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Abstract

The need to reduce the cost of components is driving more and more machine
elements to operate under mixed lubrication conditioigh higher operating
pressures, the lubricant film is becoming thinner and eventually reaches nanometre
scales, comparable tothe surfaceroughness. Thus, understanding the mixed
lubrication phenomenon is becoming increasingly importeotvever, he miked
lubrication phenomenon is difficult to capture experimentally #wel lubricant
additiveZDDP (Zinc Dialkyl Dithio Phosphate3hows its full antiwear character in

the mixed lubrication condition3his research stems from the needrfardels that

can $mulate contact mechanidsbrication and tribochemistry in a single framework.
This is the key to understanding and ofiimg the lubrication systente meet future

needs.

To this end, aumerically efficient procedure based upon the tridiagonal solution of
the Reynolds equation is developed and is implemerneé&ortranto solve the
eqguations line by line to incorporate more information from the current iteration step.
The asperity coricts are handled by the unified solution algorithm. A new strategy

to simulate plastic deformation in a lubricated contact is developed.

Under practical loading conditions, the pressures inside the contact can reach values
far above the material yieldingmit. Thus, an efficient numerical scheme is devised
to include the elastic perfectly plastic behaviour in the EHL solution procedure to

simulate realistic contact conditions with minimal increase in computational cost.

The Boussinesgleformation integral result in a convolutionf pressure and the
deformation which is solvedsing Fast Fourier Transforms (FFTs) by modifying the

solution domain to create a cyclic convoluti@ode is developed to allow exploration



of the highly optimized @ased librarywww.fftw.org). The use of FFTs speeds up
the solution pocess manyimes and makes the use of denser gaiad larger time

scalesaccessible.

A mesh size of 129 x 129 is found to give reasonable results. The simuésidis

from the current study agree very well with the previously published results. The
evolution of contact area ratio and the central film thickmeedsbit a Stibeck type
behaviour andhte transition speeds at which the contact transits from EHLixedm

and from mixed to complete boungldubrication can b@reciselyidentified

Existing tribofilm growth models developed for boundary lubrication are reviewed
and a model based on the interface thermodynamics is adapted and integhated
the mixed uibrication malel to simulate tribochemistry. The problems with existing
EHL concepts such as ratio and central film thickness are identified and new
definitions are proposed to allow understanding of the mixed lubrication mechanics.
The mutual interaatin between the tribofilm growth and lubricditin formation is
studied Finally the wear of the tribological system is studied and the wear track

profiles are predicted.

The new model is then applied to study a -oaldisc system to explore wear,
tribochemistry and roughness evolution. The ZDDP tribofilm growth is studied and
the it is found that the final ZDDRibofilm thickness is very weakly affected by
increasing SRR but the rate of formation and removal are strongly aftegtidu
SRR value. Theribofilm growth results are validated against published numerical
and experimental result$.is found that the antiwear action of the ZDDP tribofilm is
not only due to its chemical action but the ZDDP tribofilm helps to entrain more
lubricant and impves contact performance. The presence of tribofilm roughens the

contact and the contact area and load ratio both increase due to tribofilm growth. It


http://www.fftw.org/
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was also found that the use of conventional EHL parameters to analyse the behaviour
of tribosystem is miskding. The flattening of the roughness inside the contact and
the proper identification of the central film thickness are crucial to the interpretation
of the mixed lubrication results. The roughness of the ball generally decreases due to
wear but the presce of tribofilm limits this reduction. Contrary to this, the surface
roughness of the ball generally increases due to wear but the presence of tribofilm

results inincreased roughness of the ball
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(o7 ] g1 2= Tox = L e O TSR PPTT 215

Figure #6: The profile of actual worn geometry of the surface of ball for different
SRR values. The plots present values for the yeometry at the crossection
in the middle of contact at Y=0u........uuuuiiiiiiiiei e, 216

Figure 77: The profile of wear on the surface of disc for different SRR values. The
plots presnt values for the worn geometry at the cresstion in the middle of
(od0] g1 2= Tox = L (e PP RPN 217

Figure 78: 3-D wear track profiles on the ball. Arrows indicate insem weal21

Figure 79: 3-D wear track profiles on the Disc. Arrows indicate increase in wear.






Chapter 1

Introduction and Qutline

This chapter starts with a general introduction about tribology and tribochemistry in
view of the scope of the thesis. Then a brief accoumaifvation forthis research
and the potential impact of this work are given. This is followed by an outlife of t

objectives and structure of the thesis.

1.1 Introduction

The science of interacting surfaces is called tribology, meaning science of rubbing.
The most general divisigof tribologyarewear, friction and lubricatioWear is the
damage that occurs to edthone or bothof the interacting surfaces due to the
tribological loads. This damage ultimately leads to component failure and all
tribological designs require this damage to be miniminction is omnipresent in
contacing surfaces in relative motion,né canbe constructive or destructive
depending upon the application. Design of components requires control over friction.
Lubrication helps to control bat friction and wearthe process of lubrication greatly
reduces friction and wear and prolongs tlie ¢if componentsCommonlubricans
consistof a base oil andertain additives that interact with the surface under extreme
conditions to control / reduce friction, wear and seizure. The presence of these
additives makes the system much more complex lameffect of rubbing on these
chamical interactions requiredetailed information at the interfacéhe subject of

this thesis is themodeling of these interactions for the lubricated contact

The use of lubrication dates back to the ag¢hefBrramids where lubricant was
applied to transport heavy blocks but it took quite Idogunderstanding othe

physics of lubrication and fit build-upto be established he hydrodynamic pressure
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generation was explained first by Osborne Reynolds in thel® century[1]. He
simplified the NavieiStokes equations by ugj a thin film approximation and came
up with the famous Reynolds equation that is widely used in lubrication analysis

today.

The lubrication behaviour in a tribosge can be categorized as ondieé types
hydrodynamic lubrication (HL), hydrostatic Ikibation (HS), elastohydrodynamic
lubrication (EHL), mixed lubrication (ML),or boundary lubrication (BL).
Hydrodynamic lubrication is the main mode of lubrication in conformal contacts
(greater geometrical conformity and larger load carrying arep)tl¥ust bearings,
journal bearings etc. Here the lubricant supplies the pressure to hold the load by
forming a viscous film due to relative movementtbé tribopair with no elastic
deformation othe surfaces. These are low load applications where the arttritm
thicknessstays above 1 um generally while operating pressures remain belowal0 M
[2]. In contrast, hydrostatic lubrication is characterized by active generation of
pressure byan external source rather than relying on the relative movement of

surfaces.

If the contact is nowonformal (less geometrical conformitysmall load carrying

area), very small areas are supporting very high loads. The corresponding mode of
lubrication changes from hydrodynamic to EHEigure 1-1: A schematic
representation of conformal and roonformal contact cases. (a) conformal contact.

(b) nonconformal / counterconformal contact This regime of lubrication is
characterized by significaelastic deformation (and possible plastic deformation) of
the contacting solids. The load carrying capacity increases several orders of
magnitude, on the order of giga Pascal and typical lubricant film thickness is less than

a micrometre. Rolling elemertearings, cams and gears all operatehenEHL
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regime.Figure1-1 gives a schematic representation to identify conformal aned non

conformal contacts.

(a) (b)

Outer ring / journal

Figure 1-1: A schematic representation of conformal and-oconformal contact

cases. (a) conformal contact. (b) ronformal /counterconformal contact

With further increase in applied load and/or reduction of speed, the lubricant film
becomes sigjficantly thinnerthan the roughness of the corresponding surfaces. The
result istheformation of distinct solid contact patches ahnistart carrying a portion

of theloadwhile the rest is still carried by the lubricatftthe load sharing between
these solid contact spots and thbricant is roughly less than 85 and greater than

0 % (no asperity contact), the regime of lubricati® termed adIL. Modelling the

mixed lubrication regime is a challenging task

If the load sharing is increased further by a reduction in speed or the increase in load

etc. to greater than 85 %, the lubrication regime transits into boundary lubrication
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where the load is mainly carried by the asperity contact spots and this governs the
contact behaviourVarious lubrication regimes have been identified on a typical

Stribeck curve shown iRigurel-2.

“—» —>

A
v

Boundary Mixed Lubrication
Lubrication

Hydrodynamic
Lubrication

Figure 1-2: A schematic representation of various lubrication regiriiég. curve
shows friction behaviour with change in specific film thickn&snbol definitions:
u = friction coefficientd = | ubri cant viscosity, U =

the pressure inside the contact.

Tribology is a highly interdisciplinary science, including but not limited to,
mechanical engineering, chemistry, biomedical, physics etc. The-coi@ct
involves complex phenomena such as high contact stresses accompanied with thermal
effects. The situation is worsened by the chemia@ractions taking place at the
interface.The complex geometrical interfacase shown inFigure 1-3 for a typical

ball bearingEnvironmental effectse. the lubricant itself, humidity and ambient air

further complicate the procef3.
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A lubricant performs different functions during different operating conditions. At
higher speeds, it reduces friction and wear by forming a continuous layer of lubricant
to keep the surfaces apart. At lower speeds, it forms a chgmadsborbed feacted

layer on the solid surfaces toopect against excessive wear amhtrol frictionand
seizure To do this, the lubricant contains an additive package in addition to the base
oil. The contents of the package are mainly active undezrag pressure conditions.

Its most important constituents are extreme pressure (EP) additives, antioxidants,
antiwear (AW) additives to mitigate wear, and friction modifiers (FM), viscosity

index (VI) improvers to maintain viscosity over the operatingormature range.

Tribochemistry deals with chemical and physiochemical changes of matter caused by
mechanical action[4]. Tribocorrosion is considered to be caused by water
contaminated oil systems and/or, under harsh environments (high temperatures, high
pH etc.), due to the degradation of ¢8]. Tribocorrosion is a subgroup of
tribochemical processesience, the opation and functionality of thdubricant
additives is a tribochemical proces&rious reactions occur at the contact interface
andmechanical action affects these readiorhe simplestnechanechemical action

alters only the ratefocchemical reactionin the morecomplex caseshe path of
reactionis affectedas well Tribochemistry involves bottihe triboctemical changes

in the lubricantand the tribochemical reactiotransforming the sliding surfaces.

ZDDP (Zinc dialkyldithiophosphate) is the most extensively used AW additive,
mainly due to its low cost and versatile functionality. Historically, ZDDP was
introduced as an antioxidaf@, 7]. But it was soon discovered that it is also a very
good AW agent. There are several proposals about the decomposition and action of

ZDDP but these aflgeyond the scope tiis thesis and readers are referred to detailed



-7-

reviews[8]. Some details of these mechanisms will follow in chapter 2 where the

literature on ZDDP is reviewed.

Inner Race QOuter Race

Figurel-3: A simplified illustration of the components of a typical ball bearing. All

modes of lubricabn are active during its operati¢®y.

In summary, the topic of this stydis to model the tribochemical aspects of
lubrication. It is achieved in two steps: first, developing a mixed lubrication model
thatis robust enough to simulate the entire speed range (very high to almost zero),
second, the development and implementadicatribofilm growth model to simulate

real time chemical changes occurring due to mechanical stimuli and simulate its effect
on the macroscopic properties: friction and wear. This is the first mixed lubrication
model that incorporates tribochemistry.eTthallenge undertaken in this study is to

capture not all but some key aspects of the problem that are still poorly understood.
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1.2 Motivation

Industrial applicationsf lubricated components are posing more severe conditions of
operation resulting in lessguantity of lubricant to use, severe temperature operation,
and thinner lubricant filmsChe trends in machine downsizing, increased loading and
better sealing performance are ultimately leading towards thinner lubricant films and
components are prone thirect solidsolid interaction resulting in loss of energy
inefficiency[10, 11]. Lubrication analysis isicomplete without proper consideration

of topography as it is the topography that defines how and when surface contacts will
occur. A mentionedefore most technalgically important componésoperate in
thenear EHL omixed lubrication regime and the loadgenerallyshared between

the solid and lubricated regiof$2]. Such contacts are counterformal in natamnel

the lubricant film thickness is usually of the saorder as the surface roughness
sometimes of mlecular dimensionsTo illustrate this redgction in film thickness,
Figure 1-4 presentsthis progressive shrinking of the lubricant film thickness
bearings[13]. Analysing component performance and lives under such conditions
requires a mixed lubrication model that is robust enough to handle such small films
and can smoothly transit between different lubrication regiMeseover, handling

the very snall thicknesses of the order of nanometers ket the mixed lubrication

model should also consider the tribochemical changes occurring at the interface.

The mixed lubrication regime iaratherdifficult phenomenon to understarabserve

and model. MLis experimentallychallenging to quantifyThe presence of surface
roughness and the dynamic movement of surfaces result in momentary changes in the
contact zone which are difficult to capture. Moreover, it is not possible to accurately

measure the variéds that quantify the ML regime.
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Figurel-4: Reduction in lubricant film thickness in bearifds].

Most of the experimental techniques that work efficiently for the hydrodynamic
lubrication regime; like capacitan{®4], electrical methodgl5], X-rays[16€] etc., do

not givesatisfactory results when put to test under the mixed lubrication. The main
reason is that the ability of these techniques to handle aspspigyity contact due to
roughness is still a question. Optical interferometry methods also fail due to the same
reason sincesampés should be super smooth dralre ample light reflection. The
resolution for the optical methods for measuring very small thicknesses is also a big
challenge when dealing with rough surfadd3]. The new techniques like the
ultrasonic measuremerjts8] and acoustic emissigd9 measurements are still in the
phase of development, atthgh significant success has been achieved in film

thickness measurement with these techniques.
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Modelling the mixedubrication phenomenon gy itselfabig challenge. This can be
attributed to various difficulties; the elastic deformations of surfacdstla high
pressure rheology of the fluid result in strong Hiaear effects, the simultaneous
modelling of the fluid and asperity contacts etc. From the computational point of view,
the refined grid sizes limit the deterministic mixed lubrication modelnly
counterformal contac{d 7, 20]. The coexistence diuid and solid contact parts in the
same contact makes the algorithm complex as the boundaries between these

complimentary regions are time dependent andeme

The physics underlying the mixed Ilubrication phenomenon is complex and
multidisciplinary. Ithas full film lubrication on one extreme, which has been quite
well established and characterized, while boundary lubrication on the other extreme.
So, in principle, a good understanding of the mixed lubrication requires a good
understanding of both thesgtreme cases. This is where the mixed lubrication models
have to overcome another challenge as the boundary lubrication phenomenon is still
evolving and in the early stage$ understandingThe processes occurring in the
mixed lubrication are expected tbe happening at the nasocale where the

boundaries between typical engering subjects are vague

Tribology is a complex science considering friction, lubrication and wear in a single
formalism. Even after a century of understanding of the wear phemmmnand

myriad of wear laws available, we cannot have a consensus on a single getheraliz
wear law. Thus, wear ia complex phenomenon on its oj21]. With increasing
temperatures and harsh environments, the wear process is further complicated by the
surface chemical interactionBhese interactions are caassby the tribological action

and thus arealled tribochenwgal interactions and should be considered in tribological

models.
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The lbricant is formulated with the intention to keep friction and wear in control
under extreme preare conditions by adding AW, FM areP additives. These
additives become active under extreme pressure and deposit protective and functional
layers. The friction energy can increase the rate of chemical reactions. This change in
the rate can manifest itself in terms of wear. Either the wagar(might increase or
decrease) or the wear mechanism or both can change during this tribochemical action.
The mechanisms behind this change are fairly unclear due to the complex nature of

the phenomenon.

ZDDP is one of the most studied lubricant adei$. It possesses multifunctional
properties. It is not only a good AW additive but also possesses good antioxidation
ability and can also give EP performance to some extent. Althouglsidsin several
industries,jts main use is in engine oils. Engiais constitute half of the lubricants
used in the world. Duepntits environmental hazards, an alternative to ZDDP with
similar or better antiwear properties is required. But it is not easy to find this
alternative due to tHewer cost anceffectivenessof ZDDP. But due to environmental
legislations becoming stricter, it will eventually hély or partially replaced. fie
performance mechanisms of ZDDP are still quite unclear and it is due to this reason

that a lotof research is still in ongoing.

There tave been very few attempts to model tribochemical effects in lubrication. The
approaches adopted are either not on the realistic scale or do not include the effect of
lubricant and lubrication in the tribosystem. There are only very few works on
modelling tribochemistry and all are for boundary lubrication conditianth no

effect of lubrication[22, 23]. A mixed lubrication model with tribochemistry was
given very recently by Brizmer éil. [24] with a focus on modelling the micropitting

performanceTheir model does not update the geometry witiofilm growth and is
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based upon a Seminalytical mixed lubrication modeThis study aims to formulate
such a framewdrfor lubricated contacts. It is expected to add to and complement the
existing knowledge and understanding of the functionality of ZDDP. More
importantly, the framework developed will give a starting point for further research
and will be generally applable to the design and analysis of other lubricant additives

as well.

In summary, all mixed lubrication models currently available yninodel the
mechanical aspects while the available models that consider interfacial chemistry are
all for boundary lubricationThere is a strong need to develop mixed lubrication
models that consider interfacial chemisf®0] as this is the regime where ZDDP
actually shows its AW charactg25]. Thus, ths study sets out to develop a mixed
lubrication framework that can simulate tribological parameters (contact pressure,
temperature and film thickness etc.) as well as tribochemical parartetssfim

growth and tribochemical weaand their mutual intaction A model that can
simulate the interfacial chemistry through all lubrication regimes (full film EHL to

mixed to boundary) is definitely the need of the time in tribological research.

1.3 Impact

The mixed lubrication regime is critically importantedto three main reasorisrst

of all, there is growing need in industry to downsize the components and to operate
components at ever higher loads. This leads to mixed lubricated systemslivehere
lubricant only carries partial loagecond during the srtup and slow down of
components, this condition occurs almost inevitably and unavoidgtihg, from the
biomedical industry, the wear of Total Hip Replacements (THRS) is expected to occur
mainly in this regimg26]. From the contact mechanics point of view, the mixed

lubrication regime is critical in bridging the full filrmd boundary lubrication regimes
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by defining the mode of transitiqd 7] and in determining the surface failure modes.
So, indepth understanding of the process of mixed lubrication will have crucial

impact in developing better understanding and predicting the performance of

engineering components like gears, bearings, sealdiomedical implants etc.

Figurel-5: Example of aetrievedtotal hip implant showing signs ofenhanically

assisted corrosioj27].

Tribochemistry is not only important in the field of lubrication for design and
formulation of lubricant additivelut itis equally important during thfeetting wear

of bolted connections, mild wear of metals, mechanoactivation of reactions in
industrial processing, and performance of seals in rotating componen{28&tc
Figure 1-5 shows an example of mechanically enhanced damage at the contacting
interfaces on various parts of a retrieved hip implant. Failures in such cases are highly
undesirable as fsurgery brigs along many complications, the intergrowth of bone

in the metal being one of theseherefore, there is a constant need to improve the

design of hip implants so that they last longer and without complications.

The impetus for the development of tribochs&timy research comes mainly from
biomedical implant, power generation, marine diesel engines and offshore eglustri

and the green energy systems likial, wind and wave energy conversion systems.
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Figurel-6: Enhanced damage at the rubbing interfadesship anchor chaifhese

regions undergo maximum wear and limig fife of these components

The offshore metallic installations are the most susceptibl¢hese mecharo
chemical processes as showrfigure1-6. This is becausthe humid and corrosive
environment cannot be avoided and it is due to this reason that these systems undergo
frequent failuresometimes without warnindgJnderstanding theffect of friction on

these chemical changes will improve our design practices and increase reliability of

these systems by predicting failure mechanisms and lifetimes.

So this research has big implications towards both industry and healthcare.

1.4 Objectives

The current shift in interest from purely mechanical aspefat®ntact to gainingn

in depth understandingf the processest theinterface is obvious from the above
discussion. The field is highly interdisciplinary and evolving. This complexity and the
gap in literature to fill this paradigm shift from mechanical to interfaciagetspis

huge. The main objectives set out in this study are:
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1. Development of a mixed lubrication framework to simul#éite entire
transition from full film to boundary lubricean

2. Development of a framework to simulate tribochemical interactions under
mixed lubrication conditions

3. Development of a fraework to simulatevearfor the chemically active ML
system.

4. Model the effects of tribochemical layer on the mixed lubrication

phenomenon.

1.5 Thesis Structure

The thesis is divided into three parfhe first part is namedintroduction and
backgroundand gives the general literature review to threxed lubrication and
tribochemistry modellingas two chapters. The second mves first set of results.
This part is named asodel development and numerical algorithm improveménts
has been divided into two chapteferst the mixed lubrication model development is
presented then the plastoelastohydrodynamic lubricatiorysasas givenAll key
numerical details about the mixed lubrication model development and the integration
of plastic behaviour are givemhethird part is named theodel applicatiorsection

and contains threehaptersin this part,the tribofilm growthmodel integration into

the mixed lubrication mode&s presented first along with the tribofilm growth results
Thenthe interfacial mechanics in a tribochemically activated mixed lubrication model
is analysed by comparing the evolution of key lubricajarameters with timélhe
model istested to produce roughness evolution and wear measurembatast

chapter Chapter resentshesis conclusion and futur@ekctions.

Following a generaintroductionand backgroundo the problem irChapter 1 the

Chapter 2gives detailed backgrourahd literature review to th@roblem. The first
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half of Chapter 2eviews the literature on mixed lubricatiafter presenting the EHL
equations The second halbf the chapter reviews the literature wibochemistry
Special emphasis is given to revigve modeling of tribochemistry of the antiwear

additive ZDDP in lhe contactnechanics and lubricationodels.

The mixed lubrication model with all the numerical details is present€tapter 3
This chapter also contains a e on the implementation of fftw libratjin Fortran

programmiiy to compute the convolution kignplementing the FF& method for
solving the deformation integrals. The plastic deformation model is developed and
implemented into the mixed lubrication modelget a PlastoElastoHydrodynamic
Lubrication (PEHL)mode and the details of this model are presentéthepter 4

The PEHL model can handle plastic deformatiorduced by either lubricant or
asperity interaction pressureghese two chapter®gether constitute pal of the

thesis on model development and numerical algorithm improvement.

The last partpartlll conssts of three chaptes. In Chapte 5, the framework for
modelling the growth of tribochemical reaction layers developed and
implementation details given. The driving factors for ZDDP tribofilm growth are
discussed and the modelling efforts anetiySThis chapter presents results for the
tribofilm growth in lubricated contactén Chapter @he mutual interaction between
the lubrication film formation and the tribofilm growth is studied and the results for
the effect of tribofilm growth on the mixed lubrication perforncanare giverby

studying the evolution of lubrication parameters under tribochemically active

1 http://www.fftw.org/

2 Fast Fourier Transforms
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lubrication conditionsThe last chapter in patt is Chapter 7in which the general
behaviour of the contact is studied by applying the developed model to reproduce
experimental observans onwear. The ability of the present model to capture the

wear track profile (width, dgh and topography) is assessed.

Chapter 8marks the end of this thesis by giving the conclusion and some future
improvements that can be implemented to enhance the capabiflitiessmodel are

given.
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Chapter 2
Theory and Background

This chapter presents the theory of mixed lubrication (ML). Due to the very nature of
mixed lubrication, it cannot be separated from EHL. The theory of rough surface
elastohydrodynamic lubrication (EHL) istaelly applicable and discusséidst in
section2.3.1 Then the historical account of how roughness started to appear as a
critical parameter controlling the EHLharacteristics to actually having a mixed
contact (individual fluid and solidontact spofsis presented and discussedection

2.3.2

Then in section 2.4 the current literature about the importance and effect of
tribochemistry in Wibrication analysiss reviewed with emphasis on the antiwear
additive ZDDPR An account of the modelling attempts in tribochemistry is given. The
literature suggests a huge gap in modelling tribochemical / tribocorrosive interactions
in mixed lubrication a only very few modelling studies have been done and these are

limited to boundary lubrication and have only appeared very recently.

2.1 Elastohydrodynamic lubrication

The lubricated contact between two rough surfaces is characteszZeHlaif the
roughnes$as only the effect in modifying the pressure profile and film thickness as
a result of increased fluid density and viscosity and the bulk deformation of solids but
there is no direct solid to solid contact. The Elastohydrodynamic lubrication pccurs
geneally, in lubricated norconformal contacts. Such contacts occur in rolling
element bearings, cams, gears, tappets, Tetdllustrate the scales of parameters
involved, Figure2-1 shows the contact area drawn on an A4 paper to give an estimate

of comparative magnitude of lubricant film thicknesses involved. The lubricant film
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thickness is of thén such small contact area, the lubricant pressures can be high
enough to asily cause elastic deformation of the contacting solids. In fact, the
lubricant viscosity increase with pressure is so severe that the lubricant under very

high pressure, theoretically behaves like a solid.

The EHL problem is defined by the Reynolds amuma(a differential equatioly the
elasticity equation (amtegral equation) and the load balance equation, and two
equations of state relating the fluid viscosity and density to pressure. The solution to
this problem giveshe pressure profile anthe film thickness distribution inside the

contact[29].

(a) (b)
Ball
-— ' A4 paper
Flat Enlaraed view of contact zone

Figure2-1: (a) A schematic representation of tribological contact between a flat disc
and ball. (b) Enlarged view of contact zone. If this is scaled onto an Adtpapehe

thickness of the paper gives an estimate of the lubricant film thickness

The EHL equation set has a strong #iaear behawur which makes it unstable
during numerical solution. There are two causes to thislinearity: the Reynolds
coefficierts are functions of pressure duedensity and viscositipeingfunctiorns of

pressureand thecavitation condition is imposed on the solutidme instability is



-20-

mainly linked to the Reynolds coefficients becoming too small at high pressures due
to highlyincreased viscosity and very small film thicknesses and the loss of coupling
in thetransverse idection. The convergence of the Reynolds equation with a simple
forward iteration procedure is very slow and various methods have been proposed to
improve itssolution convergencg0]. This makes the numerical solution of EHL

eqguation system very complicated.

The mxed lubrication regime lies tbetween the Elastohydrodynamic (EHL)
lubrication and the boundary lubrication (BL) regime. In this thesis mixed lubrication
is considered as rough surface EHL with actual aspasiperity contacts. It is not
possible to separate mixed lubrication from ERbe fllowing section outlines the
Elasbhydrodynamic lubrication problem. The same equation set is applicable to ML
solution but the solver needs to be robust enough to handle assgayty contacts.

A mixed lubrication solver should in essence converge to EHL on one extreme and

boundary lrication / dry contact on the other extreme.

2.2 Transient EHL equation set

The transient EHL equations have a time derivative of film thickness in the Reynolds
equdion. The EHL problem in principle is defined by the Reynolds equation, the film

thickness eaqation and the load balance equation. The Reynolds equation contains
viscosity and density which are functions of pressure. So the addition of two equations

of state£ —n and” f ) makes the system complete. Tdmmplete EHL
solution setis described now. The various parameters involved in defining these

equations can be identified igure2-2.
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2.2.1 Reynolds equation
The application of thin film appximation to the actual NavieBtokes equations gives

Reynolds equatioft].

_—— = — Y— — = (2-1)

In this equation, x and y are the coordinaxes directions.The xaxis is normally

aligned with the flow direction to simplify calculatioriheterm” N gives the
density of fluid, Qs the film thickness:  — 1] is the viscosity of the fluid) gives
the fluid pressure ant¥ is the entrainment vetity (average speed of the contact

pair) of the fluid.

Figure 2-2: EHL contact configuration outlining the key parameters in the

mathematical model.
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The Reynolad equation2-1) has three main terms and it is important to know the
meaning of each territhe first two terms define the pressure flow and are called the
Poiseuille flowterms The third term in the Reynolds equation is tiredge flow /
shear flow termThese are calle€ouette flowterms.The fourth term gives the
transient flow ofthe fluid and iscalled squeeze floterm The shear flow and the
transienttogether define the entrainment flowhus, the Reynolds equation is
essentially based upon two types of flows: pmessure flowand theentrainment

flow.

2.2.2 Film thickness equation

The film thikness equatio(R-2) is solvedto update the film thickness valuegery

time the Reynolds equation is used to update pressures. All the parameters defining
the gap betweethe surfaces are included in the film thickness equation to define the
problem(seeFigure2-2). The film thickness equation is given below.

i Q — — — . 9 ——1  _opan Ydw (22

In this equation,Q gives the undeformed gaj¥ and'Y define theradius of
curvature in the x and y directiotY (="Y in a circular contact)) is the pressuréhe

term’Y oo is theroughness (microgeometry) of the sugamnd the terr® is the

combined elastic modulus definedas —— —— .

2.2.3 Load balance equation
The load balance equatio(2-3) ensures that the iterating pressures converge to
realistic values that are in equilibrium with the applied load. This equation states that

the sum of all the pressures should be equal to the apgpdiecdnd is given below.



-23-
® . f o (2-3)

In this equation is the applied load anyl G is thepressure within the contact
The pressure is summed over the complete solubarath and compared against the

applied load to ensure that the calculated pressuréisedrae pressures

2.2.4 Pressureviscosity equation
The viscosity is dunction of pressure and temperatuta this thesis, temperature
dependence has been excluded. piessureviscosity dependence can be ddsed

by equation(2-4) and equatior(2-5).

The Barus equation

-n -Q (2-4)

The Roelands equation

- -0 (2-5)

In the above equations,is the viscosity;- is thereference viscosity and is a fixed

value andr is thereference pressur®oelands[30] has given their values

o% pap 1 Pa.sandny  p&o dip 1TPa.

The Roelands equation is more accurate as it captures the true physics by limiting the
viscosity increasas shown irFigure2-3. Barus law on the other hand is not suitable

to use at very high pressures.
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Figure 2-3: A comparison of the two laws for the pressure ddpece of fluid
viscosity. The Relands equation gives more accurate representation of the EHL

phenomenoi29].

2.2.5 The density pressure equation

The densitypressure relationship is given by an empirical relationship given by
Dowson and Higginsof81] (see equatio(2-6)). The increase in density is not similar
to the changes in viscosityith pressureThe densy increase has been observed to

belimited to an asymptotic value with increase in pressure as séeguire2-4.

o 2 (2-6)

In this equation; is the density of fluid and is the atmospheric density of the fluid
and the numbeo&xp T1is the reference pressure in Pascal. This equation is very

important to describe the EHL pressure spike and affects the central film thickness.
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Figure2-4: The increase in density with pressure. The dgnstrease is limited to a
value of 1.34 [29].

The EHL pressure spike and downstream flow constriction (towards the exit) are the
key characteristics identifying an EHL pressure and film thickness profile,
respectively. In noitonformal contacts, due to very high pressures inside the contact
and ambienpressures outside the contact zone, the tindiergoes rapid expansion.
This expansion may lead to flovavitationas well. Thus, the area of flow decreases

towards the exit region of contact to ensure flow continuity.

Petrusevich was the first to olpge this phenomenon correctly by simulating EHL
eqguations, hence, the pressure spike is also ternfeetiasevich spikeThe groune
breaking results for the EHL pressure spike produced by Petrusevich are shown in

Figure2-5.
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Figure 2-5: Pioneeringesults from Petrusevich et §82]. The momentary increase
in pressure (spike) and decrease in film thickness (constriction) can be observed

clearly towards the exit of contact.

2.3 Mixed Lubrication Modelling

In this setion the goal is to review the state of the art in mixed lubrication modelling.
The mixed lubrication models were developed as an extension to theEhitro
models. Initial efforts were mainly to simulate the effect of raggls in EHLThis is
better called micrdeHL / rough surface EHL. The models reviewed here are the EHL
models with actual asperity contacts, mixed lubrication moé&&isire 2-6 explains

these lubrication models. The presence of lubricant filled and actual aspspigyity
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contact regions can be seen in the mixed lubrication regime. Tistsghé literature
on micreEHL is reviewed and then the mixed lubrication models areplgle

reviewed.

2.3.1 Elastohydrodynamic lubrication with roughness

The pioneering work from Patir and Chef®f, 34] is consieéred to be the first
attempt to simulate elastohydrodynamic lubrication with rough surfaces although the
efforts started earlier with the work of Christensen and Tora#eB6] by developing

three variations of Reynolds equation to represent different roughness patterns and
orientations. Patir and Cheng simplified these three equations to a sinal®eqvith
generalized flow factors to consider the effect of roughness in the Reynolds equation.
Johnson et 4B7] actually extended the ideas from Christensen and Tonder to develop
analytica formulae for central film thickness and they were able to see qualitative
effects of roughness in modifying lubrication which was coupled with stochastic dry
contact theory to get one of the first mixed lubrication models by Greenwood and
Williamson [38]. In the meantime several researchers actively worked, especially
Tallian and coworker§39-44]. The efforts by Elrod et 445-47] to study artificial
roughness patterns followed by the work from Berthe and Gd8agall contributed
towards improving the understanding of roughness effects. Elrod actually gave a brief
account49] of the existing understanding about rough EHL and mixed lubrication.
But the key study in this era was the
numerical study of the effect of roughness in mixed EHL. All this above mentioned
work had one very bigassumption that theoughness was considered Ron

deformable
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Figure2-6: The lubrication regimes explaingsi].

The work from Lee and Cheri§1] was one of the earliest approaches to consider
elastic deformable roughness. They proved by performing simulations on a single
asperity passing through an EHonjunction that roughness actually undergoes
significant elastic deformation. The problem now was the lack of computational
resources to solve the full EHL problem. A breakthrough came with the development
and application of multigrid techniques in EBl Venner et al[52] andKweh et al.

[53] and improved byChang et al[54, 55]. Solutions involving more realistic

roughness started to app§a6, 57].

For a modelling study, the above literature makes more sense if put in the following
perspective. Roughness in EHL can be treated either stochastically or
deterministically. Stochastic modelling uses some key statiisjuantities to describe

the surface and relate these to lubricatidre Patir and Chenfb8] model is a classic
example of stochastic models of rough surface EHL for line contacts. It employed the
average flow Reynolds equations derived by Patir and Cfg@8jgo simulate the
hydrodynamic action and the load compliance relation developed by Greenwood and
Tripp [59 to model rough surface EHL. The model was extended to point contact

cases in 1988 by Zhu and Chdpg@, 61].
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Stochastic models cannot give localized detd®®]. With availability and
improvement of computational resources the trend shifted towards deterministic
inclusion of roughness in EHL modelling. Early attempts employed simplified
artificial roughness (sinusoidal, simple geometrical irregularities, |&8,)54, 62,

63]. Then more realistic-® machined or random roughness was used by Venner
[56] and Kweh et al[57]. Finally complete solutions employing3 machined
roughness in point contact EHL was given by Xu and Sadbdpand Zhu and Ai

[65]. None of these deterministic models could haad|gerityasperitycontacts.

Stochastic modelling is not used in this study. Stochastic models do not actually
simulate the mixed lubrication procd&®, 67] as the average effect of roughness is
employed through flow factors in Reynolds equations. These flow factors are
numerically usinga limited number of statistical parameters and without asperity
deformation. Tks leads to over approximations and system specific solutions. The
generalization of these results is questionable as for a particular average film
thickness, there can be various possibilities of having a rough surface contact. There
may be no asperity otact or severe asperity contact depending upon the real time
situation at the contagl7]. An illustration of these limitations is given kigure2-7.

The figure is not drawn to scale and is solely meant to explain the limitations described

above.

Some of these limitations can be handled with proper asperity interference inclusion
in stochastic models. The lambda rati6lm thickness ratio (ratio o€entral film
thickness to composite roughness) no more a simple fixed value due to
instantaneous movement of roughness causing film thickness changes. In a single
contact, there can be asperities that are under elastic deformation, some under plastic

deformation while others in an intermediate state of elpietic situation.
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Figure2-7: An illustration of the limitations of stochastic modEl3]

The variation of deformation should be included into the models if realistic
experimental conditions are to be achievedwben the roughness is averaged in
Reynolds equatiothis key aspect is missin§ome recent efforts to overcome these
limitations have started to appeartire literature recentlff68, 69]. The stochastic
models cannot give reliable information for film thickness whenftim thickness

ratiois less than 166)].

2.3.2 Mixed Lubrication: EHL with asperity -asperity contacts

The mixed lubrication regime is characterized by discrete asfaeptgrity contacts
occurringdue to surface roughness beiofjthe same order as the lubricant film
thickness. There are two distinct regions that are to be handled in mixed lubrication
analysis: the lubricated regions and the aspasperity contact regions and as such

there are two distinct ways of handling thavhile numerically solving the ML
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problem[20]. The first approach, treeparateapproach, handles the asperity contact
regions and the lubricated regions as two distinct regioms solves the EHL
pressures and the solid contact pressures with different physical models. The second
approach, theinified approach, handles the lubricated regions and asperity contact
regions in a single framework, solving the EHL and solid contacspres at once

through the same equation system (The Reynolds equation).

The first study usindghe separate approach was presented by Chéa@lgfor line
contacts with sinusoidal roughness. The first model fantpmntacts was presented

by Jiang et al[11] in 1999. They used digitized machined roughness aedthe
separate approach. The separate approach was further used by ZHadlenh&001

and Holmes et dI72] in 2003 to analyse ML during start up, Zhao and Sadé@hi

in 2003 to ML during contact shut down and Popovichi ef7d} in 2004 again to
study contact start up. All these examples have clearly defined patches of lubricant
and asperity contacts and the bougaamditions are easy to handlB9]. The unified
solution algorithm was also presented and applied to point contact with machined
roughness in 1999 by Zhu and Hib| and then by Hu and ZHu €] in 2000. They
applied and improved the sersiystem approach developed by[A&V] to formulate

the model. 8me later studies utilizing unified solutions algorithm were also presented
by Holmes et a[78], and then by Li and Kahramdi@9]. The unified solution
algorithm has been extended and improved since then. Liu[&0a81] improved

the approach by investigating the effect of mesh density, differential scheme and
viscosity model on the unified solution algorithm. ZI82] compared the numerical
accuracy in thin film and mixed lubrication cases. Wang €83 validated the model

for very low speeds.
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The separatapproach is not employed in this study. The main reason being that a
complete model to simulate the entire transition from full film through EHL down to
mixed and boundary lubrication is required and for separate approaches, dynamic
boundaries formed betwa lubricated and contact regions are very difficult to handle
[17]. The target in this work is to simulate interface mechanics and chemistry in a
single framework. The unified model of ML successfully bridges the field of contact
mechanics and lubrication science by utigia solution algorithm wheréhe
Reynolds equatiogives the dry contact pressures as well. The dry contact is the state
when there is no hydrodynamic lubricant film present between the contacting bodies.
But the hydrodynamic film is still a continuum which imposes a limitation that the

atomic and molecal level events cannot be captufad].

This challenge has been undertaken in this study and a framework is developed to
extend the unified mixed lubrication model to incorpordte tribochemistry of
ZDDRP. In the following section, the tribochemistry is reviewed in general. Specific
emphasis is given to the tribochemistry of ZDDP and the modelling studies to include

tribochemical informaon in the lubrication models.

2.4 The antiwear additive ZDDP

In this section the current state of knowledge regarding the understanding of the
functionalty of ZDDP is assessed. The ZDDP additive can act as a corrosion and
oxidation inhibitor as wellbut here only the antiwear character is considered and

reviewed. The limitations and gaps in literature are emphasised.
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Figure2-8: The structure@nd mechanical propertie$the ZDDP antiwear tribbim.
The scale on the-gxis gives the representative thickness of each layer within the
complete film[84]. (a) shows the complete antiear tribofilm formed by the action

of a simple ZDTP molecule. (b) the same film after washing with a solvent.

Even afte 70 yearssinceits introductioninto the lubrication industryhte antiwear
additive zinc dithiophosphate (ZDDP)s#ll the most successful lubricant additive
devised[89]. It is an essential element in engine ollke structure of the tribofilm
formed by ZDDP is shown ifrigure 2-8 where the comparative scale of the key
constituents is suggested to be the source of its antpeearmanceThere has been
extensive research going on to discover the remarkable functionality of thiseddi

On the other hand, the use of ZDDP has been restricted due to the presence of
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phosphorous which harms the modern exhaust emission cootrobtegies. fie use
of ZDDP isthusrestrictedand it is expected that one day it will be replaced by the
phosphorous free compound&here is still no alternative to the use of ZDDP as
antiwear additive. Even after extensive researclcongplete alternate is found that

gives the same performance, as ZDDP at similar[86kt

The versatile environments in which ZDDP operates is also remarkabée.
functionality of ZDDPhas been very actilye explored since itsdiscovery[87, 8§].

The reasons behinthis versatility of operation and ability to function in most
environments are still unanswerg8b] and requires further researcdDDP was
initially introducedas an antioxidant and corrosion inhibitor but its antiwear character
was soon realized. The antiwear perfanoe of ZDDP is attributed to its ability to

form tenacious tribofilms at the sliding interface.

The adsorption of the ZDDP molecule is considered a precursor to the formation of
any surface film and any reaction to oc¢89]. The van der Waals forsebetween

the additive ZDDP oits decomposition productnd the solid surface provide the
driving force for the movement of these species from bulk to the suvidee there

is a full lubricantfilm separating the surfacesis will resultin a layered stacking of
species based upon their relative polaktigher polarity species tend to be closer to
the surface[90]. As the load or temperature or both are increasehy of these
species undergihermaldesorption. Mechanat action might remove sonsgrongly
attached molecules as well. Thugh increasing lad,the preferential movement of
speciegtowards the surfacehanges from more easily removed partidiestrongly
adhering particleand the antiwear action becomes active. As the loading is further

increased, it is expected that the extreme pressciien is activated. Thughe
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applications in thishesis are restricted the loading conditions where the ZDDP

shows its antiwear character rather than its extreme pressure capabilities.

In the engine oil, ZDDP exists as a monomer or oligomer baseditgmsurrounding
environment.The ZDDP inEngineoil formulationsis generally a mixture 085%
secondary alkyl and 15% secondary alkyl ZD[QB]. The chemical structure of the

ZDDP molecule is given by several auth[8S, 88] (seeFigure2-9).

A O—R

\/’\ /\\/

/\/\/\

R— O—R

Figure2-9 Schematic of the structure of ZDDP moleci8§]

Once eitherthe ZDDP molecule or its decomposition products have reached the
surface, a chemid reaction or more appropriately, a series of chemical reactions takes
place resulting in thick, tenacious structural layers. It is proposed that an oxidation
reaction takes place between the substnatiace and the ZDDP molecule anfihal

step of codensation polymerization converts the reaction products into glassy

phosphate§38].

The tribofilm formation initially starts with a pad like structure with inhomogeneous
film growth and eventually the whole surface is covered with a thick tribofilm. The
thickness of these tribofilms can reachto@50 nm and are genelgaln the range of

50 to 150 nn{92, 93]. There are oxides / sulphides of iron and zinc near the surface
underneath a thick glassy phosphate layer. The outermost parts of the trdioofiéim

polyphosphatef94].
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Figure 2-10 An illustration of the gradient in structure and composition of ZDDP
tribofilm [85]

The tribofilm of ZDDP has been confirmed to grow on aluminigiticon alloys,
diamond like carbon (DLC) coatind95], silicon[96], tungsten carbid¢97], and
ceramicg[98]. The composition and structural properties are not much different on
either ferrous or nofferrous steels. Its main constituents are iron, zinc, phosphate,
sulphide and oxygen. These substances are not distributed evenly. The composition
of iron increases towards the bulk substrate while more phosphorous is present when
moving towads the outer egk of tribofilm [85, 99]. The structure of the glassy
tribofilm varies from highly amorphous at the outer edge to erthal pyre
phosphat glasses to base of tribofifh0(. Figure2-10 shows the gradient structure

and composition of ZDDP tribofilm.

2.4.1 The antiwear action of ZDDP
The antiwear additive ZDDP performs its antiwear action in one of the following ways
[85]. Three theries have been given to explain the antiwear character of ZDDP

I.  Formation of a soft / complm layer on top of the substrate, preventing direct

solid to solid contact by providing a barr[@01].



-37-

II.  Hard third body abrasive iron oxide particles are believed to be absorbed by
the antiwear action of ZDDP.
[ll.  The glassy phosphate layf®rmed on the contacting asperities is viscous in

nature and act to provide a slidimgerface with lower stress¢$07.

2.4.2 Mechanical behaviour of ZDDP tribofilms

The mechanical nature of the tribofilmagtoeen characterized quite well usingMF

and naneindentation experimen{84, 88, 103-107]. All these studiesoncludethat

ZDDP tribofilms possess smart behaviour. The tribofilm responds to loads and
environments. The hardness and stiffness vary through the film depth. There is no
clear answer to this smasehaviour of the tribofilms and research is still ongoing.
The hardness of the tribofilnvaries between 1.5 and 3.5 G| and the elastic
modulus is a function of hardness as well.

To explainthe superior functionalityof ZDDP, Mosey et al[108 used molecular
dynamics simulations to relate the theory of pressure induced crosslinking to the
formation and behaviour of the ZDDP trildofs. Their study aimed at development

of new antiwear additives by improving the understanding of ZDDP tribofilms.
Although they relate their results to a wide range of experimental data, their
simulation parameters are unrealisiibe properties of ZDDRibofilm as a function

of temperature were quantified using namaentation and AFM set u09. A

simple model was used to extract the elastic modulus of the film.

2.4.3 Composition and gructural properties of ZDDP tribofilms

It is widely accepted that the antiwear tribofilms possess a gradient in structure as well
as composition. The tribofilm forms layer by layer but the layers closer to the substrate
contain shorter chain length structures while theer layers have longearhain

phosphated110 111]. These studies report the presence of a viscous layer of
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physically adsorbed additive above the actual tribofilm. This layer can be easily
removed by solvents. The layer of antiwear tribofilm just below this viscous layer
contains log chain amorphous zinc and iron polyphosphates chemically adsorbed to
the layers underneath. The chemically reacted layer very next to the substrate and
above contains short chain polyphosphaldsere is no sharp interfacial separation
but a gradual varteon of chain lengths graded from top to bottom. The composition
of the tribofilm also changes from top to bottom with higher concentration of zinc in
the top part of the tribofilm and a higher concentration of iron towards the part of the
tribofilm near he substrate. This gradient in structure and composition is related to
the variation in mechanical properties of the tribofilm with depth. The hard layers near
the substrate bear the load while thieldle and top layers in thigbofilm provide an

interfae thatcan be easily sheared gmevents weal112.

2.4.4 Tribofilm growth and growth kinetics

The growth rate and the steady state film thickness value achieved tojptiidm

arethe key parameters to considéhe apparatus used to study the thickness of the
tribofilm is the Spacer Layer Interferometry Method (SLIM). A steel satubbed
against a steel disc atgbricant is supplied inside the contact. Depending upon the
type of additive presenthe tribofilm will form. The tribofilm on the ball surface is
monitored through time. The experiment is stopped and the ball is pressed against a
glass disc coated with spacer layer. An interference image is obtained which can be

interpreted as thickness of tribofilm.
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Figure 2-11: Schematic representation of the basic principle of tribofilm thickness

measurement using SLIM.13.

The SLIM is integrated with a ball on disc set up in a mini traction ma¢hirg and

its schematic principlef tribofilm thickness measuremeistshown inFigure2-11.

The tribofilm thickness over the whole interference image is averaged and a mean
value is given as an output.

The growth behaviour of ZDDP has been studied extensjtéy 107, 114117).

The first successful attempt to capture the growth kinetics was made by Fujita et al
[92].

They used a Mini Traction Machine equipped with SLIM to quantify the growth of
tribofilm. An empirical model to capture the kinetics of the tribofilm growtls aiso
developed and fitted texperimental data. The importance of having a complete
approach for simulating the growth and removal of the tribofilm was emphasized. The
concept of removal of tribofilm can be related to the characteristics of the tribo

surface. A time delay in the foation and removal kinetics was suggested as well.
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The work from Fujita et aJ]92] considered primary and secondary ZDDFke
tribofilms were found to grow with different rates and reach a final steady state value.
The study of tribofilm growth using single asperity contacts using Atomic Force
Microscope (AFM) was done by Gosvami et[&8l6]. The growth of tribofilm was
studied in situ. Thermal energy and stress were identified as key parameters
contolling the growth kinetics. They also presented an Arrhenius based model to
capture the growth behaviour of tribofilms.

Andersson et a[22] presented the first complete approach to calculate the tribofilm
growth in a deterministic boundary lubrication framework. Their growth model was
purely Arrheniusbased with no effect of shear stre&gheoretical modelo predict

the growth of tribofilm based upon the thermodynamics of interfglcs 119 was
developed by Ghanbarzadeh et[aP(. They considered the simultaneousvgito

and removabf the tribofilm with deterministic definitions of roughness, weaad
tribofilm growth. Their model included the effect of both temperatureshredistress.

In a recent study byhang and Spiked®7], the tribofilm formation under solely EHL
conditions with no solid to solid contadss been observed, suggesting that the
growth oftribofilm is a stressctivated chemical reactigthenomenoif121-124.

They used high friction lubricants to grow tribofilms on tungsten carbide Galés.

ball and disc were super finished with roughn@&g values of 10 nm and 7 nm

respectively.

2.4.5 Tribochemistry of ZDDP antiwear film formation
Theantiwear action of ZDDP starts with the presence of ZDDP in the solution phase.
The ZDDP from its solutiophase should reach the surface of the substrate where

further chemical reactions occur to form the antiwear tribofilm.
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In the solution / bulk phase, the type and size of the radical group controls the
properties of the ZDDP molecule. Alkyl groups are ggaily found on the ZDDPs
employed in engine oils. A distribution of several alkyl chain lengths is used to get
required solubility and thermal stabilif90]. This solution phase ZDDP then reaches
the surface. Whether it reaches as ZDDP molecule or its decomposition products is
still not clear At the surface of substrate, the ZDDP reacts to form the antiwear film.

It is proposed that ZDDP undergoes an oxidation reaction on the surface followed by

a condensation polymerization step to form a glassy phosphate 8B

The decomposition of ZDDP is a complex process and several possible pathways have
been suggestedhe dithiophosphate ligands are weak so the zinc cation can be easily
replaced by iron or coppéorming less stable metdialkyldithiophosphate§l2§.

The ligand exchange behaviour of ZDDP becomes critically important when other
additives epecially friction modifiers arblended togethdrl27, 128. The ability of

ZDDP to decompose hydroperoxid@29 and peroxy{130, 131] radicals also resudt

in the decomposition of ZDDP. This route of decomposiof ZDDP defunct the
antiwear action of ZDDRP7, 132 and the main reaction products are no longer the
glassy phosphateb the absence of hydroperoxides and peroxy radicals, the ZDDP
undergoes a different route to decomposition at temperaturasoohd 130C to

23(°C[85]. The oxygen and sulphur exchangkes placevithin the ZDDP molecule

[133.

The next step is the adsorption of ZDDP on the substrate surface. TheatBdxBs
on iron via the Sulphur atom on the P=S b¢bd4]. Once the temperature reaches
around 60C an irreversible reaction occurs and the ZDDP loses its Zn alohas

also been proposed that the O/S isomer actually adsorbs on steel §uB%ce
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Whether ZDDP directly adsorbs on the surface or this exchange isomer reacts with

the substrates still a debate.

ZDDP can form either thermal or tribblms depending upon the route of formation
(heat or friction). Although chemically the same, the tribofilms are considered to be
more durablg[135137] than the thermal films and require the aspemgperity
contacts and sliding to grow on the substfa@. The tribofilms mainly form on the
sliding trackg 85, 113 138 and can fom even at ambient temperatur@se rate of

formation of these tribofilms is incread with increasing temperatui@?].

2.5 Friction with ZDDP

SomeZDDPs areconsidered to increase fricti@mompared to nc@addtive lubricant
situations This characteristic has recently been highlighted due to the fuel economy
considerations in engine oi[85]. Initially it was thought that BDP tribofilms
producea higher magnitude of boundary friction but further experiments revealed that
the friction increase was mainly in mixed lubrication conditidt®d. Later studies
confirmed that the higher friction due to ZDDP had nothing to do with boundary
friction but the experiments showed that the complete Stribeck curve was shifted to
theright. This was linked to the roughening of the surface wutibofilm which
grows in a patchy mannf84, 109. Further research on this led to the conclusion that
even smooth tribofilms have highéiction in mixed lubrication[139 14(. The
presence othe tribofilm is believed to hindefluid entrainmentand delay lubricant

film developmentThese high friction properties of ZDDP are generally harmful but

might prove blessing in some applications like continuously variable transmissions
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2.6 Summary

Mixed lubrication and elastohydrodynamigbtication are described by the same
eqguation set. The solution to these equations is very difficult especially under extreme
conditions. Developing a mixed lubrication solver essentially invale®loping a

robust solver that can handle asperity costatficiently. The currently available
solvers are classified as either stochastic or deterministic depending upon whether the
roughness is treated stochastically or deterministically. In thertstudy stochastic

models are not being usdde to their inability give localized contact details.

A mixed lubrication solver that can simulate lubrication transition from full film down

to mixed lubrication is required. Depending upon how the contact pressures are
solved, the deterministic solversan be separate models or unified models. For
lubrication transition studies, a unified solver is required. Thus, a mixed lubrication
solver based upon the unified solution approach is required and this challenge is

undertakenn this study.

ZDDRP is thepreferred choice as an antiwear additive in engine oils due to its superior
functionality and low cost. It performs its antiwear action by forming a smart layer on
top of the substrate to protect it. The digestion of the hard abrasive iron oxide particles
is also one of the proposed modes of its operation. It grows in a patchy manner and is
inhomogeneousThe chemical and structural inhomogeneity through its thickness
results in gradually varying mechanical properties. This makes the tribofilm a smart
mateial and it responds to the loading conditions to provide superior protection
against wear. The tribochemistry is quite unclear and complex. Various reaction
pathways have been proposed but there is no definitive answer yet. The growth of
ZDDP tribofilm is not restricted to steels or metals. Tribofilm growth on ceramics,

diamond like carbon coatings (DLCs) and #ferrous substrates has been observed
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and experimentally verified. The strength and durability of the tribofilms is considered
to be crucial in cotrolling wear.The current consensus the growth kinetics of the
ZDDRP tribofilm is that it undergoes a stremstivated chemical reaction where the

shear stress reduces the activation barrier facilitating the chemical interaction.

The literature on the understanding of the ZDDP tribofilm growth in a lubricated
contact is limited. The studies dealing with this problem only consider boundary
lubrication. The models considering the effect of lubrication are very rare. Thus, a
mixed lulrication model that is capable of simulating the entire transition from full
lubricant film thickness talry contact conditions is required. The model should also
consider the tribochemistry. Thus, enabling the study of tribofilm growth in all the

lubricaion regimes and the dynamic changes of lubrication regimes to be analysed.

The unified mixed lubrication model successfully bridges the gap between lubrication
and contact mechanics. The inclusion of tribochemistry will allow the study of
problems involvilg multiphysics phenomenon of lubrication, contact mechanics and

tribochemistry in a single framework.

It is to be noted that the literature review in thigpter is more generalized and
specific review relevant to each topigiovidedin Chapter 3Chapter 4Chapter 5

Chapter GandChapter 7
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Chapter 3

Mixed Lubrication Model: Numerical,

Algorithmic and Computational Details

In this chaper the complete mathematicalimericaland computational detail®f
the mixed lubrication modedre developed and the detailpresentedThe mixed
lubrication modelwas developed and complete computer code was developed from
scratch using the FORTRAN programming language resulting in a highly useful tool

to access problems at the engineering scale.

Themathematical model for the mixed lubrication probisroutlinedin section3.1

The equations defining the EHL / mixed lubrication problem are outlimbdse
equations are then nahmensionalized in sectioB.2 Solversfor the Reynolds
equation are prone to slow convergence at high pressures and it is very daoffgzilt
converged solutions when actual aspeai$perity contact takegplace. The
conventional solvers fail under such mixed physics situations. Thus, the problem of
developing a mixed lubrication solver essentially means developing a robust solver

that can handle discrete fluid and solid contact spots.

The numerical solversleveloped for the EHL / mixed lubrication problem are
reviewed with specific emphasis on the ability of solvers to handle extreme conditions
in section3.6.2 Thekey reasons causing this loss of convergence are exm@arced
among various solvers, themisystem method is chosen and implemented. This
method requires the entrainment flow terms to be included in the development of
coefficient matrix to ensure diagdreominance in both low and high load conditions
The unified mixed lubrication algorithm is introduced and the details of the

implementation specific to this study are given. The discretized Reynolds equation
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results in a system of equations that need=etsolved numerically. TH&iDiagonal
Matrix Algorithm (TDMA) algorithm is introducedh section3.6.5 To address the
issue ofa loss ofcoupling in the direabn transverse to flow at higher pressures, the
TDMA algorithm is implenented in a line by line manner; details of implementation
and a discussion of ¢hsuperiority of this algorithrare given in sectio.6.5 The
application of bounary conditions is then addressed in sec80h2 For a TDMA

algorithm,it is slightly tricky to handle thboundary conditions.

The calculation of deformation by the Boussinesq integral is very time consuming and
its calculation scales a® (N°) due to the double integralThe calculation of
deformation requires multiplicatioof the influence coefficient matrix with pressure.
This multiplication with the summation results in a linear convolution. If this
convolution is converted into a cyclic convolutidast Fourier transforms (FFTan

be used to solve this convolution the frequency domain. This reduces the
computation time significantly and the method scalas @sa € 6Q . Thus allowing
simulations with larger number of iterations and much finer meshes can be used. The
details of the complete procedure of transforgrihe linear convolution into a cyclic
convolution by prdreating the influence coefficient matrix and the pressure matrix
are given. The Fourier transforms are computed with the highly optinfg&dv
library (www.fftw.org) that s freely available. Therefore, secti@® details the
implementaion of the FFT algorithm and ti@plementatiorof the specific interface

to link the FFTW library withFORTRAN progamming language. The use of FFT

method reduces the computation time by several orders.

Thevalidation of themixed lubrication modek presented in sectidh10 The EHL
calculations based upon finite differences are prone to grid dependence and the grid

justification is performed by calculating the central #meminimum film thickness


http://www.fftw.org/
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values forincreasing values of mesh densifyhe calculations are performed for
speeds ranging from very high to ultaav values.Then the model outpurt the form

of pressure and film thickness profiles for a smooth contact and at specific speeds is
compared agnst published results.xEellent agreement is found both qualitatively
and quantitatively. Finally, the ability of the model to capture lubrication transition

is explored.

3.1 Governing Equations for mixed lubrication problem

The governing equations have bgeasented already in chapter 2 but here these are
repeated for the sake obnvenience andompletenessThe lubrication problem is
simplified by using equivalent values for the radius and modagushown irFigure

3-1. This enables the change of contact configuration from having two cylinders in
contact to the contact between a ball and flat. This simplified configuration is used

throughout this stdy and is preseedl inFigure3-1.

= .

vy O
YYY —
0]

Figure3-1: Contact simplification and definition of key parameters
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The mixed lubrication problem is mathematically defined by three basic equations:
the fluid flow equation, the elasticity equation (film thicknessd the load balance
equation. This system is inconsistent and requires two additional eguati@img
density and viscosity as a function of pressure. Thus the complete system is solved by

these five equations which are outlined below.

Reynolds equain

_— = Y— —— T (3-1)

Film thickness equation

~ ,~ ~ ,~

yQ \l rl \ ,,Q (\) - - d) \I rI \ .Y ‘l" rl"\ (3_2)

wherethe last two terms represegifistic deformation of the contacting half spaces
and the roughness functiomspectivelyThe elastic deformation is calculatedthg
Boussinesq integral

ooy — 0 — e (3-3)

while the roughness function gives the migeometry of the contacting bodies

Yo 7 avho 1 afivho (3-4)

For moving roughness, the roughness functions are described as

~ ,~

oW 1 @ TYzom

Toddd 1 o TYzZow

Load balance equation
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O el (3-5)

Pressureviscosity equation

The Barus equation

-n -Q (3-6)

The Ro¢ands equation

-5 -0Q (37)

Density pressure equation

o S (39

The Reynolds equatior3-1) describes the fluid film formation in the EHL
conjunction while theelastic deformation equatio(B8-3) represents the contact
mechanics bthe problem. The ML problerassentially combines both the fluid flow
and elasticity equation in a single domain makimguch more challenging to obtain
conwerged solutions for the mixed physics problem. The load balance eq(8&pn
ensures that the calculated pressures are actually the correct pressures by balancing
pressures and loath the EHL conjunction, the pressure might be several orders of
magnitude higar compared to ambient conditions and thus it is essential to consider
the effect of pressure on viscosity to correctly model the rheology of the lubricant.
Several equatins are presented to relate viscosity to pres3ineBarus law(3-6) is

the most commonly used due to its simplicity and ease of implementatictoes

not represent true viscosipressure phenomenont Aressures above 1 GPa, the
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pressures predicted by the Barus may be quite overestii2@iedhus, the Roands
equation(3-7) is used in the current studipue to the high pressures in the ML
conditions, the fluid cannot be considered incompressible and the change in density
with pressure is importanthe change in density is represented by the Dowson and

Higginson formulation given in equati@&-8).

3.2 Non-dimensionalization

In the above section, the EHIML equation set is presentdétom a computational

point of view, it is always advisable to ndimensionalize the problem equations.
The film thickness values range from micrometers to nanometers while the pressure
ranges from megapascals to gigapascihus nordimensionalization removes any
numerical inconsistencies that might occur due to the very large and very small
numbers. Secondly, comparative analysis can be performed quite easily without
actually having to deal with the magnitudes of quaetitAnd it has been a standard
practice among the EHL community to rRdimensionalize the equation sEhe same
practice is followed here Thus, the \following variables can be used to Ron

dimensionalize the above equations

' > h 3 L T T % 0 TY‘I
-hb —hO0 —hH —h —hY —
N 1 - 13

~

o

| e

o

el e
€

Here,®is the half width of the Hertzian contact.

TheReynolds equatiohecomes

- - - — — 7 (3-9)

for®df O MY and®  ORY . Inthis equation, —and I ———
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The solutionshould obey the following boundary conditions

~ ~ ~ ~ ~

Do Oadhd Odahd Odw (3-10)
And imposingd &y Trsatisfies the general cavitation boundary condition.

The lm thickness equatiobhecomes

oo 0 — — — | @ ——I e Yo (31D

The dimensionles®ad balance equatias

0 AMYQOQH— (3-12)

The load balance condition is implemented by adjusting thedmoansional gafO

in the film thickness equation.

The Roelads pressureviscosity equatiotbecomes

- Q (3-13)

and finally he density pressure equatioecomes

"0 - (3-14)

3.3 Discretization

The nondimensionalized equation set (equation(3-9) to equation (3-14) is
discretized on a regular gritd  3@using finite differences, thoughrégular grids
can also be use@entral differencesre usedor the pressure flowerms (Poiseuille

terms) andirst order backward differences for the wedge (Couette flow) and squeeze
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flow terms (the transient derivativeThis paricular difference scheme is chosen
based uportie detailed study by Liu et 80, 81]. The discrete versiond the mixed

lubrication equation set is presented in the next sections.

3.3.1 Discrete Reynolds Equation

Thediscrete version of the Reynolds equation is given below:

A h -5 -5 -5

T (3-15)
O §
v P
Q —hQ | g%,
o0—O0° omo 0]
"Q phQ o Pee "Q phQ
X5(0) PO o ¢ o
C
o _
"AQ p

Figure3-2: The distinction between the stencil of pressure differences and the stencil
for discretizing the Reynolds coefficients. The open points and red indices refer to the

stencilfor Reynolds coefficients.

The discretization of the termrequires attention. This term is discretized on a grid
that is different from the actual grid for solving the Reynolds equation and its value
at a particular node is the average of values auheunding nodes halfway through

the grid and is definedas, , . , _ (where, . , {5 , §)asshown
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in Figure3-2. The indices laelled red and with hollow circles correspond to the grid

for evaluating j values.

To write the discrete version of the film thickness equation, the Boussinesq integral
for the half space elasticity needs lie represented as a discrete operator. The
denominator in this integral has a discontinuity at the point where the deformation is
being calculated. This discontinuity can be avoided by writing the problem in polar
coordinate$14]]. In rectangular coordinates,

oo — | ———0'YQ'Y (3-16)

The denominator gives the distance between the poiit® the point where
deformation is being calculateashd "Yi'Y the point where pressure is actify
becomes singular whedd “Yand & “Y To avoid this singularity first the
coordinates are traformed by shifting the origin to'Yi'Y and substitutingiee &

"Yandiee ® Y

¢

fongon (3-17)

Using polar coordinates to represent this equasancessfully eliminates the
singularity. Thus substituting® 1 AT-Qand ® 1 OE+ the above equation

becomes,

oohd — _ 0ih—0Qi Q— (3-18)

Now this integral can be evaluated by numédricéegration procedures but the

computational effort required to solve this for the point contact problem restricts its














































































































































































































































































































































































































































































































































































