temperature, in relation with the occurrence of
scuffing. A diagram is constructed with the Arrhenius plots of oxide formation and
removal rates and the critical failure temperature is assigned to the intersection of
these plots, as shown in Figure 2.7. Bjerk [7] conducted measurements on a gear-
roller test machine using plain mineral oil lubrication. He showed the surface
protection against scuffing by the formation of oxides in the contact.
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Figure 2.7 Schematic diagram showing the variation of oxide formation and removal
rates as a function of the temperature. Failure occurs when the oxide removal rate is
greater than the oxide formation rate [14].

When the surface films are broken through, the next line in defence of scuffing
appears: the material strength. This is presented in the next section.

2.3.3 Material Strength

During sliding, shear between two bodies takes place at the interface or in the
subsurface of the weaker of the two bodies. When the protecting (E)HL and surface
films are absent or broken down and the interfacial adhesion strength is high
compared to the shear strength of the subsurface regions, shear may occur and small
fragments may become attached to the other surface. In the previous section this is
addressed towards adhesive wear on the micro scale. When asperities start to heat up
even more due to scuffing on the micro scale, surface temperatures increase even
further. This has a large effect on the temperature dependent material strength and
can lead to large scale and very severe wear.

Yu et al. [58] report the effects of thermal softening of asperity contacts. This
reduction of mechanical strength due to temperature dependent yield strength will
cause the asperities to plastically deform and this will lead to scuffing. This
corresponds to the transition from III* to III as described in Section 2.2. Cowan et
al. [13], Yang et al. [57] and Wang et al. [55] also ascribe the occurrence of scuffing
to exceeding the material yield stress by thermomechanical loading. Zhang et al.
[59] state, that after the loss of all protective layers, scuffing would occur when the
maximum tangential traction is larger than the modified shear strength. Hershberger
et al. [35] attribute the moment of scuffing initiation to adiabatic shear instability
(unstable plastic deformation) at asperity level when increasing thermomechanical
contact severity causes the rate of thermal softening to exceed the rate of work
hardening.
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2.3.4 Conclusion

The following timeline of events in relation to the loss of surface layers and
exceeding the material critical strength can be constructed with regard to the IRG
transition diagram (see Section 2.2.2):

1. The increase in contact severity (i.e. increase in F and/or v) and hence the
production of more frictional heat O (= uFv) is accompanied by an increase in
surface temperature, especially at the asperity contacts.

2. If the contact reaches a certain critical temperature, the surface films will
break down, as suggested by Blok [10]. First, breakthrough is mainly to be
expected at the highly pressurised asperity contacts. A number of asperities is
now unprotected, and metal-to-metal contact occurs. Together with strong
adhesion and relatively low cohesion/material subsurface strength, this will
lead to plastic deformation of these asperities, and this process is
accompanied by a sharp increase in friction, up to x values of 0.35 and 0.4,
respectively for transitions to III* and III (see Figure 2.3). Now, there are two
possibilities for the continuation of this event.

A. The first is that the coefficient of friction stays a while at the u = 0.35
level and then comes down to common Stribeck values (0.15 or less,
depending on L). This “healing” effect can be attributed to the lowering
of the overall contact pressure due to wear. This process is called
incipient scuffing or micro scuffing (III*). According to tests performed
by de Gee et al. [22] oxygen content also plays an important role in
relation to the dwell time at u = 0.35. More oxygen leads to smaller
dwell times, no oxygen at all leads to a continued stay at high friction
levels.

B. The second possibility of continuation is that the coefficient of friction p
goes directly to higher unstable values for x4 of around 0.5. No healing
occurs, and severe adhesive wear takes place. Apparently, the loss of
surface layers in combination with much higher heat development leads
directly to exceeding the material critical strength.

In conclusion, it can be stated that the transition from I/II to III* can be attributed
to the breakthrough of surface layers. The transition from III* to III needs, besides a
breakthrough of surface layers, some extra severity to come to the next critical level:
exceeding the material strength. The transition from I/II directly to III is a limit
situation where directly after the breakthrough of the surface layers, enough heat is
generated to exceed the material strength as well. Due to the high velocity there is
not enough time for the healing effect to take place. Alternatively, it can be stated
that region IIT* is very small here. Therefore, Figure 2.8 gives a better representation
of the mechanisms involved, although verification through measurement is difficult.

Furthermore, it must be stressed that the transition from III* to III is not of
practical interest. In region III* already too much damage is accumulated in machine
elements which prevents further smooth operation. Hence, the transition from I/II to
IIT* (or III) must be examined with regard to scuffing prevention in machine design.
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Figure 2.8 Schematic transition diagram.

2.4 FAILURE CRITERIA

In literature, criteria to describe the transition from mild to adhesive wear are either
based on a set of critical parameters taken from measurements, in which certain
operational variables are varied or based on a certain, more fundamental,
hypothesised mechanism and are then often accompanied by calculations.

The friction power Py is defined as the generated frictional heat per unit time Q,
according to

P =0 = uFv. 2.1)

Meng [46] suggested a friction power (FP) criterion which implies that scuffing
occurs when the friction power Py of the sliding contact reaches a critical value.

Matveevsky [45] proposed a friction power intensity (FPI) criterion based on
scuffing measurements of lubricated point and line contacts. The friction power
intensity Py is defined as the friction power divided by the Hertzian nominal contact
area Apers:

_uv
Pf‘_

= V.
= HD o 2.2)

Hertz

Bell et al. [5] showed that this criterion fitted their sliding/rolling measurements on a
two disk machine rather well. However, for measurements carried out by Horng [37]
for lubricated line contacts on a pin-on-disk configuration, the friction power
intensity criterion did not predict the occurrence of scuffing very well.
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Furthermore, from the viewpoint that the breakdown of layers originates from
micro contact heating, Horng decided to take into account the true contact area 4,
instead of the nominal Hertzian area and suggested a true friction power intensity
(TFPI) criterion accordingly. The friction power intensity Py is given by

P _ Iqu . AHertz _ IUFV
fi - ’
A A A

(2.3)
Hertz t t

The TFPI criterion improved the scuffing prediction for Horng’s experiments, but
still, scufting could not be characterised by a single Py; value. Therefore, a fit has
been constructed, taking into account additional effects of relative velocity v and
surface roughness (combined RMS value: ¢), which gave a constant value for

Horng’s measurements, according to
Pyv'?o™=cC, (2.4)

where C = 1.5-10%. Horng stressed that C is still dependent on a combination of
lubricant, materials, and other variables.

Czichos [16] carried out four-ball tests and constructed an F-v-0 failure surface,
which is similar to the IRG transition diagram with inlet temperature 6; as an
additional parameter and in which scuffing is attributed to lubricant failure. Based
on these measurements a failure formula is fitted in the form

F* b€ -0, = const . (2.9)

Fits have been made with regard to a, b, ¢ and const, based on reported own
measurements and other results of four ball systems from literature. Unfortunately,
different fit parameters are necessary for the measurement results from literature; for
identical four ball systems as well as for other configurations like pin-on-ring.

Begelinger and de Gee [3] conducted tests on a ball-on-ring tribometer and
suggested a so-called collapse parameter C,,;, given by

Ccol = v1/6puv . (26)

These authors state that the collapse parameter is constant for a particular system,
but with different constants for different systems, e.g. lower roughness specimens
gave higher values for the constant. Furthermore, the collapse (scuffing) is
associated with desorption of adsorped boundary layers.

Already in the 1930s, Blok [10] presented a more fundamental approach to the
onset of scuffing with the presentation of the critical temperature hypothesis. In this
hypothesis Blok postulated that scuffing will occur when the maximum surface
temperature in the contact reaches a critical constant value (6. = 6.). The total
surface temperature rise 6. in a contact consists of a quasi-steady surface
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temperature 6; and an instantaneous surface temperature rise i.e. the flash
temperature 0y according to

According to Blok’s hypothesis, the critical temperature 6., now reads

Hcr = gc = Hs + ef . (28)

Furthermore, Blok [9] developed a model for the flash temperature &, given by

3/4 N /4
A E §
Qf:0.63y(v11/2—vé/2(7j (F) (Kpe, 2. (2.9)

For the quasi-steady surface temperature 6;, Blok used the term bulk temperature.
Ku et al. [41] found the following relation for the quasi-steady surface temperature
Os

0, =C-(uFv) +6., (2.10)

J

where 0, represents the oil inlet temperature; n is a correlation exponent, close to
unity and C is a correlation coefficient, which is a function of system design and
other variables affecting heat transfer.

Many researchers have tried to link their measurements to Blok’s hypothesis. Ku
et al. [40] conducted over 500 sliding-rolling scuffing tests. Based on a statistical
analysis of the test data it was found that the critical contact temperature may be
taken as substantially constant for a given oil-metal-surface treatment combination
over a wide range of design and operating variables. Dyson pointed out in the
discussion of this paper, however, that for a broader range of slide-to-roll ratios, the
critical surface temperature can be significantly different, based on [5].

Czichos [16] showed results of critical temperatures in an F-v-@ diagram (failure
surface). For high velocities, the critical temperature is quite constant, but for low
velocities it is not. In the discussion of [40] he suggested that the constancy of the
critical temperature as defined by Blok is only valid for systems operating under BL
conditions, and for systems operating under ML conditions, the macroscopically
determined average coefficient underestimates the flash temperature calculation. As
most systems operate in the ML regime, a model is needed which takes into account
this regime.
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2.5 DISCUSSION AND CONCLUSION

The last section showed that there are roughly two classes of failure criteria. The
first class is based on the critical scuffing power intensity or its variants. The second
class is postulating a critical scuffing temperature of some sort. The first class only
takes into account the heat generation and does not pay attention to heat transfer
effects. On the contrary, the temperature based criteria do account for heat transfer
effects. Therefore, they are assumed to be more realistic.

As outlined in Section 2.3.2, the surface protecting film will be broken through
due to high asperity contact temperatures, therefore the basic objection against
Blok’s temperature model is that the influence of the real area of contact is not
covered. Horng already showed much improvement when incorporating the real area
of contact instead of the nominal area in his true friction power intensity model (Eq.
(2.4)). Unfortunately, in his work this approach was not used in order to improve the
critical temperature criterion.

Improvement of results when evaluating Blok’s critical temperature criterion is
thus to be expected by incorporating asperity contact characteristics in the
calculation of the flash temperatures 6. Moreover, taking into account the governing
lubrication regime, i.e. incorporating the Stribeck curve, is assumed to lead to
further enhancement. This approach is used in this work. In Chapter 3 a contact
model for lubricated concentrated contacts will be developed in which detailed
mechanical information about the asperity contacts can be obtained. Then, in
Chapter 4 this contact model will be implemented in a new thermal model. With this
model it will be possible to calculate both the individual asperity flash temperatures
and the quasi-steady surface temperature as a function of operational variables and
structural parameters.
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Elastic/Plastic Deformation of an
Anisotropic Deterministic Rough Contact

3.1 INTRODUCTION

In Chapter 2, a literature review is given on comprising factors which influence the
transition from mild to adhesive wear. In order to set up a design tool, more
parameters than only the normal load F and sliding velocity v have to be taken into
consideration. Based on the hypothesis that the transition will take place if the
temperature of roughness summit contacts exceeds a certain critical temperature, an
analysis of the asperity contact temperature distribution has to be carried out. In
order to calculate this temperature distribution, detailed information about the
contact situation is needed. Therefore, it is important to understand the way
asperities deform under loading.

In this chapter, the implementation of a deterministic description of the
roughness into a deformation model is presented. The deformation of the roughness
summits can be elastic, plastic or a mixed form: elastic-plastic.

3.2 CONTACT MODEL

Before going into the details of micro contacts, the macro contact can be described
as the contact of two elastic surfaces (indicated by index 1 and 2). The elastic
behaviour can be characterised by the so-called reduced elastic or Young’s modulus
E’, taking into account the modulus and Poisson’s ratio v of both contacting
surfaces. The reduced elastic or Young’s modulus E'is given by [39]

1 1(1=-v} 1-v;
i B e (3.1)
El E2
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A similar approach can be carried out with regard to the geometry of the two
contacting surfaces. The reduced radius R’ can be defined as a combination of the
radii in x and y direction of surface 1 and 2 according to

i:iJr ! , where L=L+L and 7:7+L. (3.2)

R R R R, R, R, R,

x y X x,1

Several contact models dealing with surface roughness can be found in literature
[25][28][29]. Most of them are an extension of the Hertzian theory for smooth
surfaces with a statistical description of the surface roughness superimposed. In
these statistical contact models the surface is characterised by a few statistical
parameters like the mean radius of the asperities S, the number of asperities 7 and
the standard deviation of asperity summit height distribution o.

Detailed information, like contact area, approach and contact force/pressure per
summit, is needed for an accurate calculation of the temperature in a micro contact.
In order to get a more realistic description of the surface contact situation a
deterministic model is needed in which the deformation of all individual roughness
summits is covered. Therefore, in this work a deterministic contact model is
developed in order to give optimal information about the deformation of individual
roughness summits.

For the moment, the contact between one rough surface and a smooth surface
will be considered. The contact of the summits of one rough surface against a
smooth flat plane will be studied as shown in Figure 3.1. The bodies in contact are
assumed to deform elastically, whereas the summits are assumed to deform
elastically and plastically as a function of the applied normal force. In this work, the
line contact situation of a smooth cylinder against a rough disk will be taken as a
reference case.

ZQ‘,y
X

counter

]

Figure 3.1 Summit contact situation: rough surface against smooth counter body.

reference

Furthermore, many engineering surfaces have strongly anisotropic roughness
patterns, e.g. by turning and grinding processes or after running-in. This is reflected
in the way the summits are defined, i.e. for anisotropic surfaces the summits are
assumed to have different radii in running and tangential direction.
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3.3 ROUGHNESS CHARACTERISATION

3.3.1 Introduction

The surface roughness can be characterised by means of an optical phase shift
interferometry profiler [49][56]. The outcome of these roughness measurements is a
three-dimensional surface height distribution with heights z = z(x,y) at equidistant
co-ordinates x and y. In order to get a suitable surface for a plan-parallel contact
situation, a reference shape (e.g. cylinder, sphere or quartic) is subtracted from the
measured surface to eliminate the overall surface shape. Furthermore, a correction is
applied for missing points (interpolation) and spikes (spike removal) [49].

3.3.2 Summit Height Distribution

The interacting surfaces make contact at asperity level and in this case at their
summits. A summit is defined as a point with a local surface height higher than its
neighbouring points [27]. Different definitions can be used to characterise the
surface extremes (see [49]): peaks (I), five-point summits (II) and nine-point
summits (III) as shown in Figure 3.2. De Rooij [49] advises to use the nine-point
definition because this minimises the probability of detecting ‘false summits’. This
comes down to

Zx,y > Zx—l,y—l H Zx—l,y s Zx—l,y+l s Zx,y—l s Zx,y+1 s Zx+1,y—1 H Zx+1,y ] Zx+1,y+1 . (33)

[ J [ J [ J [ J
Zy ys1 Zytgtl Zoyrr  Dxtly+l

[ J O [ ] ® O [ ] [ J O ®

ZX-L.v Zx,y ZX+LY Zx—],y Zx,y Zx+1,_v ZX-l,y zx,y ZX“v.V
[ [ J [ J [ J
Zx,y-l Zxd,y-l zx,y-l Zx+1,y.1

I I I

Figure 3.2 Summit definitions [49].

The summits are assumed to have a certain curvature p in the (measured) x and y
direction. The radius of the summit can be related to the local curvature at the
surface. The three point definition based on finite differences of a summit curvature
p; and its inverse parameter, the summit radius £, will be used and is defined as

-2z, +z

, \y x+l,y

,OX,,- =— = 2 (34)
ﬂx,i rx
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and

py,i == ‘ =— sz ) (35)

where z,, is the local surface height at summit location (x,y) and r, 7, denote the
interferometer pixel size in x and y direction respectively.

The mean curvature of a surface in x direction is given by taking the x curvatures
of all n summits of the surface

_ 1<
Pe=—2 P (3.6)
nin
The mean curvature in y direction is given by
—_ 1<
Py =" P 3.7)
i=1

Finally, the mean curvature p and the corresponding mean summit radius f is given
by

1 1, _ 2
Z—EZE(PXJFPy) or ﬂ=—m- (3.8)

|

Alternatively, van der Heide [33] used another definition for the mean summit radius
denoted by £, based on the square root of the radii’s product and is defined by

N/ (3.9)
i1

Next to the mean summit radius S or f,, two other statistical roughness parameters
are commonly used in the characterisation of a summit height distribution. The first
is the standard deviation of summit heights o; and is given by

#=%Z@—%Y, (3.10)
i=1

with s; the height of summit 7, n the total number of asperities of the surface and d,
the distance between the mean line of the summits and the mean line through all the
surface points. The third parameter is the density of asperities 77 and is given by
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n= : (3.11)

with 4z, the measured roughness area from interferometry.
Furthermore, for an isotropic rough surface a single summit can be characterised
by an equivalent curvature p and is defined as

1 p X, + ,0 Vi 1 1 1 1
o, =— = i TPy = — (3.12)
ﬂsphere,i 2 ﬁsphere,i 2 ﬁx,i lBy,i
and
IBsphere,i = Zﬂi, . (3 13)

Note the factor 2 difference between [y and the so-called reduced radius S/
(see Eq. (3.2)). For anisotropic rough surfaces ( S, ; # £, ;) the individual curvatures
according to Eqs. (3.4) and (3.5) have to be applied.

3.3.3 Example

In Figure 3.3 the summit radius distribution in x and y direction as a function of the
normalised separation (s;/o;) is presented for a rough (reference) surface. It can be
concluded that statistical roughness parameters do not provide an accurate
description of individual surface roughness features. Therefore, the actual individual
summit radii have to be taken into account in the deformation model.

s, /o, [-] s, /o, [-]

Figure 3.3 Summit radius distribution in x and y direction of a rough (reference) surface
as a function of the normalised summit height, with 8 and B8, according to Egs. (3.8) and
(3.9).
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Table 3.1 Statistical roughness characteristics of a rough (‘reference’) surface.

B B g ,
surface [m] [m] [m] [m~]
rough 3.9310°  1.1010° 233107 6.01 10"

3.4 AN ELLIPTIC ELASTIC/PLASTIC DEFORMATION MODEL
OF A MICRO CONTACT

3.4.1 Introduction

The deformation of a roughness summit can be elastic, elastic-plastic or plastic
depending on the applied load and contact characteristics like elasticity modulus,
hardness and contact geometry. In this thesis it is assumed that a surface roughness
summit can be regarded as an ellipsoid with curvatures in x and y direction cf. Egs.
(3.4) and (3.5), taking into account an anisotropic surface roughness. The contact
situation of a smooth against a rough surface is adopted for simplicity.

3.4.2 Elastic Contact

When an ellipsoid with radii B, and £, is brought into contact with a flat counter
surface according to the linear elasticity theory, an area of contact is formed with the
shape of an ellipse, given by

2 2
[LJ +(LJ =1, with a,, <a,,, (3.14)

ax,e ay,e

where a.. and a,. are the minor and major semi axes of the contact ellipse
respectively.

Hertz [36] demonstrated that the dimensions of the contact ellipse and the mutual
approach of the contacting surfaces are determined by the axis ratio &, of the contact
ellipse as a function of the ellipse ratio A of principal curvatures p or radii S. x, and
A are given by

i, = Lxe and g:&:&_

ay,e Psx ﬂy

(3.15)

€

Furthermore dimensionless elliptic axes a .

approach y, can be defined as

and a;) and a dimensionless mutual
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1/3 '
y =(2K‘L)E(m)] L ZKSm)’ (3.16)

__xe d —
x,e yv.e an 7/6 -
T

K, ), ,

where m =1 —Kf and K(m) and E(m) are the complete elliptic integrals of the first
and second kind, respectively. Hertz [36] showed that the relation between x; (or m)
and A is given by

A=(1 —m)E(mié(i”()l__i()”}?(m) . (3.17)

For the case a,. > a,. a similar analysis can be carried out for calculating x, and 4
substituting a,. and p, for a, . and p, respectively.

The contact area A, will be calculated with the Hertzian theory for elliptical
contacts. Ellipse (half) dimensions a,. and a, . are

" 1/3 ~1/3
=a' [ﬂj and a,,=a' [ﬂj , (3.18)

Xx,e X,e E! y.e y.e E/

in which the reduced micro contact radius £’ of two contacting surfaces is defined
similarly as R’, see Eq. (3.2) and taking into account that one surface is rough and
the other smooth. This leads to the following equation

1_1

1
7= T 3.19
5B B, (3-19)
The contact area A4, follows from
A, =m,.a,,. (3.20)

The mean Hertzian pressure p, yeq, 18 given by

F
Pemean =———— (3.21)

M, a,,

and the maximum Hertzian pressure p, ., now follows from

3F 3

Pemax =7 = Epe,mean . (322)

2ma,a,,
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The approach @ (see Figure 3.1) is given by

9F2 1/3
=7 ——| . (3.23)
8E! ﬂ!

Eq. (3.23) can be substituted into Eq. (3.18), then

a,,=a, 20p° and a,,=a,, |[—. (3.24)

Ve Ve

The summit contact area A, follows from Egs. (3.18) and (3.20)

23
A =ma_,a,6 6 =ma ,a (ﬂ] . (3.25)

e x,e " y.e x.,ey.e E!

In terms of the approach @ this micro contact area 4. is calculated by substituting
Eq. (3.24) into Eq. (3.25)

’ ’ r
27rax,eay,eﬂ w

Ve

A:

e

(3.26)
The normal force F, of the summit contact according to Eq. (3.23) is

8Ev2ﬂr W 32
FE:W/T[}/—J : (3.27)

The mean Hertzian pressure pemes can be calculated by p, . = F./A, and in
terms of the approach w this then becomes

E' f 2w
pe,mean = , , y . (328)
37zax,eay,e 7eﬂ

The maximum Hertzian pressure p, 4 follows from p, .. =

3
2 pe,mean

B E' 20 (3.29)
Pome "o, N7 |
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3.4.3 Plastic Contact

So far the summits were assumed to deform only elastically. However, the asperities
start to deform plastically at high values for the approach @, say @,. Tabor [54]
indicated that when the average Hertzian contact pressure reaches a value of 0.4
times the hardness A, initial yielding occurs. The value for @, can be found when
combining Egs. (3.21) and (3.23) and inserting p = kH (with k£ = 0.4), this yields

2

" mal, a', kH

w0, = P | Tixe. : (3.30)
2 E'

At even higher values for the approach o, say @, the summit will deform fully
plastically. This occurs for average Hertzian pressures equal to the (universal)
hardness. The pressure does not increase any further than this value and remains at
the value for H, thus

Prmeanp =H - (3.31)
The contact area in the plastic regime is equal to the geometrical intersection of a

flat with the original undeformed profile according to Abbot and Firestone [1]. This
leads to the following expression for the approach @

Gop _ v (3.32)
w = = - .
2B, 2P,
or
aip =2p .0 and aivp =2p,0. (3.33)

Combining Eq. (3.33) with the elliptical contact area 4, = 7a gives

x,pay,p

A, =270 BB, =270,[B' (B, +B,) . (3.34)

The axes ratio in the plastic regime x, can now be defined as

Eax’p = &:ﬁ
Kp a,, \/g (3.35)

Now, ay, and a,, can be determined by combining Eq. (3.35) and 4, =, ,a, ,,
according to
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Kp Ap _ Ap
— and a, , = P . (3.36)

The force per asperity contact £, follows from

Arp =

F, = Pueanp 4, = HA, =270H || ., . (3.37)

No solid expression is known for the critical approach, but according to Zhao et
al. [60] an estimation can be found with a simple analysis. At @ = @, the load carried
by the contact is equal to F, and in the elastic case the force at w = @, would be
equal to Eq. (3.27). Then, the following inequality can be constructed

32
8El2ﬂ/ a)p
2z, H,|B. B, <F, = T[]/_J (3.38)
or
947’ BB H Y. |9y B maeay kY| y2 BBy 1
Cl)p >§ ErZ ’ = 2 E' 12 12 12 k_Z (339)
ﬂ ax,eay,e ﬂ
Substitution of Eq. (3.30) into Eq. (3.39) yields
2
w, >t Pl L, 3.40
P a;?ea;fe ﬂlZ k2 e ( . )
and hence as an approximation for @, Eq. (3.41) is given
oy =L BB L, 3.41
p>Zhao a;?earyz,e ,8’2 K2 (3.41)

Another estimation can be found based on experimental results. Johnson [39]
found for the indentation of a sphere on a plane, that fully plastic deformation takes
place when the contact load F,(w,) equals to 400 times F.(w,) (at initial yielding).
With Egs. (3.26), (3.37) and p = kH, this results in

Fp (a)p ) _ 27ra)PH ﬁxﬂy
Fe(a)e) Zﬂa;’ea'y’e}/;lﬂ'a)ekH

= 400. (3.42)
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Now the expression for the critical approach at the elastic-plastic transition w, can
be found by rearranging Eq. (3.42). The resulting Eq. (3.43) will be used throughout
this thesis.

a,.a, '
o _qo05 Lrelve P, (3.43)

p,Johnson (2
79 \, ﬂxﬂy

In Figure 3.4, the importance of taking into account the elastic-plastic regime is
shown by means of the ratio w,/w, as a function of the ellipticity ratioA = 3./,
for both relations for w,. It can be seen that in case of Zhao’s expression for w,, the
elastic-plastic regime is much smaller (w,/w,. is about 25) than in the case of the
expression based on Johnson’s experiments (w,/w. is about 80). Furthermore, Figure
3.4 shows that at increasing ellipticity Johnson’s relations reaches full plasticity
earlier than for 1 = 1, this in contrast to Zhao’s case.

Johnson’s expression comes from measurements instead of a mathematical
analysis like in Zhao’s case. Therefore, Johnson’s relation is more reliable and will
be used throughout this thesis.

100

90 1
Johnson

o]
70+ :

60 N N 4

-]

50 .

o /o

40+ :

30L Zhao .
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10- .

O L
10 10° 10
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Figure 3.4 Ratio wp/we, indicating the relative importance of the elastic-plastic regime, as
a function of the ellipticity ratio A.

3.4.4 Elastic-Plastic Contact

From the previous section it can be concluded that the importance of the elastic-
plastic regime may not be underestimated. The relation for the contact area in the
elastic-plastic regime is given by Zhao et al. [60], for spherical contacts. They use a
cubic polynomial segment template of the form y =-2x>+3x? to connect the
elastic and the plastic asymptotes smoothly. For x is taken
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-0,
S e (3.44)
474 e

This relationship for the elastic-plastic contact area 4., now reads

Ay = A, +(4, - 4,) (207 +357), (3.45)

ep

With the assumption that this also holds for elliptical contacts and inserting Egs.
(3.26), (3.34) and (3.44) in Eq. (3.45), the relation for 4., becomes

!

’ a),c,eay,e f ' a;,ea;,e
A, =27p a)y—+ 2no,| B' (B, + B,) —27B a)y— X

e

(3.46)

Furthermore, the same template that is used for 4., i.e. y = —2x* +3x* can now
be applied to determine the axes ratio ay,/aye, = K¢ in the elastic-plastic regime.
Now, Eq. (3.47) connects ., given by Eq. (3.15) and x,, given by Eq. (3.35):

3 2
a — _
Ky ==L =i, (i, —xc, )| 2| Z=Le | g D% |\ (3.47)
ay e w, -, w, -,

Now, ay, and a,,, can be determined by

Kep Aep Aep
Aroy=4—— anda,, = .
p/a Kep 70

(3.48)

For the elastic-plastic regime, Zhao et al. [60] presented a relationship between
the average contact pressure and the approach for spherical indentations by Francis
[21] and this relation is given by

Inw, -Inew
pepmean =H- H(l_k) ) (349)
’ Inw, -Ine,

with £ = 0.4 and H the universal hardness. The assumption is made again that this
also holds for elliptical contacts.
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From Figure 3.6, it can be seen that this elastic-plastic pressure evolution has a
discontinuity towards the fully plastic region (i.e. the hardness value), due to non-
equal derivatives at @ = w,. An alternative expression for pey, ueq, Which connects the
elastic and plastic pressures at w. and , and has no discontinuities for these points,
can be constructed in the form of an e-power curve fit according to

W, -0, | o—w
=H-H(l-k - L ¢ ¢
pep,mean ( )exp[ (24 H(l —k)[ JJ b (350)

a)p—a)

_(dp,
a—(dij_w . (3.51)

The contact load F, follows from

with

Fop = PepmeanAep » (3.52)
where pey, mean and A, are according to Egs. (3.46) and (3.50).

3.4.5 Results for Single Summit Contact

In this section the above mentioned expressions will be applied to evaluate the
elastic, elastic-plastic and plastic (mechanical) contact characteristics for an example
single summit contact. In Table 3.2 the mechanical properties of the rough and the
smooth surface are presented. These values are used throughout this thesis
(reference case).

Table 3.2 Mechanical properties of the smooth and rough surface (reference case).

H E 1%
surface [GPa] [GPa] [-]
1. smooth 6.6 210 0.3
2. rough 6.6 210 0.3

In Figure 3.5, Figure 3.6 and Figure 3.7 the summit contact area is normalised
with respect to the contact area at @ = @,, the summit contact pressure according to
p/(0.4H), the summit contact force is normalised with regard to F(@,) and the
approach o is normalised to @,.

From Figure 3.5, it can be seen that the elastic-plastic contact area 4, for both
), according to Zhao and Johnson is smoothly connected to its elastic and plastic
asymptotes, 4. and 4,. However, the summit contact pressure evolution according to
Zhao (Eq. (3.49)) as shown in Figure 3.6, shows a discontinuity towards the plastic
region at @ = @,. It can be seen that the e-power relation (Eq. (3.50)) smoothly
connects at = @,.
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Figure 3.5 Normalised summit contact area versus normalised approach.
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Figure 3.6 Normalised summit contact pressure versus normalised approach with pmean,ep
according to Eq. (3.49) (Zhao) or Eq. (3.50) (e-power).
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Figure 3.7 Normalised summit contact force versus normalised approach with pmean,ep
according to Eq. (3.49) (Zhao) and Eq. (3.50) (e-power).

From Figure 3.7, it can be seen clearly that the expression for p, mesn according
to Zhao is based on the intersection point of F, and F,. Also, this figure obviously
shows the factor 400 between F(w,) and F,(w),) in case of Johnson’s expression for
o, based on Eq. (3.42). Furthermore, the effect on £, of the two pey, mean relations is
small, therefore the smooth e-power function of Eq. (3.50) will be used in this thesis.

3.5 DEFORMATION MODEL

In order to calculate the flash temperature for every summit contact, the elastic and
plastic contact characteristics (pressure, force, area and approach) per micro contact
are needed. In order to get this information three steps are distinguished.

3.5.1 Step 1: Determine the Roughness Parameters

l.a. Input of measured roughness data z(x,y);
1.b. Calculate the summits according to Eq. (3.3);
l.c. Calculate the summit curvatures and radii according to Egs. (3.4) and (3.5).
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3.5.2 Step 2: Macro Contact Characteristics

The measured roughness area from in this case interferometry is not equal to the
deformed contact area. Therefore, the relation between these two has to be taken into
account in order to calculate the ratio between the normal force of the macro contact
(F) and the virtually applied normal force acting on the measured roughness area
(Fura).- Based on the assumption of a plan-parallel contact the average contact
pressures must be the same, thus the force ratio can be defined as

A
Fypg =4 F, (3.53)
Rough

where Agougn is calculated for line contacts according to Eq. (A.7). This relation
takes into account the influence of roughness in addition to the Hertzian solution for
line contacts, see Appendix A. For point contacts, a similar analysis can be made
based on the work of Greenwood and Tripp [29].

Up to now it was assumed that the total load F is only carried by the asperities,
thus the contact is operating under BL conditions. From Chapter 2 it becomes clear
that contacts can also fail from ML conditions. In ML (as pointed out in Section 1.2)
the load is a combination of the load carried by the (E)HL film Fgy, and the
contacting asperities F'¢c. According to Gelinck [25] this yields

F=Fo+Fy,, (3.54)

Based on Gelinck’s relation for the coefficient of friction, x, under ML conditions
can be calculated by

n
z ” TedAc + H T dApng
= gy _ HeFe + tpp Feny
F F

(3.55)

/J:

b

in which 7 and A4 are the shear stress and contact area at the asperity contact i
and 7, and Ag, denote the shear stress and contact area of the hydrodynamic
component. Furthermore, ¢ and ugy; are the coefficients of friction in the BL and
EHL regime respectively.

The coefficient of friction for the boundary lubricated asperity contacts can be
approximated as being constant and equal to uc, see Faraon [20]. Assuming the
friction due to lubricant shear is small compared to the boundary component, Eq.
(3.55) reduces to

/uC1 C
~ — . 3-56
H F ( )
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Only the asperity force F¢ has to be taken into account in Eq. (3.53), this leads to

AMRA FC .

Fypra = y (3.57)

Rough

3.5.3 Step 3: Micro Contact Characteristics

In order to calculate the normal force acting on a single summit, the macroscopic
normal force acting in the contact is needed. The way this macroscopic normal force
is divided over the several summits is presented here.

A separation 4 can be defined in which the sum of all the individual summit
forces F; equals the total normal force Fgy according to

N
D F s, 0)]= Fara (3.58)
i=1

where N is the number of measured micro contacts.
The separation 4 can be defined as a function of the summit heights s; and the
approach ; according to (see Figure 3.1)

h=s, — o or w=s—h. (3.59)

The individual summit force is given by
F; = pi(@)4(@,), (3.60)

taking into account the elastic, elastic-plastic and plastic regimes as described in
Section 3.4.

An iterative method is used to determine the resulting equilibrium separation /4
and corresponding @; for which Eq. (3.58) holds. With this separation 4, the values
for A4;, a.;, a,;, p; and F; for each asperity contact i can be calculated.

3.5.4 Example

As an example, the contact of the smooth cylinder against the rough flat surface is
evaluated for a normal force ' of 500 N under BL conditions. The roughness and
mechanical characteristics are according to Table 3.1 and Table 3.2. In Figure 3.8,
the distribution per summit of the pressure p;, normal force F; and contact area 4; is
shown as a function of the dimensionless summit height s;/c;. Furthermore, a ‘pie’
plot is presented in which the percentage of each deformation mode (elastic, elastic-
plastic, plastic or undeformed) is shown.
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Figure 3.8 Distribution per summit of the pressure p;, normal force F; and contact area A;

as a function of the dimensionless summit height s/os for the rough reference surface
under conditions of boundary lubrication.

3.6 CONCLUSIONS AND SUMMARY

A deformation model is developed for lubricated rough contacts. This model takes
into account the influence of surface roughness by means of a deterministic
description. Furthermore, anisotropic asperities are incorporated in the model by
assuming different summit radii in x and y direction. The mode of asperity
deformation can be elastic, elastic-plastic or plastic. It takes into account the
influence of lubricating regimes by incorporating Stribeck behaviour, meaning that
part of the load is carried by the asperities and part by the (E)HL film. With this
model, contact characteristics like pressure, force, area of contact and approach can
be calculated for every single asperity. This model will serve as a basis for the
temperature model as presented in the next chapter.
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Contact Temperature

4.1 INTRODUCTION

In Chapter 2 it is concluded that Blok’s hypothesis of a critical contact temperature
for scuffing, is the most promising one for further exploration and therefore this
criterion is going to be evaluated in this thesis. The contact temperature according to
Blok (Eq. (2.7)) consists of a quasi-steady surface or bulk temperature ¢, and an
instantaneous contact or flash temperature rise 8. For the latter, Blok addressed the
calculation only to the macro contact according to Eq. (2.9), resulting in one
temperature for the contact situation, see Figure 4.1a. In Blok’s approach scuffing
will take place if

96 :es +0f 26c’r' (41)

In this thesis a different approach is taken. The contact temperature will now be
calculated for every micro contact i. In the new approach (Figure 4.1b) scuffing will
take place if the contact temperature for a micro contact 4.; exceeds the critical
temperature according to

06,1‘ = Hs + ef,i = 0}' + esr + ef,i 2 Hcr ’ (42)

where the quasi-steady surface temperature 0, consists of an inlet temperature 6; and
a quasi-steady surface temperature rise 0;,.

. ! e o I AAAMMHMH An n |

@ (b)

Figure 4.1 Contact temperature situation according to Blok (a) and this thesis (b).
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4.2 CALCULATION OF CONTACT TEMPERATURE

4.2.1 Contact Temperature Model of Bos

In this section, a general method to calculate contact temperatures is presented
according to a theory developed by Bos [8]. This theory will be used to calculate
both the quasi-steady surface temperature 6; (Section 4.2.2) and an instantaneous
flash temperature rise per micro contact 6;; (Section 4.2.3).

Bos [8] has developed a model to predict contact temperatures for elliptical
shaped heat sources. The results are presented in accurate close form fit formulas to
avoid time-consuming numerical calculations and hence enhancing the practical
applicability for the current multiple summit contact situation. Another advantage of
this work is that the partition problem is solved simultaneously with the temperature
problem, taking into account the division of the dissipated amount of generated heat
in one body and the other. This approach is chosen instead of assuming a certain
ratio for the partition of heat which is usually done.

As a basis for his work, Bos used the quasi-steady state surface temperature
distribution for moving point sources of heat based on Green’s function presented by
Carslaw and Jaeger [11]. Heat is emitted at the origin of the heat source at the rate of
one heat unit per unit time, and a semi-infinite homogeneous medium moves
uniformly along the origin with velocity v parallel to the x-axis. This distribution is

given by
v
eXp(— o (\/ x*+y? - x)j (4.3)
th

G(x,y)=
27K \/ x*+y?
where K is the thermal conductivity of the body and «,, = Kp;lc;,1 its thermal
diffusivity, with p, the density and ¢, the specific heat at constant pressure.

Taking into account a heat source of arbitrary shape and distribution ¢(x,y) with
area 4,, the quasi-steady state surface temperature rise is given by

O(x.y) = [4(x'.y)G(x = x',y =y )dx'dy'. (4.4)

4

This integral for the temperature rise is solved for both high and low velocity
cases indicated by 6, and 6 respectively. For the intermediate velocity case, an
interpolation is used taking into account the elliptic shape of the contact according to

0° =6 +6; with s=0.5-exp(l1-x"")-2.5, 4.5)

in which « is the contact ellipse axis ratio as discussed in Section 3.4.

Eq. (4.5) expresses the case in which all the heat is emitted to one single body.
The next step is to take into account the tribological contact situation in which heat
is generated at an elliptical shaped contact area and is dissipated to both interacting
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surfaces. The way the heat is divided over the two bodies is called the heat partition
problem. Bos [8] addressed this problem by assuming the following expression for
the temperature rise € as suggested by Archard [2]

1ot »
0 6 0, (46)
where 6, and 6, are the separate values for the maximum temperature rise for body 1
and 2 respectively and are given by Egs. (4.4) and (4.5).

The shape of a contact can be assumed to be elliptical and the distribution of the
heat supply can be assumed to be uniform or semi-ellipsoidal. Furthermore, the
temperature is dependent of the direction of velocities of the bodies. Taking into
account these factors, the temperature rise may be represented by

0= HEY
§+§ a.a (4.7
6 0o, Y

with g the coefficient of friction, F' the normal force, v the relative velocity between
the two bodies, and a, and a, the elliptic half dimensions of the contact ellipse. An
effective thermal conductivity K. can be defined as [47]

LA

K
o o 0

: (4.8)

where the constants K; and K, represent the thermal conductivities for bodies 1 and
2 respectively. Combining Eq. (4.7) with Eq. (4.8) leads to the following equation
for the temperature rise 6

UFv

0=—"+—+——.
Keﬂ- a.a,

4.9)

The dimensionless temperature numbers 51 and 52 in Eq. (4.8) are represented by

1
s

0, = {glkzs(;c)}u{ghkl PL@J and 0, = {glle(K)}Y_i_(ghkl PLez] . (410

1
s

with s according to Eq. (4.5). The expression S(x) in Eq. (4.10) is an elliptical shape

factor given by
Wk 2 [[1-x|
Slx)=——K| —

(K) l+x 7 [1+KJ’ @11
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where K(k) represents the complete elliptical integral of the first kind with modulus
k. The Péclet numbers Pe; and Pe, used in Eq. (4.10) are defined as (with the
assumption that the x direction is the direction of motion)

axvl _ axVZ

and  pe, = ; (4.12)
K Ko

Pe, =

in which x3,; and «,, are the respective thermal diffusivities of bodies 1 and 2.
In Eq. (4.10) the auxiliary temperature number for the high velocity case Hhk[
depends on the direction of the velocities with respect to the contact according to

. oM 4 oM
gl = % (4.13)
1+t
in which
—4q
t =max| 0, —— 4.14
( 1+qj @19
and
P
q=sign(v1-v2)min[p,lJ and p= k1 (4.15)
p Pe,

The dimensionless temperature numbers 6, 6, and 6 depend on the indices k
and /. The index / denotes whether an average or a maximum temperature rise is
concerned and the index k depicts the form of the heat supply distribution: uniform
or semi-ellipsoidal. The values for these constants are listed in Table 4.1.

Table 4.1 Dimensionless temperature numbers [8].

Uniform Semi-gllipsoidal

heat supply distribution heat supply distribution

Average Maximum Average Maximum
6, 0" =0270190 6 =0.318310 6, =0.281250 6" =0.375000
0, 6" =0309955 0" =0.507949 0 =0.322991 6" =0.589487
0, 6 =0.406359 0" =0.507949 0 =0.437504 6" =0.700792

For velocities of surfaces in the same direction, or when one of the surfaces has no
velocity, ¢ becomes zero and thus Eq. (4.13) reduces to

oF =6 (4.16)
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4.2.2 Calculation of the Quasi-Steady Surface Temperature

When a contact runs some time under certain operating conditions, frictional heating
takes place and depending on the heat dissipation a certain average temperature rise
0Oy arises. Together with the oil inlet temperature this yields the total quasi-steady
surface temperature 6, according to Ku et al. [41], see Eq. (2.10). In order to
complete this relation, fit factors from measurements are used, which makes it less
suitable for modelling purposes. Therefore, the theory of the previous section using
the average macro contact properties, will be adopted. Eq. (2.10) can now be
adapted and the time and space average quasi-steady surface temperature 9, taking
into account Eq. (4.9), becomes

UFY
93=€j +0§r=0j +—K , 4.17)
off Y4y

where u is the average/macro coefficient of friction according to the Stribeck curve,
F is the total normal force of the macro contact, K. is the effective macro thermal
conductivity given by Eq. (4.8), a, and a, are the half dimensions of the macro
contact ellipse. Furthermore, the average dimensionless temperature numbers have
to be taken from Table 4.1 for the calculation of K, 0; is the oil inlet temperature or
the bulk temperature.

4.2.3 Calculation of the Flash Temperature

Frictional heating takes place instantaneously in the micro contacts of two
interacting surfaces. The resulting temperature rise in such a micro or asperity
contact depends on the balance between the generation of heat by friction, and the
dissipation of heat away from the asperity contact, and is labelled as flash
temperature.

The flash temperature rise 0;; can be calculated by applying Eq. (4.9) for every
single micro contact i. This yields

H /’liF;v
= —, (4.18)
Keﬁ",i ax,iay,i
with
Kl KZ
KRyi=5*+3 (4.19)
1,i 2

The mechanical asperity contact properties, F;, a.; and a,; are given by the
deformation model developed in the previous chapter. The local coefficient of
friction in an asperity contact can be assumed to be equal to the boundary lubrication
value, yc.
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4.2.4 Total Asperity Contact Temperature

The total asperity contact temperature at asperity i is labeled as 6,.; and, analogous to
Eq. (2.7), it results from combining Eq. (4.17) and (4.18). The quasi-steady surface
temperature rise will be labeled as 6, from now. This all leads to the following
expression for the total asperity contact temperature

ec,i = 6}' + 6sr + ef,i (420)
or
0, -0 +— v ___ HFv
i =0+ < 4.21)
e{[f\/axay eﬂ,i\/ax,iay,i

4.3 TEMPERATURE CALCULATION EXAMPLE

Again, the tribological contact situation of a stationary smooth surface (index 1)
sliding against a moving flat rough surface (index 2) is taken as an example in order
to calculate the contact temperature. For this reference case, the thermal properties
are given in Table 4.2, whereas the roughness and mechanical characteristics of the
two surfaces are according to Table 3.1 and Table 3.2.

Table 4.2 Thermal properties of the smooth and the rough surface (reference case).

K P Cp
surface [Wm'K'] [kgm™] [Jkg'K"]
1. smooth 45 78100 477
2. rough 45 7.810° 477

4.3.1 Quasi-Steady Surface Temperature: Macro Contact

The quasi-steady surface temperature can be calculated using Eq. (4.17). The oil
inlet temperature 0; is constant and equal to 100°C. As explained in Section 4.2.2,
the average contact properties have to be taken into account for the quasi-steady
situation, leading to the use of the average, uniform dimensionless temperature
numbers from Table 4.1 (indices & and / are u and a).

For the example cases, a line contact is taken with a smooth cylinder against a
rough flat surface. In case of a line contact (see Appendix A), values for a, and a,
can be approximated by a,=//2 and a, then follows from area conservation:
A=rma,a, =2bl. This leads to a, =4b/x . The smooth surface is stationary, thus #
= 0 and Eq. (4.16) is valid: Hhkl = 6’,.]‘]. Furthermore, Pe; = 0 and this reduces Eq.
(4.10) for surface 1 to

6, =6,“S(x). (4.22)
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For the moving surface 2, this yields

o | —

g, - {a,ws(x)}u[@m PL] . (4.23)

For two example cases modelling results have been generated. In the first case, i.e.
the reference case, the contact is loaded by = 500 N with a velocity of v, = 1 m/s
under conditions of boundary lubrication (¢ = yc = 0.15). In the second case, an
example is given for a contact operating in the mixed lubrication regime. According
to the Stribeck curve the coefficient of friction at higher velocities is lower than its
boundary value (¢ = 0.15), and at v = 5.25 m/s the coefficient of friction u can be
assumed to be 0.07. An overview of the modelling conditions and results is
presented in Table 4.3.

Table 4.3 Modelling conditions and results.

reference
case 1 case 2
property  value value unit description
u 0.15 0.07 [-] coefficient of friction
N 0.15 0.15 [-] coefficient of friction in BL
B § F 500 100 [N] load
§ Fv 1 5.25 [m/s] relative velocity
& § R 2 2 [mm] reduced radius
l 34 34 [mm] contact length
0, 25 25 [°C] oil inlet temperature
Pmean 1291 577 [MPa] average Hertzian pressure
DPh 1643 735 [MPa] maximum Hertzian pressure
A 39107 1.7107  [m?] Hertzian contact area
b 5710°  2.510° [m] Hertzian half width
Proughiine 1130 396 [MPa] rough line average pressure
Aroughrine 4.4 107 26107 [m?] rough line area
Proughime  6.510° 37107 [m] rough line half width
K 0.049 0.028 [-] ellipse ratio
2 a 8310° 4.810° [m] ellipse semi axis in x direction
% a, 1.710° 1.710°  [m] ellipse semi axis in y direction
& Pe 0 0 [-] Péclet number
Pe, 6.8 21.5 [-] Péclet number
51 0.17 0.14 [-] temperature number
52 0.03 0.01 [-] temperature number
K 1997 4262 [Wm'K'] effective conductivity
0, 100.1 30.4 [°C] quasi-steady surface temp. rise
0, 125.1 554 [°C] quasi-steady surface

temperature
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It can be seen that for the reference case (case 1) the quasi-steady temperature
rise 6. is 100.1°C. Together with an oil inlet temperature of 25°C, this results in a
total quasi-steady surface temperature of 125.1°C. For case 2, the average
temperature rise is only 30.4°C. The total average heat input Q is for case 1 is a
factor of two higher than for case 2. The temperature rise difference is more than a
factor of three, which is due to lower values of K. and ay, which are both almost a
factor of two lower.

Furthermore, these results show that for case 1 the relatively high normal force
leads to a small difference (14%) when comparing pger. and prougizine, in contrast
with case 2, where the lower normal force leads to a larger difference (46%)
between pre. and proughrines Which is in accordance with Gelinck’s theory as
outlined in Appendix A.

4.3.2 Flash Temperature: Micro Contacts

4.3.2.1 General Considerations

In order to calculate the flash temperature for all asperity contacts Eq. (4.18) has to
be evaluated. The contact characteristics given by the deformation model of Chapter
3 for the elliptical asperity contacts can be applied directly. In contrast to the quasi-
steady surface temperature, now the maximum, elliptical temperature numbers
(index e and m for k and /) of Table 4.1 have to be used. Similar to the quasi-steady
surface temperature, 6, ; can be written as

6, =6,"S(x;) (4.24)

and for asperities of the moving surface 2, 6,, follows from

1
3, =| i) (a /pLJ | @)

In Figure 4.2 the effective conductivity K.z; as a function of Péclet number Pe,;
and axis ratio x; is presented for the parameter values as shown in Table 4.2. This
figure reveals the necessity of taking into account the anisotropic nature of the
roughness summits i.e. taking separate values for the summit radii £ in x and y
direction according to Egs. (3.4) and (3.5) and leading to x; #1.

In order to illustrate this influence of direction on the effective conductivity Kz;,
two summits C and D are taken with the same area of contact 4, This yields
according to Eq. (3.20)

A4, = (ﬂaxﬁiay,i )C = (ﬂax’iay,l- )D (4.26)
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and assume

(Ki)C = (Ki_l )D A (am J = (aiJ :%- 4.27)
C D

Furthermore, assume

V)

=1, (ax’i)c = (ay,i)D =5 and (ay,i)c = (ax,i)D =10. (4.28)

Kin

This leads to effective conductivity K4, values of 385.9 and 348.1 Wm'K" for
repectively C and D.

10°

10

Pe, [-]

10

x[]

Figure 4.2 Kesr as a function of Pe; and x with the assumption that Pe; = 0.

It can now be concluded that the summit with the narrow contact ellipse (in
direction of velocity: x), i.e. summit C, is able to conduct the largest amount of heat
and leads to lower flash temperatures according to Eq. (4.18). Summits C and D are
indicated in Figure 4.2. These and other examples (A-B and E-F) are listed in Table
4.4. It can be seen that for higher Pe numbers (increasing velocity), the influence of
direction on K.; is increasing.
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Table 4.4 Influence of the shape of the contact ellipse on Ke ;.

a,; [m] ay,; [m] K [-] Peyi[-] Ko [Wm K]

1 A 0.5 1 0.5 0.5 263.3
B 1 0.5 2 1 264.8
2 C 5 10 0.5 5 385.9
D 10 5 2 10 348.1
3 E 50 100 0.5 50 891.8
F 100 50 2 100 690.2

4.3.2.2 Reference Case

The flash temperatures will now be calculated for the reference case from the
previous sections. The mechanical contact characteristics for this reference case are
presented in Sections 2.3.5 and 2.4.4. The input parameters are presented in Table
4.3. The summit with the highest flash temperature will be indicated with a circle
(0). From Figure 4.3 it can be seen that the highest flash temperatures &;; do not
occur at the highest peaks i.e. large values for the summit height s;. Furthermore, it
can be noticed that a large approach @; of a certain summit does not have to lead to
the highest flash temperature 6.

45 : : : : 45
®© ®©
40} . 1 40} . 1
35} 35}
30} 30}
o 25t o 25t
< <
o~ 20} < 20}
15} 15}
10} 10f
5t 5t
O L L O L
% -4 -2 0 2 4 "1 -05 0 05
s/o. [-] o, [m] x10°°

Figure 4.3 Micro contact flash temperature &;; as a function of the dimensionless summit
height si/os for the reference case.
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Figure 4.4 shows, for these cases, that high flash temperatures &; do not have to
arise at summit radii close to the mean summit radius £ (dashed line) as defined by
Eq. (3.8). Additionally, it can be concluded that the contact model does not react
with high flash temperatures &, to extreme values (due to possible measurement
inaccuracies) for the three main input roughness parameters s;, fy; and f,,;.

50 e ; 50 . " .
45 45
40 40
35 35
30 30
e
— 25 25
eu:

Figure 4.4 Micro contact flash temperature &; as a function of the summit radii in x and y
direction (g and g, for the reference case.

From Figure 4.5 it can be seen that both low and high values of the effective
conductivity K.z; exhibit the largest flash temperatures. The factor (ax‘,-ay‘,»)o‘5 is an
indication for the micro contact dimensions. It can also be said that both large and
low values for this factor result in high flash temperatures.

In Figure 4.6 the denominator of the flash temperature equation (4.18), i.e.
Keﬁ,-[(ax,,-ay,[)o‘s is presented as a function of the numerator, Q; = w;F;v, for all micro
contacts. It can be seen that the highest flash temperature value, indicated by a
circle, does not occur at maximum heat input Q;. This is different compared to the
macroscopic situation according to Eq. (4.17), in which an increasing heat input
always results in an increasing (quasi-steady surface) temperature, because the
macroscopic product of (ax,,ay,,-)o‘5 and K., decreases disproportionately slower than
the increase of Q;. In general, it can be concluded from Figure 4.5 and Figure 4.6
that a complex combination of factors is responsible for exhibiting the high micro
contact flash temperature.
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Figure 4.5 Micro contact flash temperature &; as a function of Kes; and (ax_,-.ay,,-)o'5 for the
reference case.
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Figure 4.6 Heat dissipation Keﬂg,v(ax,,-.ay,,-)o'5 vs. heat generation Q; = u;Fv; for the reference
case.
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4.4 CONCLUSIONS

The contact temperature model of Bos is used to calculate both the quasi-steady
surface temperature and the micro contact flash temperature, in combination with
the (mechanical) deformation model as developed in Chapter 3. Now, the total
contact temperature can be calculated for combinations of operating conditions and
structural parameters and hence with a certain critical temperature, a transition
diagram can be determined for these parameters. The transition diagram is studied in
the next chapter.
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Transition Diagram Model

5.1 INTRODUCTION

In the previous chapters, a method to predict the deformation and contact
temperature of lubricated rough contacts was developed. The mechanical and
thermal contact properties are now available at macro and micro scale for a wide
range of operating conditions and structural parameters. A transition diagram can be
modelled based on the constant critical temperature hypothesis. The calculated
temperatures can be represented as iso-thermal lines and then the critical
temperature iso-therm indicates the transition from mild to adhesive wear.

The transition I/II to IIT* (or III) is assumed to occur based on the hypothesis that
the temperature (Eq. (4.20)) exceeds the critical temperature locally. Thus, local
failure takes place if

0..>0. . (5.1)

c,i cr

Now, the following criterion can be constructed which represents the transition

(06,1‘ )max = 96}’ (5 -2)
with

©.,)  =0,+6,+(0,,) . (5.3)

5.2 TRANSITION DIAGRAM MODELLING

The transition diagram will be modelled using data from the reference case as
presented in the previous chapters. In the next section, the transition diagram for a
certain critical temperature is presented. But first, in this section, the separate
contributions of 0, and (6y;)max t0 (0.,;)max are presented.
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In Figure 5.1, the quasi-steady surface temperature rise 6y, is calculated as a
function of F and v. In this case the coefficient of friction x is constant. If there
would only be the influence of heat generation, the contribution of only F and v
should lead to hyperbolic e%uidistant iso-thermals. It can be seen clearly that for a
certain load F, where (a,a,) 2 is constant, curves start to appear at larger intervals
for increasing v. This clearly indicates the influence of the Pe number which leads to
a higher effective conductivity K. at higher velocities and subsequently leads to a
relatively lower temperature.
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0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
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Figure 5.1 Quasi-steady surface temperature rise 65 as a function of F and v for the
reference case (for input parameters: see Table 3.1, Table 3.2 and Table 4.3).

In Figure 5.2 the calculation of the maximum micro contact flash temperature
(0)max 1s presented. From this figure, it can be seen that for low velocity, (6;;)max
hardly changes with increasing applied (macroscopic) load F (again u is assumed to
be constant and equal to uc). At constant low velocity, this clearly indicates that the
combination Fl-/(ax,l-ay,,-)o'5 is nearly constant. For higher velocities, the Pe number
increases and this leads to an increase of K.z Subsequently, this relatively lowers
the increase in flash temperature, similar to the macroscopic case, for higher
velocities.

An additional flash temperature lowering effect at higher loads at high velocity
comes from the fact that a,; is increasing with load F, leading to higher Pe numbers.
In Figure 4.1 it is shown that K.4; is increasing much faster for higher Pe numbers.
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Figure 5.2 Maximum micro contact flash temperature (6:))max @s a function of F and v for
the reference case (for input parameters: see Table 3.1, Table 3.2 and Table 4.3).

The contributions of 0, and (6y;)max, together with a constant 6; can be combined
to achieve the F/v diagram for the total maximum micro contact temperature
(0c,))max- Moreover, the inlet temperature 6; is independent of /" and v and therefore,
Eq. (5.3) can be written as

(‘9:,1‘ )max = (ec,i )max -0,=06,+ (‘9 £l )max ) (54

i )max is defined as the maximum micro contact temperature rise. For
several values of the temperature rise |f,; ), the resulting F/v diagram is shown in
Figure 5.3. If the critical temperature of a certain lubricant is known in combination
with the operating conditions and structural parameters, including the inlet
temperature 6;, the transition diagram can be determined.

In the next section, an investigation is carried out on the influence of several
important parameters on this transition diagram, assuming a certain critical
temperature rise.

where (9*
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Figure 5.3 Total maximum micro contact temperature rise (e*c,,-)max, according to Eq. (5.4),
as a function of F and v for the reference case (for input parameters: see Table 3.1, Table
3.2 and Table 4.3).

5.3 PARAMETER STUDY

In this section the value of different parameters, which influence the transition
diagram, will be varied. These parameters are: the reduced radius R’, the reduced
elasticity modulus E’, the length of the line contact £, the hardness H, the coefficient
of friction y, the critical temperature rise 6’:,. , the thermal conductivity K, and the
statistical roughness parameters #, f and o.

The change of these parameters with regard to a reference case will be presented
in F/v diagrams. The same reference case as described in the previous chapters is
used, see Table 3.1, Table 3.2 and Table 4.3, in which a line contact situation is
covered and in which body 1 is stationary and body 2 is moving. For the critical
temperature a value of 150°C is used for the reference case i.e. a typical value for the
critical temperature for mineral oils that is found by several investigators, see [31].
For the inlet temperature 6;, a room temperature value of 25°C is assumed.

A critical temperature rise 0:, can be defined, combining Eq. (5.2) and Eq. (5.4),
according to

0,=0,-60,=0,+0,,) . (5.5)
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This leads to a critical temperature rise 6. of 125°C for the reference case.
Furthermore, for the reference case the coefficient of friction u is kept constant at a
value equal to the boundary lubrication value i = yc=0.15.

5.3.1 Influence of Radius

Considering the relation for the total asperity contact temperature, Eq. (4.20), the
reduced radius R’ of the macro contact has an influence on the ay, a, and K.4(a,) in
term 6y, Furthermore, R’ influences the resulting separation % from the iterative
process as described in Section 3.5.3 and thus changes the values for F;, a,; and a,,;
in term 6y;. In Figure 5.4, the effect of varying the reduced radius R’ is shown for
values, next to the reference case where R’ equals 2 mm, of respectively 1, 10 and
100 mm. It can be observed that with increasing radius, the transition (for 6, =
125°C) shifts to the right and enhances the load carrying capacity largely.

The effect of the reduced radius on the transition can be quantified by Eq. (5.6),
resulting from curve fitting. According to this equation, F' can be written as a
function of v and R’ (with coefficient of determination: 7* = 0.9992).

InF =F()+a,InR' with a =034796847 — a;~0.35. (5.6)

Rearranging Eq. (5.6) gives

ln( RI':”I j =F(). 5.7

5.3.2 Influence of Elasticity Modulus

Similar to the effect of the reduced radius R’ on the transition, the reduced elasticity
modulus £’ also influences ay, a, and K.4(a,) in the macroscopic term 6y, and Fj, ay;
and a,,; in the microscopic term 6y;. The results of calculations with different
elasticity moduli are shown in Figure 5.5, in which next to the reference value of £’
= 231 GPa, E’' of 50, 100 and 300 GPa are evaluated. It is shown that the load
carrying capacity is increasing with decreasing E’. For instance at v = 1 m/s the
maximum allowable load increases from 300 to 800 N for £’ decreasing from 300 to
50 GPa.
Curve fitting (* = 0.9952) with regard to F = F(v,E") gives

InF =F(v)-a,InE" with a,=0.50632267 — a,=0.51 (5.8)
and thus

In(FE™ )= F(v). (5.9)
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Figure 5.4 Effect of the reduced radius R’ on the F/v transition diagram for the reference
critical temperature rise 6*;, of 125°C.
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Figure 5.5 Effect of the reduced elasticity modulus E' on the F/v transition diagram for the
reference critical temperature rise 6%, of 125°C.
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5.3.3 Influence of Contact Length

The length of the line contact £ also influences 8, and 6; and is similar to the effects
of R and E'. In Figure 5.6 ¢ is varied with values of 1, 10 and 100 mm, next to the
reference case in which a value of 3.4 mm is used for £. Again curve fitting (+* =
0.9992) with regard to F'= F{(v, {) yields

InF=F(V)+a;Inf  with a3=0.96963365 — a3~0.97 (5.10)

and

ln[;;j=F(v). (5.11)
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Figure 5.6 Effect of the contact length ¢ on the F/v transition diagram for the reference
critical temperature rise 6*;, of 125°C.
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5.3.4 Influence of Hardness

The hardness /7 does not appear in the term for 8, and therefore only affects &;. In
Figure 5.7 H is varied with values of 5, 10 and 15 GPa, next to the reference case in
which a value of 6.6 GPa is used for H. It is shown that the change in hardness
value, hardly affects the transition curves. This is also reflected in the curve fit (+* =
0.9964) according to

InF=F(v)-a,InH with a;=0.072912622 — a4~ 0.07 (5.12)

and
In(FH® )= F(v), (5.13)

where the low value of the fit parameter a4 indicates a small effect on the transition
curve.

The hardness value is limiting the maximum occurring pressure in the, now
plastically deforming, micro contacts as discussed in Section 3.4. Subsequently, this
leads to lower forces per micro contact as is shown in Figure 3.7. In Figure 5.7 the
dashed line indicates the case in which plasticity is not taken into account in the
model (H — ). It can clearly be seen that in that case the load carrying capacity is
largely underestimated and it can be concluded that plasticity should be taken into
account in the model.
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Figure 5.7 Effect of the hardness H on the F/v transition diagram for the reference critical
temperature rise 6*¢, of 125°C.
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5.3.5 Influence of Critical Temperature Rise

Another parameter that is varied, is the critical temperature rise 6, . In the reference
case 125°C is assumed for &, . Next to this value, the transition diagram is
calculated for several critical temperature rise values as already shown in Figure 5.3.

It can be seen that with increasing critical temperatures, the transition curves
shift considerably to the right, meaning a large increase of the load carrying
capacity. This is also reflected in the following curve fit (+* = 0.9981)

Inv=v(F)+byIn6, with b;=12084151 — by~ 1.2I. (5.14)

This leads to

h{ﬁ] = w(F). (5.15)

5.3.6 Influence of Thermal Conductivity

In this section, the influence to the transition diagram of different thermal
conductivity values for both K; and K is discussed. The influence of the thermal
conductivity of the stationary body K; is shown in Figure 5.8. The following curve
fit (r2 =0.9985) can be made:

Inv=v(F)+bsInK, with bs=0.38429594 — bs=0.38. (5.16)
This leads to

v
The influence of the thermal conductivity of the moving body K, is presented in
Figure 5.9.

It can be seen that when comparing the effects of K; vs. K5, the change in K, has a
larger influence on the transition diagram. This is due to the fact that the
dimensionless temperature number for the moving body (6, ) is much smaller than
for the stationary body (8, ), see Eq. (4.10) and for instance Table 4.3. According to
Eq. (4.8), this leads to a relatively larger K.y when increasing K, compared to
increasing Kj. This is also reflected in the fit parameter b¢ (larger than bs) that
follows from curve fitting (r2 =0.9985) with regard to K5:

Inv=v(F)+bsInK, with bs=0.47269206 — bs=0.47 (5.18)
and

2

h{éJ =w(F). (5.19)
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Figure 5.8 Effect of the thermal conductivity of the stationary body Ki on the F/v transition
diagram for the reference critical temperature rise 6*.- of 125°C.
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Figure 5.9 Effect of the thermal conductivity of the moving body K> on the F/v transition
diagram for the reference critical temperature rise 6*.- of 125°C.
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5.3.7 Influence of Roughness

In order to see the influence of the roughness on the transition diagram, the three
main statistical roughness parameters will be varied i.e. density of asperities 7, the
mean radius of asperities £ and the standard deviation of the summit heights o;.

Transition diagram calculations are made for variations of each roughness
parameter with respect to its reference case value. The results for variations of the
standard deviation of the summit heights oy are presented in Figure 5.10. It can be
seen that the load carrying capacity decreases for higher o, values. It should be noted
that these calculations are made for boundary lubrication conditions in which a
constant coefficient of friction u is assumed. An additional effect of o, is to be
expected in the mixed lubrication regime when varying 4 which is a function of o
(see next section and for instance [25]). Curve fitting (r2 =0.9946) gives

Iny =v(F)-b,Inc, with b;=0.25285498 — b;~0.25, (5.20)
and

In(vo? )= v(F). (5.21)
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Figure 5.10 Effect of the standard deviation of the summit heights gs on the F/v transition
diagram for the reference critical temperature rise 6% of 125°C.
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From Figure 5.11 it can be concluded that a change in the mean summit radius
value is nearly unaffecting the transition, which means that the load carrying
capacity is hardly changing with varying . It can be assumed that

v=v(F,B)=v(F) (5.22)
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Figure 5.11 Effect of the mean summit radius 8 on the F/v transition diagram for the
reference critical temperature rise 6% of 125°C.

In Figure 5.12 the effect on the transition of varying the densitity of asperities 7
is presented. It can be seen that for a higher number of asperities per area, the load
carrying capacity is increasing. This is primarily due to the fact that the total load
is carried by a larger number of asperities, which lowers the load per asperity F; and
subsequently lowers the &;; term. Curve fitting (* =0.9935) gives

Inv=v(F)+bgIny with bg=0.19575722 — bg~0.2 (5.23)

and

h{ning = v(F). (5.24)



Transition Diagram Model 67

1000

- 3n 1

900" n= 1/3n —-mn ref

ref ref

800
7001

600

F IN]

500

4001

3001

200+

100+

9 10

5
v [m/s]

Figure 5.12 Effect of asperity density n on the F/v transition diagram for the reference
critical temperature rise 6% of 125°C.

5.3.8 Influence of Coefficient of Friction
Two sets of calculations are made with regard to the coefficient of friction u:

1. u = puc = constant; only valid for contacts operating under boundary
lubrication (BL) conditions.

2. u# ucand p # constant; not limited to BL situations and also valid for ML
conditions.

For the first set of calculations, u = uc = 0.15 = constant is taken for the reference
case. Furthermore, the u = uc is varied with values of 0.05, 0.10 and 0.20. The
results are shown in the transition diagram of Figure 5.13. An increase in u is
directly influencing contributions of 6, and 6 through x4 = px and pc = p
respectively. As expected, an increase in u is lowering the load carrying capacity and
thus shifting the transition curve to the left. Curve fitting (> = 0.9961) gives the
following relation

Inv=v(F)=b Inp. with b =12421478 — b ~1.24 (5.25)

and
(vl )= v(F). (5.26)

This clearly indicates the big influence of the coefficient of friction on the transition.
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Figure 5.13 Effect of constant coefficient of friction with the value of yc on the Fiv
transition diagram for the reference critical temperature rise 6*.- of 125°C.

A second set of calculations is made for a situation in which the coefficient of
friction is not constant. It would be ideal to incorporate Stribeck curve behaviour,
but this is very difficult for a separate single parameter. This is due to the fact that u
itself depends on several parameters including F and v (see [20], [25] and [50]).
Therefore a different approach is taken in this thesis: for a certain uc, variations are
made to the actual u (for instance 0.05) and keeping uc constant (for instance 0.15)
for variations in F and v. Then, for a certain (available and not constant) ¢ and for
certain other operational conditions it is possible to determine the transition point
instead of transition line for each value of x. This is shown in Figure 5.13. Curve
fitting is now possible with regard to the additional parameter u, next to uc

Inv=v(F)-b,Inu with b,=0.39214817 — b,~0.39 (5.27)

and
Infvu )= v(F). (5.28)

The accuracy of this curve fit is rather low, regarding a coefficient of determination
* =0.9748, and therefore it is decided to search for a better prediction. This is found
in the form of In F = F(v) — ¢ In u. For the following curve fit an #* of 0.9998 is
found

InF=F(Vv)-aslng with as=12912684 — as~129 (5.29)
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and
ln(Fu”5 )= Fv).
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Figure 5.14 Effect of constant coefficient of friction with the value of u with pyc = 0.15 (ref.)
on the F/v transition diagram for the reference critical temperature rise 6*¢- of 125°C.

5.4 COMBINED TRANSITION DIAGRAM

The analysis of the separate factors of influence from the previous sections is used to
construct one overall transition diagram incorporating all these factors. This is done
by an adaptation of " and v into an F* and v* parameter. For the F* parameter the

following expression can be written

as 1 [1% CF. /,11'29E'0'50H0'07

_ H
Fr=F- R % ~ R10.35 097

and for the v* parameter can be written

b 1.24 0.25

by 7
V*::V lQ? o ~ luC _O}
0.20

. KPK?e (gcr -0, )b3 ' 7728 v KOS (gcr _ ej)l,ZI

(5.31)

(5.32)
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It should be noted that cross relations between the separate factors of influence
are not taken into account in this engineering approach. In Figure 5.15 the combined
transition diagram is presented based on the new F* and v* parameters on a linear
scale. In Figure 5.16 the combined transition diagram is shown on a logarithmic
scale.

Furthermore, this diagram can be used to find the total contact temperature
(6..:))max for a certain contact situation. The value for (6, ;)max follows from the value
of the critical temperature 6. which is obtained by fitting the data point to the
transition line, see Eq. (5.4).

The relation F*(v*) can be expressed as

F*=c +c,(v *)2 +e;(v *)_1 (5.33)
where ¢; = —4.76310"°, ¢, =9.747-10% and ¢; = 468.56 (+* = 0.9994).
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Figure 5.15 Combined transition diagram on linear scale as a result of combining the
factors of influence into the new F* and v* parameters.
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Figure 5.16 Combined transition diagram on logarithmic scale as a result of combining
the factors of influence into the new F* and v* parameters.

5.5 CONCLUSIONS AND SUMMARY

In this chapter an F/v diagram with iso-thermal curves for 6., 0;; and 6’:, is
modelled, based on the deformation and contact temperature models developed in
the previous chapters. For a reference critical contact temperature rise 6, = 6., — 0,
of 125°C a parameter study is carried out in order to determine the influence on the
transition of the parameters: radius, elasticity modulus, contact length, hardness,
critical temperature rise, thermal conductivity, roughness and coefficient of friction.
Accurate curve fits (r2 > (0.99) are obtained with regard to the influence of each
parameter on the transition in the transition diagram. The contribution of each
parameter is combined in the form of an adaptation of F and v in an F* and v*
parameter. Finally, an overall combined transition diagram is established with F*
and v* parameters incorporating the factors of influence.
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Tribological Test Methods

6.1 INTRODUCTION

In the previous chapters, a calculation model has been developed in order to predict
the transition from mild to adhesive wear for the lubricated contact situation of for
instance a smooth cylinder sliding against a rough flat surface. According to Blok’s
failure hypothesis (see Eq. (2.8)), the transition takes place when the total asperity
contact temperature 6. reaches a certain critical value 6,,.

Now two items have to be verified experimentally. Firstly, it has to be
demonstrated that the transition from I/II to III* or III takes place at a constant value
for 6, for all operating conditions. This means that for the measured failure diagram
the transition from I/II to III* or III equals an iso-temperature line i.e. ... Secondly,
this 6., needs to be determined for different oils under investigation. This will be
done by means of a high temperature tribotester by increasing the inlet oil
temperature at negligible frictional heat (i.e. low load and velocity) in order to
determine for which value of the temperature, the contact fails i.e. has no protective
boundary layer present anymore. This value is an indication for 4..,.

For the first item, i.e. the measurement of the failure diagram, a new tribological
test device is developed in order to handle a large range of load and velocity
settings. The new test device is a pin-on-disk type tribotester and is able to represent
the cylinder-disk configuration in which a stationary cylinder is loaded against a
rotating disk in order to facilitate the sliding motion. The friction force and normal
force are measured independently in order to enable accurate measurements. The
development and performance of this new test rig is presented in Section 6.2. From
now on this rig will be called the high load pin-on-disk tribotester.

For the second item, i.e. the increase of the inlet oil temperature to determine 4,.,,
a commercially avialable pin-on-disk type tribotester is used, which is able to handle
very high temperatures. A description can be found in Section 6.3. This tester will be
denoted as the high temperature pin-on-disk tribotester from now on.



74 Chapter 6

6.2 DEVELOPMENT AND PERFORMANCE OF THE HIGH
LOAD PIN-ON-DISK TRIBOTESTER

6.2.1 Configuration

For the experimental evaluation of the cylinder-disk tribological contact situation
four main parameters are distinguished which also have to be reflected in the pin-on-
disk configuration, i.e.

1. normal force F

2. friction force Fy

3. sliding velocity v

4. oil inlet temperature 0,

These parameters have to be applied in a controllable and precise way and also need
to be accurately measured. The important parameter, the coefficient of friction u can
be derived from the normal and friction force signals according to Eq. (1.1). In
Figure 6.1 the new pin-on-disk test device is shown in which the four main units are
indicated (A, B, C and D).

Figure 6.1 High load pin-on-disk tribotester configuration.
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These four main units consist of:

A. motor and spindle unit for normal force actuation and measurement

B. friction measurement unit

C. motor and disk unit to impose the sliding velocity

D. lubrication and heating unit to ensure the oil supply at a certain temperature

Below, details are presented of the way each of the four important parameters is
treated in the test device.

Normal Force

For the normal force actuation, a force is applied to the pin by means of a spindle
(1), which is driven by a servomotor (2) as shown in Figure 6.2. The spindle
converts a rotational speed into a translation in z or normal direction. A guiding
system (3) is attached to the spindle, on which a shaft (4) with a bush (5), exerts a
force through a coupling (7), a normal force transducer (8), a friction measurement
unit (9) and a bracket (10) to the pin holder. The pin holder holds a cylinder in this
case.

—_— H.E’.‘ n

Figure 6.2 Normal force actuation and measurement.
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Furthermore, it can be seen that the normal force is applied exactly in line from
the shaft to the pin-disk contact, which eliminates extra moments in the system. The
elastic joints of the friction force measurement unit (9) are subjected to tensile
forces. The friction force measurement unit is further discussed in the next section.

Measurement of the Friction Force

For the measurement of the friction force in a pin-on-disk tribotester, often the
torque T of the disk motor is measured, taking into account the frictional torque T at
a certain running radius R, according to Fy = T/R.. Unfortunately, also
disproportional contributions from other than the frictional pin-disk contact to the
torque and friction force appear, e.g. bearings. In order to measure the friction force
more accurately, a special unit is developed, which is schematically presented in
Figure 6.3.

Figure 6.3 Friction force measurement unit.

The aim of this friction force measurement unit is to measure the friction force
and at the same time transfer the normal force independently. The lever mechanism
(1) is attached to the spindle (2) which is fixed to the frame and the lever is able to
pivot around the cross elastic joints (1a). In order to avoid moments, the pivot point
is located exactly in the plane of the pin-disk contact and in the direction of the
friction in this contact. The bracket (5) is mounted to the lever arm at (1d) and the
elastic joint set-up (lc) ensures a degree of freedom in x direction. Arm (3) is
attached to the load cell (4) preventing displacement of this bracket (5) in the x
direction. This load cell measures the friction force in the pin-disk contact. The
normal load is applied to arm (8) by a spindle and measured by the load cell (7).

Disk Rotation
A servomotor enables the rotational speed of the disk, which leads to the pin-disk
sliding velocity in combination with a stationary pin.
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Oil Supply and Heating

Oil lubrication of the pin-disk contact is ensured in two ways. The first is that the
disk is fully emersed with oil in an oil bath. From an oil reservoir, oil is transported
via a pump to the oil bath in which the oil is heated by means of heater elements and
the oil is thermostatically controlled. The second way is an extra oil supply through
a nozzle to enable a fully flooded situation also at high rotational/slip speeds, in
cases when centrifugal forces prevent sufficient oil supply to the contact zone. A
second pump transfers the heated oil from the oil bath to the nozzle, which ensures
oil flow directly into the contact.

The oil is filtered at two places in the oil circuit. The first filter unit is placed in
between the oil reservoir and the oil bath when the oil is conveyed towards the oil
bath. The second filter unit is placed in the oil reservoir itself and the oil is filtered
when the oil is pumped back from the oil bath into the oil reservoir.

6.2.2 High Load Tribotester: Specifications and Performance

In Table 6.1 an overview is given of the specifications of the developed high load
pin-on-disk tribotester.

Table 6.1 High load pin-on-disk specifications (F.S.: full scale).

property symbol range precision

normal force F 50-1000 N 02%F.S.—-2N
friction force Fy 0-500N 0.05% F.S.-0.025 N
sliding velocity v 0.01 -22 m/s 0.05% F.S. - 0.01 m/s
oil temperature 0; 0,00m — 140°C 1°C

Test experiments were carried out for the validation of the newly developed
tribotester. These experiments consist of Stribeck curve measurements, in which the
coefficient of friction u is plotted as a function of the velocity v; see also Figure 1.3.
In Figure 6.4, examples of the test measurements are shown. This figure
demonstrates excellent reproducibility of the tests. The measurements were
performed at a constant load of 200 N, viscosity of 7 mPa.s, combined initial CLA
roughness of pin and disk of 0.2 um, and for a large range of sliding velocities: from
0.025 up to 5 m/s and back. Before these Stribeck curve measurements were carried
out, running-in was established by applying a normal load of 500 N for one hour at
0.1 m/s first and then for one hour at 1 m/s.

The first series of measurements resulted in the Stribeck curve marked (e) for
increasing sliding velocity. The second series, marked (v), was measured with
decreasing velocity and the third series, marked (w), was measured again for
increasing sliding velocity.
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Figure 6.4 Three Stribeck curves measured with the high load pin-on-disk tribotester, F =
200 N and 6; = 100°C.

6.3 HIGH TEMPERATURE PIN-ON-DISK TRIBOTESTER

For the determination of the critical temperature .., a commercially available pin-
on-disk tribotester is used. This test rig is developed by CSEM, Switzerland. The
set-up of this apparatus is shown in Figure 6.5. The pin (1) is put onto the disk (2) by
a dead weight (3). In order to avoid alignment problems, a ball is used as the pin.
The ball is mounted in a ball holder which is attached rigidly to an elastic joint unit
(4), of which the degree of freedom in the direction of the friction force is used to
measure this force by means of a displacement transducer (not shown). The
specifications of this test rig are presented in Table 6.2. For more information about
this apparatus, the reader is referred to [20], [47] and [48].

Table 6.2 CSEM high temperature pin-on-disk tribotester specifications.

property symbol  range

normal force F 1-20N
friction force Fy 0-20N
sliding velocity v 0.005 -5 m/s

oil temperature 0, 0,00m — 800°C
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Figure 6.5 CSEM high temperature pin-on-disk tribotester.

6.4 CONCLUSIONS AND SUMMARY

In order to validate the model for predicting the load carrying capacity of lubricated
contacts as described in Chapter 5, two types of measurements have to be
performed. The first is to determine the transition as a function of a range of
operating conditions and structural parameters. For this purpose a custum-built high
load pin-on-disk tribotester is developed, of which the configuration and main
features are described in Section 6.2. It is shown that good reproducibility during
friction measurements is achieved. The second type of measurement that needs to be
carried out, is a test to determine the critical temperature for the oils under
investigation. For this purpose, a commercially available high temperature pin-on-
disk tribotester (CSEM) is used as is briefly discussed in Section 6.3. In Chapter 7
the verification of the model with the experimental results is presented.
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Transition Diagram Model Validation with
Experimental Results

7.1 INTRODUCTION

In Chapter 5 a model for the prediction of the transition diagram is discussed. This
model is based on the hypothesis that the transition to adhesive wear occurs when
the total local contact temperature exceeds a critical temperature of the boundary
layer created by the lubricant and the surface. Therefore, two types of experiments
are needed to verify the transition diagram model, i.e.

1. Measurements to determine the transition diagram as a function of
operating conditions and structural parameters.

2. Measurements to determine the critical temperature of the lubricants under
investigation.

For the first type of measurements, a high load tribotester is developed. For the
second type a commercial high temperature tribotester is available. Both tribotesters
are described in Chapter 6.

In the next section, the materials used in the experiments are discussed. In
Section 7.3 the experimental procedures are described. The measurement results are
presented in Section 7.4 and in Section 7.5, the transition diagram model from
Chapter 5 is verified with these experimental results. Finally, conclusions are drawn
in Section 7.7.

7.2 MATERIALS

In this section a brief overview of the materials used in the experiments is given. For
the transition diagram measurements with the high load pin-on-disk tribotester, the
following materials for the pin and disk are used:
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e Pin: Commercially available cylinder bearing rollers of low alloyed
chromium steel with a diameter of 4 mm, nominal length of 4 mm and
effective contact length due to round edges of 3.4 mm. The surface finish
processes applied are grinding and polishing.

e Disk: The disk of diameter 150 mm is made of case hardening steel. The
surface finish process applied is grinding.

For the measurements to determine the critical temperature with the high
temperature pin-on-disk tribotester, the following materials for pin and disk are
used:

e Pin: Commercially available austenitic stainless steel (grade 316) balls with
a diameter of 10 mm. Surface finish process: grinding and polishing.

e Disk: The disk of diameter 40 mm is made of austenitic stainless steel,
grade 316. The surface is machined by turning and then polished.

The experiments have been performed under lubricating conditions. Two
commercially available oils are evaluated, denoted as oil A and oil B. Oil A is highly
doped heavy duty oil, whereas oil B is highly refined, light duty mineral white oil.
Viscosity and density values of these oils are presented in Table 7.1.

Table 7.1 Oil density and viscosity specifications.

density  kinematic viscosity dynamic viscosity
0il pa [kg/m’] v [mm?/s] 1o [mPa.s]
0=25°C 06=40°C 06=100°C  06=40°C 6=100C
A — Commercial 862 40 9 35 7
B — Shell Ondina 32 866 32 5 28 4

7.3 EXPERIMENTAL PROCEDURES

7.3.1 Transition Diagram Procedure

Before the start of an actual transition measurement, the samples were cleaned with
acetone and the roughness was measured with the 3D interference microscope. The
transition to adhesive wear was determined according to the traditional procedure A
(see Section 2.2.3) on the high load pin-on-disk tribotester. No running-in procedure
was employed, so every time new specimens were used for several combinations of
normal load F and velocity v.

After heating up the pin, disk and the lubricant to the selected temperature, the
velocity was increased to the required value and the normal force was applied fast,
usually in one to four seconds depending on the value of the normal force. In a time
interval of two minutes it was determined if adhesive wear took place or not. After
two minutes, first the load and then the velocity was lowered to zero. For the case in
which adhesive wear occurred, it was accompanied by a lot of noise. It was decided
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that the rig should be stopped after the first sign of adhesive wear to avoid damage
to the cylinder holder. During a measurement the normal force F, velocity v, inlet
temperature ¢; and friction force Fy was accurately monitored with a sample
frequency of 100 Hz.

7.3.2 Critical Temperature Procedure

A procedure to determine the critical temperature is described in detail by Grew and
Cameron [31]. They analysed scuffing behaviour of mineral oils and related scuffing
to desorption of surface active agents (surfactants) at a certain critical/transition
temperature. Next to (physical) adsorption/desorption, also chemical adsorption or
even chemical reaction may occur (see Section 1.3.2.1).

Grew and Cameron state in their paper that in a lubricated concentrated contact,
in case the total contact temperature is composed of a steady state contact
temperature and a flash temperature, the flash temperatures are of very short
duration. So short (us to ms) that the oil (surfactant) desorps before it is able to
react.

In order to develop a suitable test to determine the critical temperature for
mineral oils, the temperature must be increased under conditions of negligible
frictional heat and in which desorption takes place without being masked by
chemisorption. Grew and Cameron concluded that materials (pin/disk) should be
used that are unreactive, thus preventing chemisorption. They used austenitic
stainless steel for this purpose, which are used in this investigation as well.

Before an actual measurement is carried out, the pin and disk are thoroughly
cleaned with acetone and heated up to the required temperature level. Then oil is
added and in a short time the temperature of the oil is accomodated to the pin and
disk temperature monitored by a thermocouple. Next, the actual measurement is
carried out: first, the velocity v is set to 0.065 m/s and then the load F of 10 N is
applied. Attention is paid to the friction signal within one revolution (about two
seconds). If the friction rises sharply within this first revolution (u > 0.4), it can be
concluded that the critical temperature is reached.

Besides mineral oils (oil B), highly doped oils with extreme pressure (EP)
additives and friction modifiers are evalutated as well (oil A). Now, a more complex
situation arises: EP additives are designed to reach the surface and form a
chemisorbed layer to protect the surfaces from scuffing. Unfortunately, the method
above is not capable of determining the critical temperature for these oils, because
the temperatures in which the EP additives loose their working capacity are
exceeding the flame point of the (base) oil.
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7.4 EXPERIMENTAL RESULTS

7.4.1 Transition Diagram Results

In order to validate the model, three transition diagrams are obtained i.e. for oil A at
room temperature and at 100°C, and for oil B at room temperature (25°C). The
traditional procedure A (see Section 2.2.3) is applied, so no running-in procedure is
employed.

A representative example of a measurement in which no adhesive wear occurs is
shown in Figure 7.1 for oil B at room temperature. It can be seen that the normal
force F of 400 N is applied shortly after the velocity v is set to 1.5 m/s. Furthermore,
the coefficient of friction u is sharply increasing with increasing normal load. From
the moment the required normal force level is reached, u is first a bit unstable before
it reaches a more stable level. An example of a cylinder after a test in which no
adhesive wear occurs is presented in Figure 7.4a.

0.25 500
3 E 1450
0.2r 400
- 350
0.15} 300
o 250 Z.
=3 LL
01t 200
3 150
0.05t 100
- 50
% 100 t [s] 200 300 °

Figure 7.1 Measurement according to procedure A for oil B — typical measurement in
which no adhesive wear occurs (F =400 N and v = 1.5 m/s).

In Figure 7.2 an example is shown in which the contact almost immediately fails
after the total load is applied (u — 0.4). It can be seen that it takes about four
seconds to reach the load of 600 N. Two stages can be distinguished for the
coefficient of friction x. During the first stage, the accurately monitored coefficient
of friction u increases sharply. Then, during the second stage, u still increases but
more slowly, due to thermal effects. It should be noted that it was not possible to
apply the normal force faster, due to non-infinite system stiffness.



Transition Diagram Model Validation with Experimental Results 85

0.5 T T T T T T T T 1000
0.451 <1900
0.4r 1800
0.351 1700
0.3r 1600
I 0.25¢ 1500 Z
=. LL
0.2 1400
0.15¢ 1300
0.1F 1200
0.051 1100
: i

t [s]

Figure 7.2 Measurement according to procedure A for oil B — measurement in which
adhesive wear occurs almost immediately after the load is fully applied (F = 600 N and v
= 1.5 m/s).

A measurement was stopped when a lot of noise was detected. Usually, the
coefficient of friction u reaches values of 0.35 to 0.4. In all those cases, material
inspection showed severe adhesive wear, see Figure 7.4b, indicating a clear
transition from I/II to III. It must be noted that the transition I/II to III* was not
found at these velocities.

Furthermore, in Figure 7.5 an interferometry image is presented of adhesive wear
in the track on the disk. A lot of material is transferred from the cylinder to the disk,
demonstrated by maximum surface heights of about 40 um, whereas normal
roughness values are of the order of 0.1 um. More adhesive wear regions can be
identified in one single wear track, indicating the adhesive wear originating from
roughness spot(s).

In Figure 7.3, an example is given of a situation in which the contact fails due to
adhesive wear (u — 0.4), not immediately but after a certain period. Up to this
moment the coefficient of friction u slowly increases, again due to thermal effects.
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Figure 7.3 Measurement according to procedure A for oil B — measurement in which
adhesive wear occurs a few seconds after the load is fully applied (F =400 N and v=2.5
m/s).

“(b)

Figure 7.4 Microscopic images of cylinder after test: (a) no adhesive wear observed (b)
severe adhesive wear observed.

In Figure 7.6 the resulting transitions from mild to adhesive wear are shown for
both oils A and B. As expected, the load carrying capacity of oil A at room
temperature (25°C) is much larger than at 100°C. Furthermore, it can be seen that the
load carrying capacity of the highly doped oil A at 100°C is almost the same as for
the mineral oil B at 25°C, clearly indicating the positive influence of additives on the
adhesive wear transition. Details are presented in Table 7.2 and Table 7.3.
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Figure 7.5 Interferometry image of the disk after a test in which severe adhesive wear
tracks are observed (height scale min-max: 40 um).

1000

900

800 Oil A: 9j =RT.
7001
600

5001

F [N]

4001

200
1001
Oil A: ej =100°C

0 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

v [m/s]

Figure 7.6 Measured mild to severe adhesive wear transitions for oils A and B.
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7.4.2 Critical Temperature Results

For the mineral white oil (oil B), the critical temperature is determined according to
the procedure described in Section 7.3.2. The temperature is increased in steps of
about 20°C (for every time step new materials are used) and the coefficient of
friction u within the first revolution is accurately monitored. Results are presented in
Figure 7.7. It can be seen that for a temperature of 130°C, the coefficient of friction
1 peaks to large values.

0.6

0.5F b

0 | 1 1 1 1 1 1
R.T. 50 70 90 110 130 150
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Figure 7.7 Coefficient of friction uy as a function of the inlet temperature 6; for oil B (R.T.:
room temperature), measured with the high temperature pin-on-disk tribotester.

7.5 MODEL VALIDATION

The results from the transition diagram and critical temperature measurements from
the previous sections are used to validate the transition diagram model. Two steps
are distinguished. The first is to calculate the total temperature at the transition for a
certain oil and find out if the transition is represented by a single value. The second
step is to compare this value with the measured critical temperature. This is only
possible for oil B, as explained in Section 7.3.2. The possible resulting constant
temperature can be taken as the critical temperature for oil A.

All the input values for the model are based on the values as used for the
reference case throughout this thesis. Only information about the coefficient of
friction, both the uc and the actual occurring w, is not available yet. The coefficient
of friction in the boundary regime ¢ for oil A is estimated to be 0.145 based on the
critical temperature measurements from Section 7.4.2. For oil B, a value of 0.12 is
used for uc as shown in Figure 6.4. For the actual occurring coefficient of friction ,
the measured value is taken just before the sharp increase of x to high values. Values
are presented in Table 7.2 for oil B and in Table 7.3 for oil A.
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Furthermore, from these values, the course of x in time and in visual inspection,
it can be concluded that running-in is already present within the first few seconds of
loading in a way that it causes a deviation in the nominal contacting area as
modelled in Chapter 3, in which no running-in is taken into account. Therefore, a
correction in the calculations is needed to incorporate the initial wear during loading.

In order to determine the resulting contact width of the line contact, the
measurement is used at the same load and at a velocity just before the adhesive wear
occurs. It is assumed that this value is an indication for the contact width of the
situation in which adhesive wear occurs. This value, b, is compared with the
modelled brougizine (s€€ Appendix A). Now an equivalent radius R, can be defined
as the radius through which in the model brougizine becomes b,eqs. This is calculated,
together with the ratio ¢ = R.,/R. Now, the total contact temperature (6, ;)max can be
calculated. Values are presented in Table 7.2 and Table 7.3. Furthermore, the total
contact temperature (6. ;)max 1S calculated for the average value of &: &,,= 8.

For the mineral white oil B, the calculated temperatures are rather constant with
an average value of 135°C for both cases (where & or &,, is used) and have values
close to the temperature for which adhesive wear occurs for the first time in the
critical temperature measurements: 130°C. It can be concluded that here good
agreement is found between model and measurement.

For the highly doped oil A the calculated temperatures deviate a bit more from a
single value. Minimum to maximum values are 206.9 to 272.0°C and 208.4 to
257.7°C for & and &,, respectively. The average values are 230°C and 237°C for ¢
and &,, respectively.

The transition points can be expressed in terms of F* and v*. They can be
presented in the combined transition diagram as discussed in Section 5.4 (Figure
5.15). The results are shown in Figure 7.8 for &,, = 8 and in Figure 7.9 for the actual
& It can be seen that for oil B, the resulting F* and v* combinations lie close to the
transition line for a 6, of 130°C as determined in Section 7.4.2 and therefore this
transition is well predicted, using the combined transition diagram. For oil A, the
average value of 230°C is chosen as the critical temperature value and inserted in the
v* parameter. Again it is shown that the resulting /* and v* combinations lie close
to the transition line for a .., of 230°C.

From these results, it can be concluded that the transition diagram as advanced in
this thesis, can very well be used as an engineering design tool to predict and avoid
the occurrence of adhesive wear.

7.6 BLOK’S CONTACT TEMPERATURE APPROACH

The calculation of the contact temperature according to Blok is discussed in Section
4.1. In contrast to the current approach, in which the flash temperature is calculated
based on micro contacts, Blok used a macro contact approach for the flash
temperature calculation according to Eq. (4.1). Blok used the value of the inlet
temperature 0; for the quasi-steady contact temperature ¢;. Furthermore, for the flash
temperature 6, two techniques can be employed. The first technique is to use Eq.
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(2.9) to calculate 6. The resulting total contact temperature will be labelled as
O.,810k4- The second technique is to apply the method of Bos to calculate a maximum
temperature for a macro contact using the € “” numbers from Table 4.1 as discussed
in Section 4.2.1. The resulting contact temperature will be denoted as 6. gyi5.

These two calculation methods are applied to the transition diagram results for
oil A and B from Figure 7.6 (for &, = 8). The results are shown in Table 7.2 and
Table 7.3. It can be seen that the results for 6. 14 are quite similar to the results for
0. s10k5. However, the contact temperature results largely deviate and are therefore
far from constant. From this it must be concluded that Blok’s approach cannot be
used to calculate the total temperature in the prediction of the transition to adhesive
wear.

7.7 CONCLUSIONS

The critical temperature for mineral white oil could be determined based on a
measurement method with austenitic stainless steel specimens. At 130°C and above,
adhesive wear occurred.

Transition diagram measurements were succesfully carried out for mineral light
duty white oil (B) and highly doped heavy duty oil (A). The load carrying capacity
is much larger for the doped oil when compared to the mineral white oil at the same
inlet temperature.

In order to model the measured transitions, the input value for the coefficient of
friction, the actual occurring u just before adhesive wear occurred during a
measurement, was used. Furthermore, examination of the specimens revealed that
initial wear during the first stages of the measurements cannot be neglected and a
correction needs to be applied to the modelling. For the increase in contact width, an
average equivalent radius R., is determined, which is about a factor 8 more than the
original R value.

The measured transition points for both oil A and B have been evaluated using
the transition diagram model. The calculated temperatures of the transitions found
with the mineral white oil B are quite constant (around 135°C) and were close to the
value of 130°C which was found with the critical temperature measurement method.
The temperature results for the doped oil A show a bit more deviation from a single
value, but it may still be concluded that the calculated temperature is rather constant.

The transition points for oil A and B are expressed in terms of the F* and v*
parameters and are inserted in the combined F*/v* diagram as developed in Chapter
5. It can be seen that these points are very closely located to the transition line.
Therefore, this diagram can be used as a tool for designers to predict and avoid
adhesive wear.

Furthermore, the existing contact temperature calculation methods from literature
(advanced by Blok), in which the contribution of micro contact temperatures is not
taken into account, have been used to evaluate the transition diagram results as well.
The calculated temperatures based on these methods deviate strongly and therefore
these methods cannot be used to predict the transition to adhesive wear.
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Figure 7.8 Transition diagram measurement results from Figure 7.6 presented in the
combined transition diagram (&, = 8).
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Figure 7.9 Transition diagram measurement results from Figure 7.6 presented in the
combined transition diagram (¢ from measurements).
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Table 7.2 Transition diagram measurement and modelling results for oil B at room
temperature.

Oil B at 6;=R.T. =25 °C

F [N] 750 600 400 200 100

v [m/s] 125 1.75 225 3.75 5.25

P [-] 0.103 0.100 0.091 0.094 0.070
Lic [-] 0.145 0.145 0.145 0.145 0.145
Proughtme  [m]  7.7-107 7.0-10°  6.010°  4.6:10” 3.7-10°
2Bomeas [um]  348.6 364.2 354.8 384.0 210.1
Ry [m]  0.0103 0.0136  0.0180  0.0354 0.0164
£ [-] 5.15 6.8 9.0 17.7 8.2

F* 1.43-10"  9.99-10"° 53510 2.2010"°  9.84-10°
vk 2.56:10°  3.5910° 4.62:10° 7.69-10°  1.07:10®
Oedmax  [°C]  139.2 144.1 128.8 128.7 132.0
Eav [-] 8 8 8 8 8
Regav [m]  0.016 0.016 0.016 0.016 0.016
F* 1.23-10"  9.44-10" 55710 2.90-10"°  9.93-10°
vk 256:10°  3.59-10° 4.62:10° 7.69-10°  1.07-107
Oedmax [°C] 1295 140.2 131.3 143.3 132.4
O. Bloka [°C]  136.2 133.1 107.3 90.2 59.2
Oupors [°C]  146.4 144.1 114.9 94.5 59.5

Table 7.3 Transition diagram measurement and modelling results for oil A at room
temperature and 100°C.

Oil A at §;=R.T.=25°C

Oil A at ;=100 °C

F [N] 700 550 400 700 400 200
v [m/s] 3.25 5.75 9.75 1.25 1.88 3.25

u [] 0.100 0.091  0.053 0.14 0.14 0.12

Ue [[] 012 0.12 0.12 0.14” 0.147  0.12
broughtine [m] ~ 7.5:10°  6.810° 6.0-10° 75107  6.0-10° 4.6:10”
2bmeas [um] 3324 3902 2703 321.5 333.1 2937
R, [m]  0.0099 0.0168  0.0104 0.0093 0.0156  0.0103
& [-] 5.0 8.4 5.2 4.6 7.8 10.3

F* 1.30-10"  7.53-10" 3.22:10"°  2.06:10"  9.80-10" 3.65-10"°
v 235107  4.16:10° 7.05-10° 1.90-10° 2.85-10° 4.07-10°
O dmax  [°C]  226.1 255.6  272.0 239.9 2229  206.9
Ea [] 8 8 8 8 8 8

Regav [m] 0.016 0.016  0.016 0.016 0.016  0.016
F* 1.10-10"  7.66-10" 2.77-10"° 1.70-10"  9.72-10" 3.98-10"°
T 235107  4.16:10° 7.05-10° 1.90-10° 2.85:10° 4.07-10°
(Oo)mx  [°C]  208.4 2577  252.6 225.3 2223 2126
Oupiors  [°C] 1903 1920 1223 356.9 215.7 177.5
O.5ois  [°C] 2142 218.1 137.5 397.1 2252 182.1

7 For these cases, uc is assumed to be equal to x i.e. 0.14.
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Conclusions and Recommendations

8.1 CONCLUSIONS

In this section the main conclusions are summarised.

Chapter 1: Introduction

e The transition from mild to adhesive wear in lubricated contacts can lead to
scuffing and may result in catastrophic failure of engineering components.

Chapter 2: Transition from Mild to Adhesive Wear

e The F/v transition diagram can be used to characterise the transition from
mild to adhesive wear. In this diagram, three regions are distinguished: /11
(mild wear), III* (adhesive wear on micro scale: incipient adhesive wear)
and III (adhesive wear on macro scale: severe adhesive wear).

e The transition to adhesive wear is governed by breaking through the surface
protecting layers caused by exceeding a critical contact temperature as
hypothesised by Blok. Several attempts to link the modelled contact
temperature to Blok’s critical temperature hypothesis failed so far.

e Improvement of contact temperature modelling on micro contact level is
expected to be the key in predicting the transition to adhesive wear. This
idea has been omitted in the models so far.
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Chapter 3: Elastic/Plastic Deformation of an Anisotropic Deterministic
Rough Contact

An asperity deformation model, which takes into account deterministic
anisotropic surface roughness, is developed. Asperity deformation can be
elastic, elastic-plastic or plastic. Mechanical contact characteristics like
pressure, force, area and approach can be calculated for every single
asperity contact.

Stribeck curve behaviour is incorporated in the deformation model, taking
into account that part of the load is carried by asperities and the remaining
part by the (E)HL film.

Chapter 4: Contact Temperature

A model for the calculation of the total contact temperature has been
developed.

The total local contact temperature rise is assumed to consist of a quasi-
steady surface temperature and a flash temperature, based on macro and
micro contact properties respectively.

Chapter 5: Transition Diagram Model

Based on the asperity contact model and the temperature model, F/v
diagrams with iso-thermal curves for the quasi-steady surface temperature,
flash temperature rise and the resulting total contact temperature are
modelled. The iso-thermals are used for the adaptation of Blok’s critical
temperature hypothesis. The influence of several parameters on the
transition to adhesive wear has been determined and combined in the form
of a modification of ' and v in an F* and v* parameter.

An overall combined (engineering) transition diagram is developed
comprising the factors of influence which are investigated.

Chapter 6: Tribological Test Methods

A high load pin-on-disk tribotester is developed, that is capable of
accurately measuring the load carrying capacity of concentrated lubricated
contacts.

A high temperature pin-on-disk tribotester is discussed, which is used to
determine the critical temperature of the lubricants under investigation.
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Chapter 7: Transition Diagram Model Validation with Experimental
Results

e Transition diagram measurements were succesfully carried out for a mineral
light duty white oil and a highly doped heavy duty oil. The calculated
temperatures of the transitions found for the mineral white oil as well as for
the highly doped heavy duty oil are quite constant and equal to the critical
temperature.

e The measured transition points to adhesive wear are expressed in terms of
the F* and v* parameters for both oils and are inserted in the combined
F*/v* diagram. The measurement points are very closely located to the
transition line. Therefore, this diagram can be used as a tool for designers to
predict and avoid adhesive wear.

e Furthermore, the existing contact temperature calculation methods from
literature (advanced by Blok), in which the contribution of micro contact
temperatures is not taken into account, have been evaluated and it is shown
that these methods cannot be used to predict the transition to adhesive wear.

8.2 DISCUSSION

The analysis to determine the transition diagram, has so far been focussed on line
contacts, which are common in engineering practice, e.g. cam/follower mechanisms
and piston/cylinder contacts. Up to now the line contact is assumed to be formed by
the deformation of a cylinder with a reduced radius R, in direction of motion x and a
contact length £ in y direction. The resulting contact width in x direction 25 is much
smaller than ¢, leading to a wide equivalent contact ellipse, as is used for the macro
temperature calculations. In this section this situation is compared with a narrow
equivalent contact ellipse, obtained by the deformation of a cylinder with reduced
radius R, in y direction and a contact length ¢ in x direction.

Another situation which is common, is the point/circular contact, e.g. ball on flat.
This can be seen as an intermediate situation (assuming the same area A), because
the determining dimensions a, and a, (which are now equal) are in between the line
contact dimensions.

In Figure 8.1 these three situations are compared. It is shown that going from a
wide to a narrow contact, this leads to a substantial decrease in load carrying
capacity. This is only due to the fact that equivalent contact ellipse dimension a,
appears in 6, , leading from a narrow contact to a large macro K, value resulting in
much larger contact temperatures. Futhermore, it can be seen that the transition for
the point contact situation is in between the line contact transitions.
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Figure 8.1 Effect of the contact orientation of the line contact on the F/v transition diagram
for the reference critical temperature rise 6* of 125°C.

8.3 RECOMMENDATIONS

e Based on the previous section, the engineering F*/v* diagram should be
adapted in order to incorporate the different elliptical and point contact
situations.

e Experiments pointed out that the nominal contact area increases by mild
wear. This revealed the need to include a mild wear model in the present
transition diagram model.
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Appendix A

Hertzian Theory with Statistical
Roughness for Line Contacts

In Chapter 3, the deformation of rough line contacts is presented. The micro and
macro deformations are decoupled. A deterministic approach is taken for the micro
contacts. The resulting micro contact characteristics are added to a plan parallel
macro contact situation. The macro contact characteristics are considered to be
elastic and are given by the Hertz theory for line contacts [36].

Suppose two cylinders with radii R,; and R, are in contact under normal load,
then the reduced radius R is given by

v b
R, Rx,l Rx,Z . (Al)

The reduced Young’s Modulus £’ can be calculated by

L _1(1-w 1w A2
E' 2\ E E, | (A-2)

The load per unit length w is defined as

w =

F
= (A3)

Now, the half Hertzian contact width b can be expressed by

172
b= (Mj . (A4)
7k
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The maximum Hertzian pressure pj, is given by

1/2
2w wE'
=2 _ | 2= A5
Pr=" (2;:12) (A-5)
and the mean Hertzian pressure pjeq, 1S
V4
Pmean = th . (A6)

Gelinck [25] showed that the macro contact properties change significantly by
incorporating roughness. He presented accurate close form curve fits for the macro
contact characteristics in relation to their Hertzian solutions, using the statistical
roughness parameters #, f and o;. In Eq. (3.53) the macro contact area is required.
Now, according to Gelinck, the contact area for a rough line contact reads

ARoughLine = 2bRoughLineZ H (A7)

where bgougizine 15 the half width according to

b = 1+(a ._“2._"3)"4 1/a4.b A8
RoughLine — 1N O > ( . )

with b the Hertzian half width and

7 = b % (A.9)
and
_ o.R
G, = ‘22 : (A.10)
with a;

a, =1.235, a, =-0.0345, a; =0.439 and a, =1.71. (A.11)
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