Experimental techniques for investigating lubrichteompliant, contacts
C. Myant

Experimental techniques for
Investigating lubricated, compliant,

contacts

By
Connor William Myant
Thesis submitted to Imperial College London

for the Degree of Doctor of Philosophy
and Diploma of Imperial College London (D.1.C.)

April 2010

Tribology Section

Department of Mechanical Engineering
Imperial College London

2010



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

Abstract

The study of Tribology between soft or compliantfaces is not well understood
despite its importance to many biological and eegimg applications, ranging from
synovial joints to rubber o-ring seals. It hasodieen shown that the science of
Tribology and lubrication in compliant contactsais important factor in the sensory
perception and functionality of skin, hair and tbeal cavity, and so has an
immediate application of the design of consumedpots such as skin creams, hair

conditioners and foodstuffs.

This thesis aims to improve our understanding of titm lubrication between soft,
deformable surfaces under light loading and lowspuee conditions. The primary
focus of the thesis is the development of techredue which to measure the film

thickness between compliant surfaces, from the n@nihe micro-scale.

Several experimental techniques currently existrieasuring film thickness in hard,
metallic contacts and these are widely employed Thibology research of
engineering systems. However they require corsder modification to be
applicable to compliant contacts. This thesis diess the development of two such

techniques;

* a optical interferometric technique; for measurnrano-scale thicknesses in
compliant contacts;
» alaser induced fluorescence technique; developethable measurement of

lubricant thickness of relatively thick films in mgliant contacts.
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Chapter 1

Introduction
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1.1 General Introduction

The study of tribology between compliant surfacesat well understood despite its
importance in many biological and engineering ajgtions. For example it has also
been shown that the science of tribology and laioo in ‘soft’ or compliant
contacts is an important factor in the sensory ggron and functionality of skin,

hair, food and beverage products [1].

By contrast, the Tribology of stiff solid surfacesrelative motion is now relatively
well understood especially in terms of the lubriddm thickness generated between
surfaces. A great deal of work has been carrigdrothis field, aimed primarily at
reducing friction and extending the useful life ehgineering components.
Investigations have applied such work to the desigmearing and gear surfaces and
the use of performance additives and surfactantisiwengine lubricants, to name
but a few applications [2,3]. A few film thicknesgidies have also been carried out
in compliant-tribological systems, but our undemsiiag of this topic lags behind
that of stiff contacts. ‘Soft’ or compliant-tribmyy research has, in the past, been led
by the rubber and oil seals industry, with verijdiinterest or knowledge originating
within the bio-medical and bio-science industriesThe latter industries have
traditionally focussed on the rheological propertief fluids rather that their

tribological ones.

1.2 Research Objectives

This project aims to develop a clearer understanthan exists at present of liquid
lubrication between compliant surfaces under lightl and low pressure conditions,

compared to stiff, metallic contacts. The primdogus will be on developing
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techniques with which to measure the film thicknlessveen shearing surfaces from

the nano- to the micro-scale.

Techniques exist to measure film thickness in hardnetallic, contacts, but these
need considerable modification to be applied to mlant contacts. The techniques

to be used in this project will be:

* Optical interferometric technique; will be applied measure nano-scale
thicknesses in compliant contact.
« A laser induced fluorescence technique will be tmped to enable

measurement of thickness for relatively thick films

The development of visualization and film thicknessasurement techniques could
then be utilized by industry to gain a better medstec understanding of the
lubricating properties of their product. Ultimatelthis may lead to improved

controlled product design.

1.3 Structure of thesis

The thesis starts with a literature review of teghas for investigating lubricated,

compliant contacts in chapter 2.

Chapter 3 describes the main experimental technigee to investigate friction in
lubricated, compliant contacts. Results from thigsknare presented and discussed in

chapter 4.

Chapter 5 describes the first of the two experimetechniques developed to
measure lubricant thin film thickness in a compliaontact. This is optical
interferometry, which is a standard technique f@asuring lubricant film thickness
in ‘hard’, metallic contacts. The technique is eleped and adapted to meet the

-19 -
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requirements of poorly reflective contacting matks;i where one or both materials

have a low elastic modulus.

Film thickness results obtained using the modifieterferometry method is
presented in chapter 6. Film thickness maps aafilgs across a range of applied
loads and entrainments are shown for two Newtofliads. Film thickness maps

are compared to a theoretical model.

The second of the two film thickness techniqugsrésented in chapter 7, where the
use of laser induced fluorescence (LIF) to meadubgicant film thickness in
compliant contacts is explored. Chapter 8 presesisits for a pure sliding contact
between PDMS and glass lubricated with glycerol water solutions over a range
of entrainment speeds. Film thickness measuremam@smade for both fully-

flooded and starved conditions using LIF.

A final summary and conclusions, as well as suggestfor possible future work to

follow on from that already carried out are presdnh chapter 9.

-20 -
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Chapter 2

Techniques for investigating lubricated,
compliant contacts: A review

The following chapter reviews the state of expentadetechniques and procedures
for measuring friction and liquid film thickness lioth stiff and compliant contacts.
Particular reference is given to the developmeriiteest apparatus for investigating

the isoviscous elastohydrodynamic lubrication (1{Bkegime.

-21 -
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In many practical lubricated engineering and biaabapplications one or both of
the bodies in the contact has a low elastic modahg the prevailing lubrication
mode is Isoviscous-Elastohydrodynamic LubricatibiKL). In this regime, the
contact pressure is large enough to cause signifielastic deformation of one or
both of the interacting solids, but the pressur¢hiwi the contact is low and
insufficient to cause any substantial change in Itheicant viscosity within the

contact inlet [4]. Typical example applications:ar

* Friction of windscreen wipers [5]

* Road and tyre contact [6]

» Performance of rubber o-ring seals [7-10]

» Studies of natural synovial joint lubrication [12]1

» Oral processing [1]

» Taste and taste perception of foodstuffs and bgesrfl 3-16]

» The feel and function of cosmetics and skin creanj [

Most previous experimental investigations into HEHhave focussed on the
frictional characteristics of lubricated compliardontacts. By measuring
friction/entrainment speed curves or “Stribeck @sfvone is able to obtain a clear
indication of the prevalent lubrication regime. igthas shown how lubrication
regimes can be controlled by varying contact patareesuch as slide/roll ratio [18],
surface roughness [19] or wetting characteristk¥.[ There has been a growing
interest within the biological industry to undersdathe tribological properties of
complex fluids, in particular foodstuffs and skieam. For example, for many soft-
solid foods, it has become clear through controfledsory tests that bulk rheology
alone does not provide all the characterisatioim-ohouth sensory properties [21]. It
is now recognised that the tribological propertefsthe foodstuff in the soft
tongue/palate contact influence how the food icgieed [1]. Likewise, for non-
Newtonian fluids, both their in-use performance gnocessing is dependent on the
solutions’ tribological properties [16]. It is tlefore important to model these bio-

surfaces and processes.
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2.1 Test materials for biological surfaces

In-situ testing of bio-surfaces is difficult to aete. However, there have been a few
studies in which the tribological properties of 4sirfaces have been investigated by
employing a real bio-surface. Prietal.[22] investigated the frictional conditions
within the human mouth. The coefficient of frigtidoetween two pig mucosal
surfaces was measured using human saliva. Worledavut by Adamst al. [17]

and Tanget al.[23,24], investigated the lubricating propertiéhroman skin. Adams

et al. used a smooth glass or polypropylene, spherippetl probe sliding against a
human forearm, while Tangt al. employed shaved Porcine skin. Results were
reported for a range of lubricating conditions, Wapeatability of testing was

difficult to achieve.

Due to ethical issues and the difficulty in obtamibiological tissues many
researchers have used elastomer as a replacersentegium and, for the majority
of research, crosslinked polydimethyl siloxane (PB®)Nhas been employed. This is
widely used to mimic bio-surfaces due to its simiteechanical properties to human
tissue. PDMS is utilized as one [18,21,23,24] othb1,20,25] of the contacting
surfaces in the tribological contact to maintaiw loontact pressures and create the
conditions for I-EHL to occur. One key advantagd*®MS which has contributed
to its widespread use is its ease of fabricatiBnior to crosslinking, PDMS can be
cast into suitable moulds of almost any desiregpshaOther attractive features of
PDMS include its physiological inertness, avail@pillow unit cost, as well as its

good thermal and oxidative stability.

The tribological properties of PDMS are now wellderstood. Vorvolaskos and
Chaudhury [26] investigated the effect of molecwlaight and test temperature on
friction in a pure sliding contact between a PDMf8l anetal surface. Bongeads
al. [25] investigated the effect of surface roughneE$OMS on the lubricating

properties of biopolymers and aqueous solutionsMBDlike most elastomeric
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surfaces, is by nature hydrophobic but an oxidatreatment can be employed to
create a hydrophilic surface. Hillbomgt al. [27-29] and Schneemilckt al. [30]
investigated the wettability of PDMS before andeafoxidisation by several
techniques and studied the effect of crosslink ilgim® oxidation. Leeet al [20],
and de Vicenteet al. [14,31] looked at the influence of surface modifion of

PDMS on its aqueous lubrication properties.

However, there remains some debate over the dlitiati PDMS as a model bio-
surface. Ranet al. investigated the effect of surface structure oa fiictional
behaviour of a tongue/palate tribological system2].[3The tribological system
involved steel or PTFE hemispherical body slidiggiast silicone samples, with the
latter having well-defined surface structures thate produced in order to cover the
different scales of roughness of the human tonBIEVIS was selected to model a
human tongue because of closely-matching mechanitelracteristics. The
investigation by Ranet al.found that friction is affected by a complex condiion

of factors, such as surface topography, contasspre, wetting behaviour and build
up of lubricating film. The investigation concludéaat moulded silicone surfaces
constitute a promising way to asses the effecoonfjtie topography on ‘in-mouth’

friction.

In a similar investigation, by Dresselheisal.[33], the surface characteristics of pig
tongues were compared with that of PDMS. The ingasbn concluded that PDMS
showed dissimilarities in surface characteristiostiiose of a tongue surface;
therefore oral mucosa and PDMS rubbers, even witktractured surface to
reproduce biological scenarios, are very differamd not interchangeable in
tribological experiments. Although PDMS rubbers dasimilar hydrophobic
gualities to a tongue, PDMS is smoother and haslastic modulus two orders of
magnitude larger. Finally, Dresselh@sal. [33] suggested that tribological studies
using simple rubber devices were not suitable fiudyng the behaviour of
emulsions in the mouth. However, Dresselratisl. failed to take into account the
variable mechanical characteristics of a ‘live’ dar. Despite their conclusions,
many authors continue to use PDMS in modellingriauth’ friction.
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2.2 MTM friction testing

The majority of laboratory investigations into thricity of liquids are performed
using a tribometeri.e. a friction measuring instrument. There are a nemf
tribometers commercially available but perhapshkbst known and widely used is
the MTM, or Mini Traction Machine (PCS Instrumeritondon, UK).

Due to the growing interest in bio-contacts, the Mihas been used to assess
lubrication properties of some biopolymers in coiodis relevant to describe bio-
tribological contactsi.e. significant elastic deformation of the mating sieds but
insufficient contact pressure to cause any incréadie lubricant viscosity [34].
There is a lack of knowledge concerning the rdal-lcontact conditions of
bio-tribological contactsi.e. contact pressures and entrainment speeds duralg or
processing. Much of the research has, therefareglg to merely create I-EHL
conditions, which is considered to be the maini@ation regime. To make these
investigations possible, modifications were neededthe MTM, which was
originally designed to study steel/steel contadBassinet al. [34] noted that, with
steel-steel conjunctions, the maximum Hertz conpaessure is around 1 GPa for a
load of 10 N. Such contact pressures are irretef@n describing tribological
contacts between soft, deformable surfaces. A dde&d can be applied during
testing, but between a pair of non-conforming sseelaces, Hertz theory means that
pressures continue to be above 10 MPa even at wakslef load. For this reason, a
body with a low elastic modulus is essential. Agsult, all experiments by Cassin
et al. [34], and later by de Vicentet al. [14-16,18,31] were carried with an elastic
disc. Figure 2.1 shows the standard ball on ditkpsemployed by the MTM, and
the elastomer disk setup employed by Cassin aadbbgtde Vicentet al.[18].
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Figure 2.1. Schematic representation of the mimction machine and arrangement
of the silicone elastomer disc holder (MTM) [18].

De Vicenteet al. [18] compared friction results using the MTM te tpredictions of
a numerical models. However, the models predidmder friction than that
measured and disparities of ~ 4% were found. K w@ncluded that these errors
between theoretical models and MTM data were duenitwor errors within the
MTM, rather than the models themselves; in pardicid calibration error in the
applied load, which is used to convert measuredtidn force into friction
coefficient. The load is applied by a leaf sprargl stepper motor and calibrated by
counting the number of steps taken by the motae&xh contact, when under an
arbitrary upward load. All other loads are extiaped from this calibration process.
Bongaertst al.[25] noted that the compliance of the elastomedees it impossible
to know the exact curvature of the load beam (agnkcé the applied load) if the
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curvature is not measured directly. Therefore, ga@mntset al. installed a strain
gauge on to the leaf spring through which the Isadpplied on the MTM. They
found that previous studies carried out at 3 N weract carried out at 1.3 N. The
addition of the strain gauge makes more accurai® load/low pressure

investigations possible.

Studies done by Cassib @& [34] used a soft elastomer mounted on a stairst=sd
disc to decrease the contact pressure. This nsatdh emulated more realistically
the forces applied in the mouth and the hydrophahitire of the oral tissues than
the conventionally-used steel [21]. Elastomer loarused to model the compliance,
surface roughness and surface chemistry that iexmetiny bio-tribological contacts
[25]. The low elastic modulus and low contact ptge means that, when a

lubricating film is present, the contact should e in the I-EHL regime [16].

2.3 Film thickness measurements

When designing any component that will encountbritated sliding, the fluid film
thickness is one of the most important componentsts design and eventual
performance. At large film thickness, within thd&eHL regime, where surface
asperities are no longer in contact, the hydrodyoamoperties of the fluid govern
the frictional forces between the two surfaces. aAsesult, energy is needlessly
expended to overcome shearing and churning lossesontrast, for very thin film
thicknesses, typically lower than 1-3 nm, breakdavfrthe boundary lubricating
film can occur, causing high levels of friction amear. In the last sixty years a
large number of lubricant film thickness measuremeathniques have been

developed, with varying amounts of success.

As yet there is no established technique for reljimbtaining film thickness data
within compliant contacts formed by elastomeric andst biological materials.

Indeed, to date there has been little work pubdstre film thickness measurements
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in I-EHL contacts. This is unlike stiff contactsrined by most ceramics and metals,
where optical interferometry is now routinely usem measure the EHL film
thickness properties of lubricants, while electricapacitance measurements are
often employed to measure EHL and hydrodynamic firoknesses in engineering
components. To identify an appropriate techniguieneasuring film thickness in
compliant contacts it is valuable to review the ilmde techniques for detecting
lubricant presence in non-compliant contacts. Tlaesenow presented.

Currently the techniques for measuring lubricairn fthickness within lubricated
contacts can be divided into two main groups, thHzssed on electrical techniques,
e.g. electrical capacitance and resistance measureraedt electromagnetic
radiation-based techniques,g. optical interferometry, Raman spectroscopy, X-ray
transmittance, laser fluorescence. There are al$®w other techniques such as

ultrasonics and direct displacement.

2.3.1 Electrical techniques

Electrical methods for measuring lubricant filmcltmess involve obtaining, (by
direct measurement or deduction), an electricalpgmy of the lubricant film
(typically resistance, capacitance or inductaneef)jch is then linked to film
thickness [2]. An electric circuit is created whimcludes the two surfaces and the
film between them. The contact electrical progsrivill be a function of the contact
area, contact geometry and material propertiestaconconditions, operating
lubrication regime and the electrical resistivity @apacitance of the contacting
material and lubricant. When direct metal-to-metahtact is made between the
specimens, there will be a short circuit, and tlo¢eptial or capacitance will be
reduced to zero, thus a zero film reading. Duangst, the lubricant between the
specimens is normally non conductive, so the etattsignal gives an indication of
the separation of the specimens. The electricapagties of this circuit change

according to the distance between the two surfasebthus an indicator of lubricant
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film thickness within the contact can be deduceélectrical techniques have the
benefit to being suited to study metal-metal caistdat are difficult to calibrate and

require electrical isolation.

The electrical techniques of electrical contactistaace (ECR) [35] and voltage
discharge [36-38] have been applied to measurechdr film thickness since the
1950s, but with only limited success [39]. It msportant to note here that ECR is
used as an indicator of the presence of a sepgrhiiomicant film thickness or the
level of contact interaction, as it can not be hralied to quantitative thickness
measurements. A tool for monitoring such informatusing ECR has, indeed,
recently been developed as an additional acce$sotiite MTM (PCS-Instruments,
UK) [40]. Resistive techniques involve supplyingher a constant voltage or
current and deducing the resistance. Once surfacedully separated, the ECR
signal reaches a maximum and there is no furthemgé This limits the
technique’s value to the boundary and mixed lutibcaregimes. There are a
number of other disadvantages of this approachsémsor must be insulated and
surface mounted or components must be in completerieal isolation of the
contact elements. The applied potential acrossctirgact can cause undesired
rheological effects, caused by molecular alignmeent arc degradation/oxidisation

of the lubricant can occur at high voltages.

From the 1960s, measurement of electrical capadtaecame a popular technique
for measuring lubricant film thickness. Like resis techniques, capacitive
techniques require electrical isolation. Howewapacitance can be calibrated to
give direct lubricant film thickness measurementfie technique is based upon the
fact that the capacitance present between twolpbpddtes is inversely proportional
to the separation between the surfaces. Unlike BE@Eod, capacitance will work
within the EHL regime; indeed, accuracy will incseaas film thickness decreases
within the EHL regime, so capacitance is a poptdahnique for investigating film
thickness in high pressure, smooth, contacts, aadtall bearings. From the 1960s,
the capacitance method allowed previously unvadidlatheoretical film thickness
predictions of EHL lubrication to be experimentatiynfirmed [39].

-29 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

One disadvantage of electrical techniques is tbation of the sensor. The sensor or
probe must be in contact with the oil and therefoeated at the bearing surface.
Capacitance or resistance probes are located aarng contact face and may be
recessed into the surface. This may structuraigken the bearing component and
or disrupt the formation of the oil film. Howeveoyer the last few decades
improvements in modern electronics and miniatuiiratand the availability of
sputtering, have reduced the likelihood of intexfee by the probe on lubricant
behaviour. Microtransducers have become emplogegdroduce film thickness,
temperature and pressure across EHL contacts [4he ability to obtain scalar
profiles greatly strengthened the capacitance tgaersince it removed some of the
difficulties of interpreting average capacitanceasw@ements across contacts [39].

2.3.2 Magnetic resistance

In an attempt to measure film thicknesses up tohilmedreds of microns within
compliant I-EHL contacts, Po#t al.[8] used an approach involving magnetic flux
measurement. Here, magnetite particles were disgewithin the lubricant, using
surfactant molecules to protect against oxidatioth @agulation. The particle size
(average diameter of 10 nm and maximum of 80 nntjasned to be sufficiently
small to avoid affecting film formation or wear. magnetic circuit is built such that
magnetic flux is directed through the seal contddtie to the high permeability of
magnetite, the inductivity and impedance of thel,cproviding the magnetic
potential, can be calibrated to the amount of floidsent. Using this method, film
thickness was successfully measured within a rdiprgeal. The advantage with
this technique is that no optical window is reqdjrthe input and output signal are
transmitted by the same device (no separate dpticegoing and out coming light).
The test specimen keeps its original surface mewaotetry (no optical transparency
required), allowing rough surfaces to be invesédatAlthough, few results are

given to prove the system resolution is capabliist The technique suffers from a
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number of disadvantages; firstly a magnetic fledequired, this clearly limits the
range of lubricants which can be tested, and putavar limit on the measurable
thickness. Contact profiles of the lubricant filanoot be recorded simultaneously
but only by axial displacement of the sample ot t&gs(in relation to each other),

making film thickness maps difficult to obtain.

2.3.3 Ultrasonic and mechanical methods

Mechanical methods such as direct displacement wenee of the earliest used
techniques for measuring lubricant film thickne&s.early as 1886 Goodman used a
simple experimental apparatus which employed a ameter screw to measure
liquid film thickness in journal bearings [42]. @wvthe last century the technique
has developed considerably and now employs thelukeser detection techniques,
which greatly increase test accuracy [43]. Anraléive technique is Ultrasound
which uses ultrasonic sound waves sent throughluthveeated contact. The reflected
pulses are digitised using either an oscilloscapa BCI digitising card in a PC. A
coefficient amplitude spectrum can then be produeed film thickness values
calculated. The technique is still in its infaraayd has not been widely used due to
lack of calibration, testing, and validation [44llitrasound methods are constrained
by the need to match acoustic properties of theaacbmmediums. Also, although
film thickness mapping is possible, it is time aamsng and therefore the method is
confined to film thickness measurements analyzeunt avegion of contact.

2.3.4 Electromagnetic radiation

An advantage of all the above methods is that reeation window is needed to

obtain film thickness measurements, making it eakeobtain in-situ, real time
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measurements from engineering components. Howalldhe above systems lack
the ability, or it is very time consuming, to maipmf thickness over the entire
contact. To do this one, or both, of the rubbingaces must be made transparent to
some form of electromagnetic radiation and emitietransmitted radiation used to

probe film conditions [39].

A number of techniques for measuring film thicknegst based on electromagnetic
radiation. These include X-ray transmission, Irdta(IR) absorption spectroscopy,
IR emission and Raman spectroscopy. As well astfiickness [45], some of these
techniques also allow lubricant temperature [46§otogy [47], composition [19],
and molecular alignment [48] to be investigatedy u&ing a confocal method,
lubricant film thickness can be measured, althotnghaccuracy is only as good as
the focusing resolution. Wakt al.[49] have applied confocal Raman spectroscopy
to measure in situ Raman spectra from within tHsbing contact. A contact was
formed between a hard probe and a glass slide, @l snusoidal motion was
applied. The system has the added ability of dieigtubricant compaosition through
depth and position in contact. However, Wahhl. suffered from limited range of
entrainment speeds and could not maintain a camisdlow from one direction.
Baeet al. [50] performed confocal Raman experiments in daserforce apparatus
to investigate confinement effects on the nanomstafte. Although very suitable
for investigating nano-rheological properties inwall-defined model contact, it is
not suitable at the contact scales at speeds tbgirasent in most I-EHL operating
contacts.

Bongaertset al. [19] successfully demonstrated the use of confoRaman
spectroscopy to measure lubricant film thicknessl aomposition within a
complaint tribological contact, lubricated with gl Newtonian fluids and
stabilized oil/water emulsions. It is the ideathrique for emulsions and opaque
lubricantse.g.shampoos. However, the process has certain tionia Water has a
poor Raman signal, so aqueous solutions need anbthie solvent added to the

polar phase, making low viscosity aqueous solutidficult to study. It is time
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consuming and values can only be obtained at sangulints, making lubricant film

thickness maps or profiles difficult to acquire.

2.3.5 Optical Interferometry

Optical interferometry was first used in the 1968s a quantitative tool for
measuring lubricant films in contacts. It was i®ad that EHL film thickness was
the same order of magnitude as the wavelength siblgi light [51], thus
interferometry was seen to have the potential talystthis lubrication regime.
Interferometry was used to study both hard [52] awsnpliant [53] contact

situations during the early 1960s.

By using white light Gohaet al. [52] and Cameromt al. [54] were able to create
chromatic interferometric images, and thus map fimckness sliding and rolling

EHD contacts. The principle of this early worklisstrated in Fig. 2.2.

Figure 2.2 Principle of Two-beam optical interferetny [2]
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A lubricated contact is formed between a steel ball glass disc. White light
illuminates the contact region through the glassdew. Light is reflected from the
underside of the glass disc and the steel balphdse difference is created between
the two reflected beams, due to one travelling ewtlrough the lubricant. Optical
interference then occurs on recombination [51]. e Tse of white light creates
complex interference maps where the perceived c®loary continuously. A time-
consuming film thickness/perceived colour calilmatprocess is therefore required

before film thickness measurements can be calcufaben interferograms.

During the late 1960s, Gohar and Cameron refinedr tbptical interferometry
system in two important ways. The use of monoclatwrand later duochromatic
light sources instead of white light, led to impedvinterference fringe clarity [55].
Duochromatic interferometry utilizes two discret@wsbands of light, these were
normally green and red [56], giving the fringe ttharof monochromatic with
resolution close to that of chromatic interferomefbl]. The second was the
introduction of a semi-reflective layer on the ursilge of the glass disc. This had
the effect of enhancing the reflectivity at the sgldubricant interface [57]. This
system enabled multiple beam interferometry [2],jclwhproduces much sharper
interferences fringes than two-beam interferometiye principle is shown in Fig.
2.3.
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Figure 2.3 Multiple-beam optical interferometry [56

The above interferometry systems were limited toimum film thickness of 45~75
nm. For optical interference to occur the patHedénce must be at least half a
wavelength of light, which means films less thae goarter of a wavelength of light
thick (70 nm) cannot be measured [2]. The humagiseyability to accurately
distinguish colours gives the systems a resoldiioit of £ 10 nm [39]. In 1967,
Westlake overcame these limitation by inventing ‘8pacer layer approach [58].
By sputtering a transparent layer on top of theigeftective layer with the same
refractive index as the lubricant, the spacer |layef lubricant act as one. Their total
thickness is now always greater than one quarteeleagth of the light used. This

allows thin film thickness measurements down t@-na.

By 1990, the principles of all the above methodd been combined and developed
to produce ultrathin film interferometric technigqufp9]. Incorporating the spacer
layer method and spectrometric light dispersiontrathin film thickness
measurements of ~ 1 nm were made possible [S1jor@dtic light illuminates the
contact and film thickness measurements can bentdken the resulting images
using two different processes. The interferede#fid beam can be directed to a
spectrometer and dispersed by wavelength. Thdtiresspectral image is then
detected by a black and white CCD camera and cagtoy a frame grabber. By
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finding the wavelength of maximum constructive ifégeence or each row of pixels
can be analysed independently to yield a separatiofile across the contact [51].

A schematic diagram of ultrathin film interferomets given in Fig. 2.4.

Spectrometer

Air Semi-reflective
Cr layer

2]
1 : / Glass disc

i \/7/////////////// 4 hy,

t_}_'m‘__ Oil ‘Spacer layer
(Si03)

Steel ball

Figure 2.4 Principle of ultra thin film interferorrg. [2]

Ultrathin film interferometry is limited to 1-D fih profiles, due to the need for
spectrometric dispersion. A 2-D mapping of thenfdeparation across the contact
was developed by Gustafssen al. [60] in the early 1990s. Previous mapping
techniques had involved compiling photographic mlee images and was a time
consuming process. Gustafssral. used computer processing to analyse captured
images, pixel by pixel, and create film thicknessapsy based on colour
representation of interference images. The prowess developed and refined to
combine spacer layer and chromatic light method$ [& this spacer layer imaging
method (SLIM) each pixel is analysed using a seRGB optical path difference
calibration curves, to produce a measure of sdparat that point, which, after

subtraction of the spacer layer thickness yielddubricant film thickness [62].
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The silica layer is applied to the plain glass acefusing radio frequency sputtering,
which can produce small variations in the silicekhess. It is difficult to obtain
exact film thickness values for the silica layée estimation of which has a strong
influence on the accuracy of measured film thicknealues [63]. The sputtered
layers are expensive to produce and are prone do, which will introduce errors in
film thickness measurements. Recentiypkaet al.[64-66] developed an ultra thin
film thickness measurement technique that doeseaumutire a spacer layer. This has
been achieved by replacing the RGB scale with tbeencomplex CIELAB space
colour map and improvements to the calibration @sschat provide colour to film
thickness dependence in the form of empiricallieditfunctions instead of discrete
look-up tables.

‘Soft’ or compliant contact interferometry is based the same principle as hard
contact interferometry. Work conducted by Blok akaons [53] used an

interferometric technique to study lubricant belbaviof a flexible rubber seal on a
reciprocating rod. Visualisation of the contactsveehieved, but image quality was

low (Fig. 2.5). Therefore results were more qatile than quantitative.

Figure. 2.5 Interference pattern corresponding toestain phase in a breathing
cycle. [53]
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It was not until the late 1960s in a series of penng studies by Roberts and Tabor
[67] that soft contact interferometry produced akle quantitative results. The
interference between a flat glass plate and a lpdrare or hemicylinder of smooth
rubber was examined by reflected monochromatict.lighit was found that
conventional rubber surfaces were rough and paeflgcting so the interferometric

observations were unsatisfactory [68].

Two important developments took place in the eh8ly0s to improve image quality.
First, Robertset al. [68] successfully developed optically smooth rubbamples
with the help of Trico-Folberth Ltd and the Avon lther Company. The optically
smooth samples were created using hot compressafdimg against polished glass
or metal formers [69]. Optically smooth rubberfaoes with peak-to-valley surface
roughness no greater than 20 nm [70] could be enleaging this process. Samples
were developed further [71] by adding carbon blackhe specimens before curing.
This improved light absorption and therefore redudaterference light and
improved image quality, this can be seen by compgakigs. 2.5 and 2.6. The
second important advance was to replace the #atsglisc with an Abbe prism. The
illuminating beam is now at non-normal incidencelte contact area, so the amount
of scattered light received by the detector is tye@duced. Using this method
Robertset al.[71,72] were able to achieve film thickness measms down to ~
20 nm.
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Figure 2.6 Interference patterns correspondingapgqueeze film conditions and
(b) sliding conditions (velocity 0.1cm/s). [68]

Early soft contact work was restricted to statiadmg and studied fluid film flow

squeezed from the contact zone over a time per@d72,73]. These initial

investigations were used to compare experimentsllte to existing theoretical
models [74]. A small, lateral, sinusoidal motioasnintroduced by Roberts [68,71]
and visualisation of the contact was achieved wgtod image quality. Film

thickness and friction results were taken at lowis§) speeds in the range of @

s!—-5mmé&.

More recently Kanetat al. [9,10] used a monochromatic optical interferometric
technique to investigate the lubricant film thickean a reciprocating, compliant,
line contact. Film thickness and friction measusats were obtained
simultaneously. Investigations were made into blebaviour of o-ring seals by
forming contacts between a nitrile rubber specimieb-shaped cross section and a
sinusoidally-oscillating, flat glass plate. Filrhidkness and friction coefficient
profiles were reported at a range of positions withe stroke. There are two key
difference between the technique presented by ldatetl. and that used by Roberts
et al. Firstly, Kanetaet al. use a flat glass plate as the optical window tiité

illuminating beam projected into the contact ataagle of 55°. Secondly, Kaneta
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al. use a semi-reflective layer on the glass surfabe.use of this seems confusing
as its presence will greatly increase the refl@gtiof the glass/lubricant interface
and drown out the lubricant/rubber reflection, sg in a reduction of image
visibility. Disappointingly there is little explation given by Kanetat al. of the
need for a semi-reflective layer, the significarafewhich is discussed further in

chapter 5.

2.3.6 Laser induced fluorescence

As a tool to measure lubricant film thickness, fesrence has several advantages
over other, more established techniques. A limgifictor to optical interferometry
is the coherence of the illuminating light whichrexluced as the separating gap is
increased. Interference image quality reduces gutigmally with reducing
coherence and eventually film thickness measuresnaré no longer obtainable.
This critical point is dependent on the interferergystem in useie. reflecting
surfaces, light sourcetc and generally occurs at thicknesses aroun@n®
Theoretically fluorescence has the capability tcasuee far greater values of film
thickness. Another significant advantage of fluoegxe techniques is that they
require no reflective coatings on the contactingege. Such coatings are expensive
and are prone to wear, especially for rough susfaééuorescence also has the
potential to measure very low levels of photon emis down to as little as that
emitted from one molecule. This can be achieveth vdevelopment of the
experimental equipment and the use of modern @dight photon detectors, which

are extremely sensitive.

There has been very little application of fluoresse to EHL contacts, probably
because optical interferometry already providesaecurate measurement tool for
most applications. Sugimuet al. [75] used laser induced fluorescence (LIF) to

measure thin lubricant films in hard ball-on-dismntacts. Attempts were made to
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measure thin lubricating films in a ball-on-dismtact using a normal CCD camera
system. However there were two substantial probldrasmade accurate thickness
determination difficult. Poor image equipment meanhigh level of background
noise was present in all images and optical intenfee within thin films, inherent in
all illuminated hard/metallic contacts. This wadved by making both contacting
bodies transparent; however this reduced the detedhtensities further.
Consequently, few experimental film thickness resswlere presented. Pell al.[7]
successfully used fluorescence to investigate dabtifilm thickness in rubber rotary
lip seals. Few results were given, but sub-midilom thickness measurements were
achieved across a narrow entrainment speed rafge {50 mms). Pollet al. also

present a clear explanation of the LIF technique.

Since this work, photon detection equipment, as agfuorescent dye technology,
have advanced significantly. Hidrowt al. [76] used modern EMCCD equipment
and a two-dye technique. The need for two flueascemissions arise as a
consequence of the fluorescence dependence onatextitlight intensity, as
observed by Sugimurat al. A ratiometric scheme that normalizes the fluorasce
emission of one dye against a second dye is usedder to eliminate undesirable
effects due to illumination intensity fluctuations, both space and time, optical
interference and optical distortions [77]. High lifyamages were presented but the
lower and upper limits of the system were not idiexat, nor was the technique used
on a realistic tribological contact. Much of thaseseen in the images presented by
Hidrovo et al. is the result of a highly focused powerful lasdrich has a strong
Gaussian distribution. By using simple optics flaiser intensity distribution can be
flattened, although at the cost of lowering theemsity power. Such an approach

would eliminate the need for two EMCCD cameras,chtare expensive.
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2.4 Numerical investigations into lubricated,

compliant, contacts

Theoretical, numerically-based investigations intaricated, compliant, contacts
can be split into two groups; (i) fully floodedEHL regime (ii) dry and partially

lubricated conditions.

Previous investigations into I-EHL have concenttate modelling the full film
hydrodynamic regime. This has led to regressiamggns for predicting the film
thickness in the isoviscous-EHL regime. Perhagshist known of these are the
Hamrock and Dowson equations for film thicknesslliptical contacts for materials

of low elastic modulus [78];

— 064—-022

H, = 732(1- 0972 %2%)U W (2.1)

— 065—-021

H_=74301-08% %X)U W (2.2)

where H, and H_ are the dimensionless central and minimum filntkhesses

respectively and equal toR. k is the ellipticity parameter, which reduces totyni
for the circular contact of interest in this prdjetherefore;

— 064—-022

h=330 W R (2.3)

—-021

h =280 W R (2.4)

whereh, andhy, are the central and minimum film thickness regpebt and the

dimensionless operating parameters are:

=42 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

dimensionless speed parametérz= Un (2.5)

E'R

dimensionless load paramet#, =

2.6
E'R” (2.6)

where U is the entrainment speeW the applied loady the lubricant dynamic
viscosity, R' the reduced contact radius in the entrainmentctime, andE' the
reduced elastic modulus. The latter two terms a&feneld byl/R' = 1/R; + 1/Re
and2/E' = (1 —0:d)/E; + (1 —0,Y)/Es, respectively, wherByq, Re, Ei1, Ea, v1, andos
denote the radii in the entrainment direction, Yoeing’s moduli, and the Poisson’s

ratios of the two contacting bodies.

Recently de Vicentet al.[31], used numerical solutions to the Reynolds aladtic
deformation equations to develop regression egustim predict the separate
contributions of Couette and Poiseuille flow orction coefficient in circular (ball
on flat), I-EHL contact;

IUPoiseuiIIe = 14&7 OBW_OJO (27)

Heovere = SRRB.8U W %76 4+ 096U %9W ') (2.8)

Where SRR is the slide-roll ratio, defined as tagorof the absolute value of the
sliding speedys = | u, — wl, to the entrainment speed,= (u, + ug)/2, whereus,

anduy are the surface speeds of the ball and disc, cégply. SRRcan be given as:

Uy — Uy

SRRE—F——
O.5(uID + ud)

(2.9)

The Poiseuille component results from shear stresgssg due to the fluid film
pressure gradient, = -(h/2)dp/dx whereh is the local film thickness amtp/dxthe
pressure gradient in the entrainment directionisdrolle friction is present in both

rolling and sliding contact. It always has a negative valuej.e. it hinders the
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surface moving relative to the contact. The Couett@ponent of flow arises from
the shear stresses created in the fluid film dubecsurfaces moving relative to each
other. Therefore, Couette forces have different g each surface depending upon
the sign of the sliding speed. As part of the isgvprocess de Vicentet al.

produced their own set of numerical predictionslf&HL film thickness;

—-014

h=30"W R (2.10)

— 066—-022 _,

h, =280 W R (2.11)

Eq. (2.10) and (2.11) predict slightly lower filmickness values in comparison to
the Dowson and Hamrock equations. Both show diffedependences on the speed
and load parameters although both were derived fsomulations of compliant
contacts. It should be noted that a small chang&enpower law coefficients will
produce a large change in film thickness values.

Previous work on compliant contacts has also fatuse the friction of dry or

partially-lubricated soft/solid contacts in bothliray and sliding conditions. In these
contacts it has been shown that the rolling frictasises primarily from hysteresis
losses in rubber during the elastic deformationlecycinterestingly, it was found

that, with spheres, the sliding friction in a wilbricated contact was almost the
same as the rolling friction [79]. Greenwoetdal. calculated that, for a sphere on a
flat elastomeric surface, the friction coefficieste to deformation energy losses,

Udef, 1S;

3
Haet =a — (2.12)

a
16 R
wherea is the loss factora the Hertzian contact radius aRdthe ball radius [80].
The loss factog =krtand, wherek is a constant and tanthe loss tangent, is the

ratio of energy dissipated to the average energiedtper cycle in a deformation

process and can be estimated from the loss tandg@mtVicenteet al.[18] assumed
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the loss tangent and thus the loss factor to bestanh and incorporated this
deformation friction into the prediction of rollindriction coefficient across a
complete Stribeck curve;

lurolling = ludef + IUPoiseuiIIe (213)

This was found to give reasonably close agreemerith wexperimental
measurements. However, since not strictly constant [79], it is shown latarthis
thesis (chapter 4) that a closer fit with experitaérdata can be achieved by
predicting the elastic properties of the viscoétastuibstrate (i.e. tad) across a
loading frequency range. The constiarg a correction factor to be found [81] and is
qguoted to be between 1 and 3 [18,79,81,82] althaugtexplanation for this was

found in the literature.

2.5 Conclusion

Over the last few decades, lubricated, complianptacts have been receiving
increased academic attention. Of particular isteege biological contacts from
within the foodstuffs and cosmetics industries. e BEmployment of tribometers to
study the lubricity of different bio-lubricants hdsveloped greater understanding of
their micro-rheological behaviour. This has aldoveed for the development and
verification of theoretical predictions of frictiom the I-EHL regime. However,
mechanical errors in the experimental apparatudeyag by de Vicentet al.led to

a mistaken calculation of applied load. Subsedyetiite majority of MTM friction
investigations have only been carried out under applied loads, 1.3 or 3 N. The
lack of results over a larger applied load rangemsethat the robustness of Egs.
(2.8) and (2.13) is unknown. Also, previous invgations into deformation losses
have assumed that the loss tangent,dtais constant. This is known to be untrue
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[80]. It would be useful to know the effect of clganin the loss tangent has on the

overall friction.

While friction investigations for lubricated comatit contacts have developed
rapidly in the last few decades, experimental tegpies for measuring lubricant film
thickness have not. This is in marked contrash&rtumerous techniques available
for investigating lubricant film thickness in haod metallic contacts. For compliant
contact tribological situations, many of the methdor measuring film thickness in
hard/metallic contacts are unsuitable. For examgliectrical techniques are
restricted to hard contact investigations with m@ojeous lubricants. The
application of conducting polymers would be necss$gefore complaint contacts
under the I-EHL regime could be investigated. doent years a few electrically-
conducting polymers have been developed but thesestidl difficult to obtain and
expensive and were not investigated in this projdgdlirasonic techniques are still
under development, and are complicated by the loaustic properties of soft

materials.

Work carried out by Robertst al. and Kanetaet al. has shown the possibilities of
using optical interferometry to investigate filmigkness from the nano- to the
micro-scale (limited td < ca 2 um). However, previous work has failed to acquire
film thickness measurements under continuous emtrant conditions, nor have any
film thickness maps been presented. There is rfoora technique to be developed
for thin film thickness measurements using optio&rferometry. By rotating the
polymeric test specimen, rather than employing rrusdidal motion [10,71],

continuous entrainment could be achieved.

For investigating thick filmsh > 2 um), a number of techniques could be used.
Bongaertset al. have shown that confocal Raman spectroscopy cansbd to
measure both lubricant film thickness and compasijtin thick films. However, the
technique is still in its infancy and obtaining reegements is time consuming.
Theoretically, applying the same confocal technjgie absorption spectroscopy
could be used to measure film thickness in compl@mtacts. However, both
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systems suffer the disadvantage that water hasoa gignal, which would greatly
limit the range of usable test lubricants. Rlal.demonstrated the use of magnetic
resistance to measure the film thickness in complkantacts into the hundreds of
microns range. However, it is necessary to digpenagnetic particles into the
lubricant. Surfactants are required to aid digparand protect the magnetic particle
against oxidation. This greatly limits the rangere@search that can be carried out
using such a technique, as little is known abowt #ffect of surfactants and

particulate within a compliant contact.

The most promising technique for measuring thidkngi in compliant contacts
appears to be Laser Induced Fluorescence.ePall have already demonstrated that
LIF can be used to measure film thickness in rubipeseals. Problems with the
image capture and illumination systems used with lthF technique have been
highlighted by Sugimurat al. and Pollet al. However, since their work was carried
out, technological advances have been made. Wéhugle of EMCCD equipment

high quality images and thus film thickness measers may be achieved.

In conclusion two promising film thickness measueain techniques present
themselves for development within this project; wchromatic optical
interferometry for thin film investigations and ésinduced fluorescence for thick

films.
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Chapter 3

Friction measurements in lubricated

compliant contacts

This chapter describes the experimental technigsed uo investigate friction in
lubricated compliant contacts. An experimental @chare provides a system
whereby rolling and sliding friction can be measiitesing a mini traction machine.

Results from this work are discussed in the subes®qthapter.
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3.1 Introduction

The lubrication regimes for all lubricated contacés be separated into a number of

basic systems, these being boundary, mixed anebtlydamic lubrication.

In boundary lubrication, only a very thin, if arybricant film is present so the state
of lubrication is governed by the properties of bwinding surfaces at the contact
interface. The rheological properties of the billikd are of minor significance, and

the coefficient of friction is virtually independieof both speed and viscosity [58].

In hydrodynamic lubrication a film of entrained hdant wholly separates the solid
surfaces and the behaviour of the contact is détednby the bulk physical

properties of the lubricant, such as viscosity.didgynamic lubrication is analysed
using Reynolds equation and the prevailing frictisrdue to viscous shearing and

hydrodynamic forces present within the lubricant.

Elastohydrodynamic lubrication (EHL) is a speciabrmh of hydrodynamic
lubrication where the elastic deformation of thatemting bodies and the changes of
viscosity with pressure play fundamental roles [8BHL contacts generally occur
in point or line contacts between bodies made ifffretaterials. In these, the entire
load is concentrated over a small contact areatldisdcombined with the stiffness
of the bodies results in high contact pressureschiag typically 2 GPa.
Conventional hydrodynamic films, as formed betwemmforming surfaces, are
unable to support such high pressures, and applicatf simple hydrodynamic
theory predicts negligible lubricant film thicknesdowever, lubricant films do form
in non-conforming contacts, with thicknesses corablar to the contacting surfaces’
roughness. This is due to the combined effecti)ohigh pressure causing local
elastic deformation of the contact and (ii) highegeure greatly increasing the

viscosity of the lubricant in the contact. Elastdtodynamic lubrication is
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consequently analysed using a combination of Reigaquation, elasticity theory

and lubricant viscosity-pressure equations.

The intermediate system between boundary and hydesuic/elastohydrodynamic
lubrication is recognised as the mixed lubricatiegime [58]. Mixed lubrication
regime occurs at speeds below those needed tofgivé@ydrodynamic or EHL
where the lubricant film thickness only partialypsrates the surfaces so that part of
the applied contact load is supported by fluid pues and part by asperity contact
pressure. This regime is governed by a compleieseasf rules which involve
interactions between the contacting surfaces aperig tips, as well as the lubricant

physical properties.

There is a little uncertainty in the location ofime boundaries, and their transition
regions are ill defined. However, Fig. 3.1 showschematic Stribeck curve for a
lubricated contact, with an approximate indicatodrihe lubrication regimes relative
positions given. Also shown is an indication dimfithickness or separation of

surfaces for each regime.

Lubricated compliant or “soft” contacts, where areboth contacting solids has a
low elastic modulus, are present in many practieagjineering and biological
applications. In such contacts, the prevailingrikdiion mode is Isoviscous-
Elastohydrodynamic Lubrication (I-EHL). In thisgime, the contact pressure is
great enough to cause elastic deformation of onkeotin of the interacting solids.
This has a significant effect on the thicknesshaf fiuid film separating them, but
the pressure within the contact is low and insidfic to cause any substantial
change in fluid viscosity [4]. Unlike in hard, naémetal contacts, rolling friction
can be considerable and this originates in pamftioe viscoelastic properties of the

compliant surfaces.
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Figure 3.1 Log-Log Stribeck curve showing frictimwefficient versus a function

of contact conditions.

3.2 Apparatus:

Friction investigations were performed on a miractron machine (MTM, PCS

Instruments, UK), Fig. 3.2. The MTM is a flexibdeneral purpose instrument for

measuring the frictional properties of lubricate ain-lubricated contacts under a

wide range of rolling and sliding conditions [40T.he control software runs on a

standard PC and allows the user to easily defitestaprofile containing a sequence

of temperatures, loads and speeds. The seleatéitemteps the instrument through

the test sequence, recording data as requiredpwidny intervention by the user.

The original design parameters of the instrumentewadosen so that high contact
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pressures, temperatures and speeds could be abtaitten a safe, easy to use,

laboratory bench top system [84].

LOAD BEAM

BALL MOTOR
TRACTION TRANSDUCER /7 WIRING AREA
= /7

DISC MOTOR

LOAD MOTOR

\

BALL

DISC

\ BALL GIMBAL MOUNT

Figure 3.2. Schematic of MTM [84].

3.3. MTM development:

The material characteristics and tribological prtips of compliant contacts differ

from the more usual steel on steel contact. Thedmstic modulus of elastomeric
materials employed in the current investigationsamsethat there is considerable
elastic deformation of the specimens under low .loAdso the elastic hysteresis of
the materials means that there is significantmglliriction in addition to the usual

sliding friction [85].
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Normally, the MTM uses metal balls and discs, louthie current study, a compliant
contact was obtained by loading a stainless stakldmgainst a polymer disc, as
shown in Fig. 2.1. Recently, development of theNWiflas been carried out so that
accurate friction measurements under low load loesgure conditions can be
obtained. The motor speeds can be controlled th dwections so that the MTM

can measure the rolling as well as sliding frictiohhe operational mode is called
‘Bi-Directional’. The loading system has been niiedi to enable very accurate
control of the load under large deformations. ™EM software has been updated
to allow greater control of load and friction rdsul This development work has been

done in conjunction with PCS Instruments.

The following sections describe the main featufed® modifications.

3.3.1. MTM principle

The test contact is formed between a polished 18106(3/4 inch) diameter steel

ball and the flat surface of a polymer disk, eantlependently driven to produce a
sliding/rolling contact. The disk specimen is mtmthon a vertical shaft in a

stainless steel test fluid reservoir and the Isadind-mounted on a pivoting shaft and
is automatically loaded against the disc at thet sththe test. DC servomotors

rotate the disk with accurate speed control andrtetion force applied to the ball

specimen is measured with a high sensitivity faraasducer [21].

Tests can be carried out at over a wide range plieapbloads, temperature, and in
mixed sliding-rolling conditions with a fixed slidell ratio, SRR. The lateral force
exerted on the ball is measured through a foraesthacer and yields the friction
coefficient,p, which is defined as the ratio of the applied |0Abdand the measured

friction force,f:
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H=— (3.1)

In the MTM, the friction force in a mixed rollindiding contact is generally
obtained by taking two successive measurements frentoad cell attached to the
ball drive shaft, at the same entrainment speed,vath the disk surface travelling
faster than the ball and one with the ball trangllfaster than the disk. The friction
force is then the average of the two readings.s Thdone to cancel any offset in the
load cell. However, de Vicentet al. [18] noted that this method also serves to
cancel any rolling friction force, since this, likiee load cell offset, does not change

sign with respect to the relative speeds of théasas [31].

3.3.2. Bi-directional mode

The MTM used in this investigation is able to sepaithe rolling and sliding friction
components of the overall friction. This is dorgng the MTM operating mode
called ‘Bi-Directional’. In the bi-directional med the ball and disc can rotate in
both directions. One possibility arising from tigghat SRR can be greater than 200
% so higher sliding speeds can be attained. dii®n also allows the calculation
of the rolling friction present in mixed rollingiding contacts [85]. For this, two
further friction measurements are taken, with ta# &dnd disc rotating at the same
speeds as before but in the opposite directiores@hesults can be used to separate
the load cell offset from the previously canceliailing friction since the latter

changes direction when the direction of rotatiobath surfaces is reversed.

Figure 3.3 shows the directions of the rolling afiding friction force for a typical
MTM contact, taken from ref [85]. The tribologicabntact is operating at a mean
entrainmentJ, of 200 mm3¥ and SRR, of 50 %. The applied loaMl, is arbitrary,
while the contacting materials and lubricant arsuased to be Newtonian. The

sliding friction forcef., is determined from:
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TF1-TF2| [TF4-TF
fC:OSP ; 3,1 . 3 (3.2)

which cancels any offset and also rolling friction.

The rolling friction force,fy, is the difference between the rolling force ire th

positive direction and the force in the negativeclion:

0_5.| (TFlw; TF2) (TF3 ; TF4)| (3.3)

f,=

which cancels any offset and also any slidingifritt

The sliding or rolling friction coefficient is caltated by using Eq. (3.1) with (3.2)
or (3.3) for sliding or rolling respectively.

-55 -



Experimental techniques for investigating lubrichteompliant, contacts

C. Myant
_} High speed 250 mm/s Sliding friction
LT RTY 2 Low speed 150 mm/s — Rolling friction
Umean SRR Traction force
TF1
ﬁ
| ]
q
TF2
200 50 @
- e ——
| 1
(1] =
TF3
h
| ]
h
TF4
ﬁ
-200 -50 e—-
| ]
<duunn

Figure 3.3. An example of a traction measuremeannfref [85].

3.3.3. Loading system

2010

The MTM uses a displacement load system appliedavieaf spring load beam,

controlled by a load motor located at the rearh&f MTM, as shown in Fig. 3.2.

Calibration of the load motor is carried out beftesting, using a steel calibration

ball and disk. A zero load (‘just touching’) pasit is located by the MTM before a

calibration weight lifts the ball and disk out ofortact.

-56 -

The subsequent



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

displacement applied by the load motor to achigw& touching’ contact conditions
again, is recorded. The MTM now takes the two messvalues; displacement for
zero load from the ‘rest’ position, and displacemequired to apply the calibration
load from the zero load position and extrapolatesudsequent loads from these two
values. For compliant contacts an offset is apdhg the MTM software to take into
account the increased contact deformation and lalestic modulus of the test

specimen compared to ‘hard’, metallic specimens.

However, this method for loading non-compliant,'leard’ metallic materials, was
demonstrated by Bongaegtal.[25] to be inadequate for compliant contacts. &or
desired load of 3 N an induced erroroaf 1.7 N was found to occur. Bongaeets

al. demonstrated that, to improve the loading systeenlédad beam, a 2 mm thick
leaf spring, should be replaced with a thinner, rh teaf spring and fitted with a

feedback strain gauge.

The new system has a load range of 0.01 to 10is dllows the loading steps to be
0.01 N per step as opposed to 0.07 N in the prevsystem, giving greater control
and accuracy of the applied load. The load appbettie contact is measured by the
strain gauge, installed on the load arm. Thishiscked to fit within pre-set load

tolerances (within the mtm.ini file); normally twoagnitudes lower than the desired
applied load. A new load calibration menu allolws tiser to perform two separate
calibrations for the loading system of both thedloaotor and the strain gauge. This
allows the user to manually set the zero loadjust ‘touching’, position and re-set
the stain gauge and stepper motor reading to qumes with this point. This

manual calibration of the zero point compensatessifoall changes in dimensions

between the calibration apparatus and test spesimen

For each test the load motor step position andhsfyauge load are stored in the file
\mtm\OUTLOAD.txt. Figures 3.4 and 3.5 give the laadtor step position and the
applied load, from the strain gauge, for two staddantrainment speed range tests.
Figures 3.4 and 3.5 demonstrate the improvemente @ the loading system in
recording the actual load and maintaining a condtad. The tribological contact
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was formed between a soft elastomer disc and etasrdteel ball. The MTM test
profile was programmed for 1 N applied load acras®ntrainment speed range of
0.001 to 1 md. The temperature and SRR were fixed at 35 °C 50d%

respectively.

In Fig. 3.4, the surfaces were lubricated with pgtgcerol and under these
conditions the contact will have been operating ime isoviscous
elastohydrodynamic lubrication regime. An avertgel of 0.92 N, across the entire
test period, was observed, which satisfies theepriesmd tolerances of 0.1 N. A
constant displacement, afa 2270 steps, was maintained by the load motor,
suggesting that the applied load was also condtaough out the entire test.
However, the actual load, measured by the straigegand plotted as a red solid
line, did not remain constant across the entireagmhent speed range. The noise in
the load increased d$ was increased and a resultant small climb in trexame
applied load is observed. This was probably duantaencrease in MTM vibration
which is visible at entrainment speeds greater ta®6 m &. Another possibility

is a variation in load due to changing hydrodynafoices in the lubricant. Once
the surfaces are completely separated so thatadiaat is operating within the I-
EHL regime, which occurs ata U= 25 mm & under the given operating
conditions, the load is borne by the lubricant flay€hanges to this fluid thickness
due to vibrations or changes in entrainment dioecthowever small, will result in

fluctuation in applied load.

The addition of the strain gauge allows the useretmrd the error between actual
and desired or input applied load. In the cadeigf3.4 an error ofa 6 % would be
induced in the calculated friction coefficient Ifet input load and not the true load
were used in Eq. (3.1).
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Figure 3.4. Load motor step position (black) anchist gauge load reading (red)
across test period. For an elastomer/steel triba,dubricated with glycerol under
1 N applied load, across an entrainment speed rari@e001 to 1 ms

The test conditions for Fig. 3.5 were the same igs ¥4 except the contact was
lubricated with water. Under these conditions ¢batact will have been operating
in the boundary and mixed lubrication regimes. iAgm average applied load cd
0.92 N is observed which fits within the presedidalerances. A relatively constant
load was maintained throughout the test. Howewrlike the example above, the
applied load can be seen to slowly decrease tow@@sN. Each time the load
converges on this value, the limit of the presadltolerances, the load motor step
count increases. This occurs 6 times within tisé period. A possible cause for the
change in load is wearing of the elastomer surfake.with the example above, an
error ofca 6 % would be induced in the calculated frictioreffimient if the input
load is used instead of the actual load. The faekllboop between the strain gauge
and load motor allow for the applied load to beuatgd during testing, correcting

any error arising from changes in specimen geometry
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Figure 3.5. Load motor step position (black) anchist gauge load reading (red)
across test period. For an elastomer/steel trib@,dubricated with water under 1
N applied load, across an entrainment speed rarigeGd1 to 1 mis

3.3.4. Software modifications

When operating in Bi-directional mode, the MTM takur measurements or
‘steps’ to calculate the sliding and rolling frimti coefficient. For each step the
contact is loaded and un-loaded, but the loadHerfirst step is carried through for
each of the three subsequent steps. This careagatrror in the calculated friction
coefficient if the actual applied load varies asrtise four steps. As shown above,
there is often an error between desired load amé¢tktual load. To reduce this error
the software was modified so that the applied lfmadeach step was recorded and
the friction coefficient for each step was calcethbefore giving an average friction
coefficient value. The friction coefficient valuésr each step were, also, used to

calculate the sliding and rolling friction comportgn

-60 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

Improvements were also made to the way the MTM rdcdriction force and
applied load for each step. Friction force andliaddoad were measured over a set
time period, which means at high speeds a loadbeiltaken over a number of ball
rotations. However, at low ball speeds (< 25 Mmads were recorded over a
fraction of ball rotation. This restricted the MTid high speed investigations only,
not suitable for this project. Low speed studieslld be carried out but large
amounts of scatter were present in the resultse sdftware logging rate has now
been changed to log over at least one completelutemo at low speeds. The
logging rate is calculated to obtain 200 pointsroverevolutions of the ball (or
revolutions of the disc when operating in ‘pin ascdmode). There is, however, a
time limit of 2 s which means the traction is loggever less than one revolution at

speeds lower than 9 mrit.s This new logging system is summarised in table 3

Table 3.1:Logging rates across speed range

Ball speed (mm/s) Number revs logged Notes
>135 5 Standard logging rate
<135,>9 1 New feature
<9 Lessthan 1 — Example: for 5 mm/s, data
Log Rate mini = 35 pts/s logged over 0.5 revs

3.4. Experimental preliminaries

3.4.1. Test lubricants

Table 3.2 lists the main lubricants employed inststudy and their dynamic
viscosities at the test temperature. The lubriegsttosities were measured using a
Stabinger Viscometer (Anton Paar, UK).
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Table 3.2Dynamic viscosities of Test Lubricants

Lubricant Composition Viscosity at 35 °C (Pas)
Water Demineralised water 0.00075*
GLY75 75 wt.% Glycerol in water 0.017

GLY Glycerol 0.382

CS 95 wt.% Pure Corn Syrup in water 2.45

* The viscosity for distilled water was obtainedrfr Douglaset al.[86].

All test lubricants are single phase and Newtoniarthe range of shear rates
between 1 to 1000’swhich satisfies the test parameters. They wilosen to span
a very wide range of viscosities. Lubricant vistes were measured prior to
testing, at test temperature,= 35 °C. All water used for testing and in salas
was demineralised filtered water (Elga). Glycesals supplied as 98 % pure grade
(Sigma Aldrich), while the Corn Syrup was supplldUnilever Ltd.

3.4.2. Material selection

For the majority of research into lubricated, comm contacts, crosslinked
polydimethyl siloxane (PDMS) is used as the soffisttate. PDMS is utilized as one
or both of the contacting surfaces in the tribatagicontact to maintain low contact
pressures and create the conditions for I-EHL tmnc One key property of PDMS
is its ease of fabrication, which has contributedits widespread use. Prior to
crosslinking, PDMS can be cast into suitable mowfilalmost any desired shape.
Other attractive features of PDMS include its pblggiical inertness, availability,

low unit cost, as well as its good thermal and attiee stability.

PDMS is a polymer with an inorganic backbone cadimgisof alternating silicon and
oxygen atoms, with each silicon bearing two met@Hs) groups. The introduction
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of functional groups into PDMS, which partly reggathe methyl moieties, as well as
the utilization of other functional siloxanes, elesbthe formation of a silicone
elastomer via chemical crosslinking. Since croksld PDMS elastomers exhibit
inherently weak mechanical properties, so reinfaycfillers such as silica are
usually incorporated in commercial silicone rubber3o be able to compare
measurements taken in this investigation to ean@k by de Vicentet al.[18], the
PDMS used in this study is the same. The PDMS wa@splied by NDA
Engineering Equipment Limited (UK), as a white shed.5 mm thick.
Topographical analysis of the surface using a sognelectron microscope (SEM),
Fig. 3.6, reveals a complex structure due to thesgmce of the filler material.
Through spectrum analysis of the SEM images, tHier fiwas identified as
magnesium oxide, which had previously been quoiedorrectly to be titania

crystals [25].

Figure 3.6. SEM image of PDMS used for MTM testing.

The effect of elastic modulus on the frictional idweristic in a lubricated compliant
contact is investigated in chapter 4, where PDM$ lvo other polymers are used

to give a wide range of elastic moduli. The twbestpolymers were Low-density
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Polyethylene (LDPE) and Polycarbonate (PC). Babhyrmpers were supplied in
sheet form, 4.5 mm thick, by eSheet Ltd (UK).

LDPE is a thermoplastic polymer, derived from Pdiyéene, consisting of long
chains of the monomer ethylene. LDPE was originpllepared some fifty years
ago by the high pressure polymerization of ethylelte comparatively low density
arises from the presence of a small amount of Imagadn the chain (on about 2% of
the carbon atoms). This gives a more open stre¢han a wholly linear structure.
LDPE is chemically inert, insolvent at room tempera in most solvents and has a
good resistance to acids and alkalis, although sxgoto light and oxygen results in
loss of strength and loss of tear resistance. oAlhis makes LDPE a useful and

widely-used plastic, for example in squeeze botilgslastic bags.

Polycarbonate is another thermoplastic consistinigrig-chain linear polyesters of
carbonic acid and dihydric phenols, such as bisph&n Polycarbonate consists of
two phenyl groups and two methyl groups bonded tcadbon molecule. The
presence of the phenyl groups on the molecularnchaid the two methyl side
groups contributes to molecular stiffness in théygarbonate. This stiffness has a
large effect on the physical properties of polyoamdie. First, attraction between
the phenyl groups of different molecules contribute a lack of mobility of the
individual molecules. This results in good thermedistance but relatively high
viscosity (.e., low melt flow) during processing. The infleXiby and the lack of
mobility prevent polycarbonate from developing gn#icant crystalline structure.
This lack of crystalline structure (the amorphoasure of the polymer) allows for
light transparency. Polycarbonate is naturallyngparent, with the ability to
transmit light nearly that of glass. It has hidgresgth, toughness, heat resistance,
and excellent dimensional and colour stability.

The main mechanical properties and sources ofhitee tpolymers are listed in table
3.3, along with their average surface roughnessegal Material property values for
LDPE and Polycarbonate were taken from ref. [8The surface roughness of all

three polymers was determined using a Wyko optid&rferometer (Veeco, UK).
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Measurements were taken in the VSI mode and theereamas setup with a X20

objective lens. Images were 640 x 450 pixels, Wigiguates to a field of view ok

575 x 430um. No filtering was used during all measurements.

Table 3.3Material properties of test polymers.

Young's _ Surface Peak to
Poisson’s
Polymer (Source) Modulus, E _ roughness, | valley
Ratio, v .
(GPa). Ra height
PDMS (NDA
_ _ _ 790 + 100
Engineering Equipment 0.005* 0.49 [16] 2um
nm
Limited, UK)
LDPE (eSheet Ltd) 0.227 0.4 65 + 10 nm 150 nn
Polycarbonate (eSheet
2.38 0.36 25+5nm 750 nm

Ltd)

* Denotes values obtained by DMA analysis at 35 °C.

The three polymers were selected to span sevedarrof magnitude of elastic

modulus while creating the correct conditions f&HL to occur. Figure 3.7 shows

the test parameters positioned within a hydrodyodobrication regime map for a

circular contact.

This map, taken from [4], idées the four regimes of

hydrodynamic lubrication in terms of two variablése non-dimensional viscosity

parametergy and the non-dimensional elasticity paramegedefined by;

V= U2
W
gE_Uz
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where G = fE' and $ is the lubricant pressure viscosity coefficientd athe

dimensionless operating parameters are definedgby (2.5) and (2.6). A value gf

of 0.5x10 Pa' was assumed for all test fluids [31].

It can be seen that, so long dg is large enough to generate a thick film, the
polymer discs should operate in the isoviscoustielaegime for almost all
conditions tested. At the highesly values, PC and LDPE operate within the
isoviscous-rigid regime. As the contact moves tolwdhe I-R regime it is believed
that the minimum film thickness moves from the refthe contact to the side-lobes,
until it operates fully within the I-R regime, wigethe central and minimum film

thickness will be equal [31].

10° 3
107 | P-E
] o A L2
100 |
: P-R
gv ® A (4
168 |
] epPC
IR
ALDPE
10t | ¢ 4 d
] ¢ PDMS
e A &
101 T T T T T T T T T T T T T T T T T T T T T T TrorrTTTn
103 101 10 108 1 107 10° 101

9e

Figure 3.7. Fluid lubrication regime map showinghgge covered in the experimental
measurements. The labelled regions represenutiréechtion regimes Piezoviscous-
rigid, P-R, Piezoviscous-elastic, P-E, Isoviscoigser; I-R and

Isoviscous-elastic, I-E.
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3.4.3. Determination of viscoelastic properties

The viscoelastic properties of the polymers employethis study were measured
using a general viscoelastic evaluation method, ddyn Mechanical Analysis
(DMA). A Tritec 2000 DMA (Triton Technology Ltd.)vas used to measure the
viscoelastic properties of the test polymers. Tlodymer sheets were cut into
rectangular samples, 3 x 3 mm cross section anchrhOin length. A sample was
then mounted in an environmental chamber, withngperature range from -150 °C
to 400 °C. The maximum load for this system isSNLGnd maximum driveshaft
travel is 1 mm. The Tritec 2000 DMA has a builtdryogenic cooling capability
which is extremely simple to use and has low lignitogen consumption. In
addition, the Tritec 2000 DMA has an optical windag/standard which allows the
sample to be viewed throughout the experiment (&8). All tests were carried out

in tension deformation mode, mounted in the stashtlarizontal orientation.

Figure 3.8. The Tritec 2000 DMA
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DMA works by applying an oscillating force to a gamof material and measuring
the resulting displacement. The sample deformsutite load and from this the
stiffness of the sample can be determined andah®le’s elastic properties can be
calculated. By measuring the time lag in the dispinent compared to the applied

force, the damping properties of the material dan be determined.

The frequency range of interest for the polymer @asiused in this investigation
was between 0.5 to 3000 Hz (see chapter 4.2.4xfdaeation). However the Tritec
2000 DMA employed was limited to low frequency measnents of 0.01 to 50 Hz.
To determine Young's modulus and tan delta valudsigher frequencies, a time-
temperature conversion technique can be used [B8-QDove the glass transition
temperatureJy, the stress relaxation and the creep behaviomairhous polymers
obey the Time Temperature Equivalence Principl&EF) [91]. This states that a
viscoelastic material’s time and temperature respogre equivalent to the extent
that property data at one temperature can be snpesed upon data taken at a
different temperature, merely by shifting curve$n the 1950s Williamet al. [92]
demonstrated the validity of this principle andwkd that, with their model (WLF),
that it is possible to convert elastic data at Wwidkfferent temperatures to a single
curve spanning many decades of frequency or tinsom@ite reference temperature.
This is done via a shift factor (which is an inttgid form of the Arrhenius equation)
to transpose a higher temperature mechanical respprofile to an equivalent

longer time behavior at a lower temperature. Eljgation is:

_Cl(T _To)
C,+(T-T)

[o]

loga, = (3.6)

wherear is the acceleration factor and lagis referred to as the “shift factor” which
is a function of temperature but not a functiortiofe. C; andC, are constants that
vary from polymer to polymefT is the actual temperature of experiment, @pnds

the temperature of interest (designated as theerafe temperature or, as often used,
the glass transition temperatufg. Tanner [93] notes that the WLF model is widely
applicable to amorphous polymers in the rafigeto Ty + 100 °C. The glass
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transition temperatures for the polymers employethis investigation were -120, -

105 and 145 °C for PDMS, LDPE and PC respectivalge temperature of interest

in this investigation was 35 °C; therefore, allethimaterials lie somewhat outside of
the range suggested by Tanner. Despite this, mapstation method was applied to
data from frequency sweeps (0.1 — 50 Hz) at 35&t(@ then used to predict the
elastic modulus and loss tangent at high frequenckesults from this part of the

investigation are described in chapter 4.

3.5. Basic Stribeck curves

Figures 3.9(a) and (b) show sliding and rollingction coefficient respectively,
plotted on a log-log friction coefficienversus entrainment speed for all the
lubricants tested with PDMS. Tests were carriedadb@an applied load of 3 N, over
an entrainment speed range of 5 to 1200 MimEhere is little apparent correlation
between the various test lubricants. Howevehefdame friction coefficients values
are plotted against the product of entrainment d@e®l dynamic viscosity)y, it
can be seen that they collapse to form single surviéhis is shown in Figs. 3.10(a)
and (b), with the main lubrication regimes supemsgd. The sliding friction plot

now resembles the highly-recognisable Stribeckeurv

At speeds greater thdd ~ 600 mm &, it was found that the MTM ball became
unstable and started to bounce, which caused #f@iaent of friction to drop off in

the isoviscous-EHL regime. This decrease in fiicicoefficient is seen in both the
sliding and rolling results. Due to this mechanitalitation, entrainment speeds

analysed were limited to a range of 5 to 600 rim s
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Figure. 3.9(a) Plot of log (sliding friction coeffent) versus log (entrainment speed)

for a range of different viscosity lubricants at6@GRR with a PDMS disk
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Figure. 3.9(b) Plot of log(rolling friction coeffient) versus log(entrainment speed) )
for a range of different viscosity lubricants ato@ERR with a PDMS disk.
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Figure. 3.10(a) Plot of log(sliding friction coeffent) versus log(entrainment speed
x viscosity) for a range of lubricants at 50% SRRHh a PDMS disk.
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Figure. 3.10(b) Plot of log(rolling friction coefiient) versus log(entrainment speed
X viscosity) ) for a range of lubricants at 50% SRRh a PDMS disk.
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Chapter 4

Influence of load and elastic modulus

on the rolling and sliding friction

In this chapter the influence of both applied IGadl elastic modulus on the friction
in a lubricated, compliant contact between rubbisgrfaces is investigated.
Friction measurements are made over a wide rangentfainment speeds and
lubricant viscosities and processed to generateusdp sliding and rolling Stribeck
friction curves. Further analysis of the applitmhd demonstrates the effect of
loading frequency on the rolling friction withindghboundary and mixed lubrication

regime.

Work presented in this chapter can be found in; My@, et al. “Influence of load
and elastic properties on the rolling and slidingction of lubricated compliant
contacts”. Tribology International 43 (2010) 55-63.
doi:10.1016/j.triboint.2009.04.034
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4.1. Test conditions and procedure

The purpose of these MTM investigations was tordatee the effect of applied load
and the elastic modulus of the contacting mategalghe sliding and rolling friction

coefficient over a range of operating conditiofiie required information, extracted
from the MTM, was the friction force measured asldteral force on the MTM ball.
The results allow the accuracy and robustness wifenigal predictions made by de
Vicente et al. [31] to be verified. To enable comparison betwesperimental

measurements and theoretical predictions made Dyicenteet al, the same test
conditions, lubricants and contacting materials evemployed. A secondary
objective was to demonstrate the effect that Iaadiiequency has upon the rolling

friction coefficient, due to the viscoelastic na&wf the compliant substrate.

The tribological contact was formed between a tassteel ball and an elastomer
disc. The ball was a MTM standard test ball (A#0) 19.05 mm in diameter,
provided by PCS Instruments. The surface roughmgsof the steel ball used in
the study was 10 £ 2 nm. To investigate the eftécapplied load, the ball was
loaded against a PDMS disc at four applied load8.%f 1, 3, and 5 N. The MTM
preset load tolerance was set to = 0.05 N forestst To investigate the effect of
elastic modulus, LDPE and PC were also tested uBderapplied load. All tests
were carried out at a fixed temperature of 35 °@ & mixed sliding-rolling
conditions with a fixed SRR of 50%. As discussedhapter 3, due to a mechanical
limitation to the MTM friction testing was limiteid an entrainment speed range of 5
to 600 mm &.

The MTM discs were created by punching, for PDM&] autting, for LDPE and
PC, the required size and shape from polymer she&tails of the polymers are
given in chapter 3. All discs were 46 mm diameted 4.5 mm thick. These were
clamped on top of a supporting, stainless steat (#g. 3.3). To reduce the
variation in surface roughness values between iffereht polymer discs (listed in
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table 3.3), the LDPE and PC were roughened. This adone using a large particle-
size rubbing compound (Farécla Products Ltd). &@arfroughness values where
determined using a Wyko optical interferometer @&ee UK). These are

summarised in table 4.1.

Table 4.1:Surface topography properties of test specimens.

Surface Peak to valley
Polymer '
roughness R, height
PDMS 790 + 100 nm 2um
LDPE 520 + 30 nm 1.7um
PC 440 £ 50 nm 1.2um

There was a small difference in tRgvalues between the three polymers. However,
the I-EHL regime was the main lubrication regimeirderest. Within this regime
the surfaces are fully separated and then the cunfaughness should have little

bearing on the overall friction coefficient.

The test protocol was as follows:

* A new polymer disc was used for each test and vemsed by successively
rinsing in distilled water, 2% wt. sodium dodecytgwnate solution and
distilled water, followed by immersion in isopromnn an ultrasonic bath
for three minutes.

* The polymer discs were naturally hydrophobic andewesed in this state.

» The steel ball was ultrasonically-cleaned in tokjénllowed by acetone.

* The test rig was then assembled and ~ 40 ml luliri@dded to completely
immerse the disc.

» Temperature was stabilized while rotating the disd ball in a no-load

condition.
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* Load was then applied and friction measured atraeesef entrainment

speeds, beginning from a low value and increasirgim stages.

4.2. Results and Discussion

The entrainment speed was varied while the slitleratio was held fixed. This
produced mixed sliding rolling conditions. As deised in chapter 3, by varying the
relative speeds and directions of ball and diseai$ possible to separate the sliding
and rolling friction contributions at any test carmwhs. The results below are

discussed in terms of sliding and rolling frictiseparately, in subsequent sections.

4.2.1. Sliding friction results

Friction tests were carried out on a PDMS discoaid$ of 0.5, 1, 3 and 5 N to

explore the influence of applied load. Figure &) khows that sliding friction was

strongly dependent on applied load across all dabion regimes, including the I-

EHL regime, as predicted by Eqg. (2.8). The soiied in Fig. 4.1.a) show the

predictions of this equation at each applied lodte elastic modulus of PDMS was
taken to be 5 MPa for all loads and entrainmenédpe This gave a reduced elastic
modulus of 13.2 MPa and Hertz radii of 0.81, 1028 and 1.76 mm for loads 0.5,
1, 3 and 5 N respectively. The agreement betweedigiion and experiment was

quite good. In practice, friction coefficient ihet fluid film regime appears to

depend orDW®° as shown in Fig. 4.1.b). This relatively largepesent suggests

that a considerable proportion of the friction esisrom outside the Hertzian region
[31].
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Figure 4.1 (a) and (b) Influence of load on slidiingtion coefficient. Solid lines

show theoretical predictions of Couette frictioreffawient from Eq. (2.8).

In the boundary and mixed lubrication regimes, fitetion coefficient increases
with decreasing load. This is as expected for lgigbmpliant surfaces, where the
area of contact is determined by elastic conformatier than plastic deformation at
asperities. The theoretical Hertz area of contmgproportional toW”3. Thus,
assuming the friction force is proportional to tieal area of contact and that this is

proportional to the Hertzian area, the friction fliceent g =F/W will be

proportional th%, le. ,uDW%. Figure 4.2 shows the experimentally-

measured influence of load on the sliding frictaoefficient in the boundaryJy =
10° to 10 and mixed (5 = 10* to 10°) lubrication regime. A power law gradient
of -0.55 and -0.46 was obtained for boundary andethiregimes respectively.

Considering the limited load range examined, thediees are not too dissimilar to
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those expected. Their higher magnitude may indidhat the sliding friction
coefficient is still influenced by asperity intetan even within a highly compliant

contact.

Sliding friction coefficient, u
o
H
>

0-01 T 1
0.1 1 10

Load, W (N)
Figure 4.2 Load versus sliding friction coefficientthe boundary (triangles) and
mixed (squares) lubrication regime. Solid lineswhmmwer law lines of best fit

Friction tests were also carried out at a consapplied load of 3 N with all three
polymers discs listed in table 4.1, to explore itftuence of elastic properties on
sliding friction. Figure 4.3 shows the slidingction results for the three polymers at
3 N applied load, together with the isoviscous{ata€ouette friction coefficients
predicted from Eq. (2.8) plotted as dashed or slids. In the I-EHL regime,
surface roughness has little or no effect on tleng) friction coefficient. However,
within the boundary and mixed lubrication regimles surface interactions (such as
surface physical-chemical interactions, surfaceghoess, elastic properties etc.)
affect the friction coefficient. Bongaeret al. [25] and de Vicenteet al. [31]
investigated the effect of surface roughness oteel-®DMS tribo-pair and showed
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that as surface roughness increases, boundarnpfricbefficient decreases. This is
to be expected as the real area of contact desreagh increasing surface

roughness, this trend is observed in Fig. 4.3. éiles, at greater surface roughness
values, where mating of surfaces are possible, #memcrease in real contact area

may occur, thus a resultant increase in the fimctioefficient would be expected.

1 A Polycarbonate (2.2 GPa, Ra =440 nm)
- - Polycarbonate Theory
@ LDPE (0.225 GPa, Ra =520 nm)
A -
g mad LDPE Theory
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Figure 4.3. Influence of elastic modulus on slidingtion coefficient. Solid and
dashed lines show theoretical predictions of Caukittion coefficient from Eq.
(2.8).

Both Bongaert®t al. and de Vicentet al. also showed that as the surface roughness
increases, the minimum in the Stribeck curve shdttargerUs and the minimum
friction coefficient increases. In Fig. 4.3 thelua of the minimum friction
coefficient was only marginally affected by thefage roughness and the opposite
behaviour is observed, where the minimum in thé&tk curve shifts to lowedy
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values. This disagreement in trends could be dtleet influence of elastic modulus;
while the PDMS is rougher than the other two sw@$achis is balanced by it being

much more compliant.

Surprisingly, within the isoviscous-elastic regiéUy values greater than T0the
friction for the three substrates differs markedly.is apparent that hydrodynamic
friction coefficient increases with reduced elastiodulus. This differs from the
predictions of Eq. (2.8), as shown by the solid aadhed lines, which suggest
negligible influence of elastic modulus. This di#nce is unlikely to arise from any
wetting or roughness differences, since Bongasrial. [25] showed that these did
not influence the hydrodynamic regime for PDMS {zces).

4.2.3. Rolling friction results

Figure 4.4.a) shows the rolling friction results floe tests on PDMS at 0.5, 1, 3, and
5 N applied load. In Fig. 4.4.b) the rolling fim coefficient results for the same
tests are given. The figures appear to suggestttiain the boundary and mixed

lubrication regime the contact obeys Amonton’stfaisd second law of friction.

In Fig. 4.4.b) folUy values greater than 0n the I-EHL regime, the rolling friction
coefficient plots at different loads begin to diyerfrom one another. Within the I-
EHL regime the ball and disk surfaces are no lomgeontact. Surface interaction
no longer creates friction between the ball and,dihich, instead, originates from
hydrodynamic forces generated by the lubricant iihgwthrough the contact. These
hydrodynamic forces increase with increasing filmckness. These forces do not
increase linearly with applied load so the frictmefficient diverges with increasing
load, Fig. 4.4.b).
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Figure 4.4.a). Influence of load on rolling frictidorce.
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Figure 4.4.b). Influence of load on rolling fricticcoefficient.

Within the mixed and boundary lubrication regimé&s;tion originates primarily
from deformation losses in the soft substrate. e®r®odet al. [80] predicted, and
also showed experimentally, that for a dry rollemntact between a metal sphere
and rubber flat, the friction increases linearly proportion toWa Sincea is
proportional toW*® we should expect the rolling friction to be propmmal to W

in conditions where rolling friction rises primarifrom deformation losses. For the
Un values suggested in Fig. 3.13.b), the friction galin Fig. 4.4.a) give a power
law gradient of 0.95, shown in Fig. 4.5, which vemsne way below the predicted
value. The discrepancy is likely to be due to fitesence an active lubricant,

although the boundary lubrication properties ofexatre known to be poor [25].
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Figure 4.5. Logarithmic plot of frictional force agst applied load within the

boundary lubrication regime. Solid black line slsopower law fit.

Figure 4.6 shows the combined theoretical rollingtibn values predicted from
theory according Eq. (2.13) at 5 and 0.5 N appleat!, plotted as a solid and a
dashed line respectively. As described earliechapter 3 the loss tangent, té&n
was measured for all applied loads using a DMA egdpa. The applied load had
negligible effect on the response of the PDMS m EIIMA; constant values of 0.15

and 2 were used for tanandk respectively, for all applied loads. This givelss

factor, a, of 0.94 for all applied loads.
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Figure 4.6. Influence of load on rolling frictiorefficient. Solid and dashed lines

show theoretical predictions of Poiseuille frictioaefficient from Eq. (2.13).

Since a is proportional toW*? it follows that the rolling friction coefficientsi
proportional toA*3, Assuming ta andk to be constant and identical for all loads,
a factor of 10 change in applied load would, acewydo Eq. (2.12), roughly double
the rolling friction coefficient in the boundary amixed lubrication regimes. This
prediction is shown in Fig. 4.6. However, the ekpental data shows, for the same
Uy range, a negligible change in the boundary and allsdecrease in friction

coefficient in the mixed lubrication regime withcheasing load.

The tandvalue of 0.15, used so far in this investigatigntwice as large as the one
given by de Vicenteet al. [18] for the same PDMS type. This discrepancy is
probably due to two different DMA apparatus beirsgdi De Vicentet al. used a
Rheometrics RDAII in torsional deformation mode,endas a Tritec 2000 DMA in

tension mode was used in the current study. A iddass tangent will decrease the
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overall friction coefficient so using the tah value given by de Vicentet al. will
give a better fit at 5 N but a worse fit at 0.@pplied load. A ta value of 0.2 and
0.1 is found to give a good fit between experimeatal theoretical plots for 0.5 and
5 N applied loads respectively. De Vicergé al. achieve a good fit between
experimental and theoretical plots for 3 N appliedded, using a tad value of
0.07. However, Bongearets al. [25] showed that there was an error in the applied
load due to a mechanical fault in the MTM; the reald was 1.3 N. If the correct
load is used to determine the friction coefficiettiis leads to a considerable
disagreement between experiment and theory, wétpthdicted friction coefficient
from de Vicente’s I-EHL model [31] being below tegperimental values (see Fig.
4.7).

e Modifed Exp. (W =1.3 N)
Theory (W =1.3 N)
o Original Exp. (W =3 N)
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Figure 4.7. Plot of log(rolling friction coefficighversus log(entrainment speed x
viscosity) of De Vicente et al. original (hollowades) and corrected (solid circles)
experimental data. Solid and dashed lines showrétieal friction coefficients for

original and corrected loads respectively.
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Amonton’s 2% law of friction states that, for a dry contact @bdary), the friction
force is independent of the apparent area of canfHeerefore, it would follow that,
for the boundary rolling friction coefficient dueefdrmation energy losses, to be
independent of the contact size and load, theféadsr, a, must also be proportional
to the applied load. We know from DMA measuremaitBDMS thatE andtan &
change with respect to frequency and temperatit@wever, load appears to have
negligible effect on DMA results. Therefore, itsisggested that, for the tribological
contact of interesttand and E are constant across the load range. However,
experimental results suggest that deformation fosse independent &f. This
leaves one other possibility; thiais not constant for all loads. A valueloft 1.3
and 2.7 give a good fit between experimental aredretical plots for 5 and 0.5 N
applied load respectively. This is still within theits quoted in the past literature
[80].

Figure 4.8 compares the rolling friction results the PDMS, LDPE and PC
samples at 3 N applied load with the total rollfngtion coefficient predicted from
theory according Eq(2.13), the data plotted as solid lines. As befdhe loss
tangent and elastic modulus were measured for eaaterial using a DMA
apparatus. A constant tarvalue of 0.15, 0.08 and 0.02 was used for PDMSED
and PC respectively. Values for elastic modulesgaven in table 3.3 and a value of

k = 2 were used for all polymers.

- 88 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

e PDMS (5 MPa, Ra =790 nm)
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Figure 4.8. Influence of elastic modulus on rolliingtion coefficient. Solid lines

show theoretical predictions of Poiseuille frictioaefficient from Eq. (2.13).

The results show considerable scatter, especialery low friction values which
are at the limits of the MTM measurement capabiliffhere are, however, clear
differences in the values of friction coefficierdrfall the polymers at lowy, as
predicted by the theoretical plots. As describbdva, rolling friction coefficient
within the mixed and boundary lubrication regimesgioates primarily from
deformation losses in the soft substrate. Greedwand Tabor [79] showed
experimentally that within these regimes, rollingction coefficient is roughly
proportional toa/R At 3 N applied load, the predicted Hertzian eantradii for
PDMS, LDPE and PC are 1.48, 0.41 and 0.19 mm ré&spBc Sincea is
proportional toE’ *® andR is constant and identical for all polymers, predd is
constantyger (EQ. 2.11) will depend up the ratis */R. Due to the scattered nature
of the experimental results within the boundary amxled lubrication regimes it was
not possible to see if this relationship holds.
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As Uy increases the friction coefficient becomes donaddby the lubricant flow
and surface interactions decrease. At lughvalues the curves converge as friction
becomes determined solely by Poiseuille lossess i$tthe opposite trend observed
in Fig. 4.4.b) as suggested by Eqg. (2.8).

4.2.4. Effect of Loading Frequency

Greenwoodet al. [79,80] noted that over a moderate range of straamd
deformation rates, the quantity is roughly constant for a given rubber. Up until
now all theoretical predictions for rolling frictiocoefficient have assumed this.
However, the range of strains and deformation redegred in this investigation are
far greater than those used by Greenwetodl. It can be observed that the series of
friction measurements obtained with different vatp fluids in Figs. 4.4.a) and
4.4.b) do not exactly join together. This is molearly seen in Fig. 3.13.b) where
the different fluids are shown using different syish There appears to be an
increase in rolling friction as entrainment spe&kg, independent of the fluid
viscosity. This rise may be related to an increasesnergy dissipation load
frequency and this would be represented as a charige quantity.

Loading frequency{2, can be described as the rate at which each ¢oatea is

loaded and un-loaded as the disk passes underThe Ball; in other words,

Q :”%a (4.1)

whereuy is the disk speed aradthe theoretical Hertzian contact radius. As intida
in Fig. 4.9 results from DMA analysis of the PDMSed in this investigation
showed that the mechanical properties of the sdifstsate depend on the frequency
of deformation. The applied load has negligibleafon the response of the PDMS

in the DMA, but, as loading frequency is increasind elastic modulus and loss
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tangent increases. This is probably why, for gdency range at the sarde value,
a resultant increase in rolling friction coefficies observed.

Elastic modulus, E (MPa)
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@ Elastic modulus
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Figure. 4.9 Plot of log (elastic modulus) and légs§ tangent, tan) versus log

(loading frequency) for PDMS at 3 N applied load.

2010

Tan &

Figure 4.9 shows DMA analysis of elastic modulud &8s tangent, respectively,
for PDMS at 3 N applied load. By fitting a powemi model to Fig. 4.9 values for

elastic modulus at high loading frequency can beutated:

E

k"

(4.2)

k andn are the elastic modulus power-law coefficient amdek respectively. The

use of a power law model is justified by the obaéon that the elastic modulus was

linear on a log-log scale. The same principle wadied for the loss tangent:
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tand=C.fZ (4.3)

whereC andz are the loss tangent power-law coefficient anaéxnespectively. A
good fit was found fok = 5.5x16, n = 0.06,C = 0.11 andz = 0.06.

Figure 4.10 shows the results for rolling frictiohPDMS at 3 N applied load. The
rolling friction contribution predicted from theogccording Eq. (2.13) is plotted as
solid lines. Using Egs. (4.2) and (4.3) the resulhigh frequency values f& and
tano (in turnE' anda) are used to recalculate the total rolling frinticn Eq. (2.13).

It can be seen that a closer fit was achieved whendependence of the elastic
modulus and loss tangent on loading frequency wpmied to Eq. (2.13). There
still appears to be a further component of the mn@asrolling friction, which occurs
only in the full-EHL regime and increases withy. The origin of this is as yet
uncertain. The effect is not likely to be due tscwelasticity of the PDMS because
the latter showed quite small variation in lossgtat over the frequency range of
interest. As shown in Fig. 4.10 the changes inwuiseoelastic properties of the

PDMS are negligible within the I-EHL regime.
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Figure 4.10 Plot of log(rolling friction coefficiénversus log(entrainment speed x
viscosity) for a range of lubricants at 50% SRRhwi PDMS disk (& 790 nm) at

3 N applied load. Solid lines show theoreticalgctions of Poiseuille friction
coefficient from Eqg. (2.13), with changes in elastiodulus and loss tangent due to

loading frequency applied.

4.3. Conclusions on effect of load and elastic

modulus on friction

A ball on disc apparatus has been used to studyffieets of load and substrate
elasticity on the friction of rolling-sliding, lulmated, compliant contacts. This was
performed by varying the applied load on a PDM& ,dand using three different
polymer discs with elastic moduli varying acrosseth orders of magnitude at a

constant load of 3 N. Separate rolling frictiordaiiding friction ‘Stribeck’ curves
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have been measured and the results from the sty Ibeen used to validate the

numerical models developed by de Vicestal.[31] in the I-EHL regime.

The measured influence of load on the isoviscoastel sliding friction coefficient
for all three polymers agrees quite closely wittmeuical predictions in the I-EHL
regime. However, the numerical models do not ptettie I-EHL rolling friction
coefficient accurately as a function of applieddoa

The elasticity of the substrates has contrastirigcef on the sliding and rolling
friction. Two trends are observed in the I-EHLireg. While experimentally it was
found that the sliding friction coefficient incresswith decreasing elastic modulus,
the models predict that there should be a negéggfilect due to the elastic modulus.
However, for rolling friction, the friction coeffient converges towards a constant
value of ~ 0.1 at high entrainment speeds. Thisoissurprising as deformation
losses will become negligible, at higghy values, in comparison to those associated
with Poiseuille flow. Consideration of the freqegrdependence of the deformation
energy losses in the substrates has enabled thegrdiiction coefficient to be
predicted reasonably accurately, especially withike mixed and boundary

lubrication regimes.
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Chapter 5

Interferometric system for thin film

measurement

This chapter describes the first of two experimetgehniques used in this study to
measure lubricant thin film thickness in a compliaontact. Optical interferometry
has become a standard technique for measuring dahtifilm thickness in ‘hard’,
metallic contacts. In this chapter, this procedui® adapted to meet the
requirements of poorly reflective contacting maikxj where one or both materials

have a low elastic modulus.
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5.1. Introduction:

The measurement of lubricant film thickness valwéhiin a compliant contact is a

challenging problem for several reasons [8]:

= Lubricant film thickness covers a wide range ofuesl the required
measuring range is from fractions to the hundrédsicrons.

= Contact size is considerably larger than in nonjaanmt tribological
contacts.

= Polymer materials are poor electrical conductocs@wor reflectors of light.

» Coating soft surfaces with reflective layers is mvial as the latter are either
prone to wear or influence the compliance and serfgroperties
significantly, or both.

= Many soft components have a high roughness comparedrfaces usually
investigated with established techniques. They as® very difficult to

smooth.

Notwithstanding these difficulties, when designemmponents for use in lubricated,
compliant, contacts, the liquid film thickness iss@nificant parameter, so it is
important that solutions are found to the issutedisabove. Currently there exist
very few techniques for measuring lubricant filmickmess within compliant

lubricated tribological contacts. Optical intederetry [68,69,71], magnetic
resistance [8], laser induced fluorescence [7] Rathan spectroscopy [19] have all
been used successfully. However, each of thesdirhdations and difficulties. As

of yet there is no established technique for ralgirobtaining film thickness data

from a soft contact.
This chapter describes a technique for measuribgclant film thickness between

soft deformable surfaces under low-load/low-pressaonditions using optical

interferometry.
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5.2. Measuring technique:

The basic principles and concepts of interferomateywell documented and can be
found in many texts. The application of interferdint techniques for investigating

lubricant behaviour in a tribological contact islhestablished. A good description

of the different techniques and their principlegigen by Gohar [2] and Westlake

[58].

5.2.1. Requirements

The overall goal is the measurement of lubricahm fthickness in a compliant
contact under low load, low pressure conditionsie Tilm thickness measurements
are to be obtained from image-intensified interfgaons captured under
monochromatic light. This particular applicatioangands certain requirements of
the interferometric system. Firstly, the fringeder must be determined directly
from the interferograms. Secondly, the fringesuthde closely spaced and form a
continuous pattern which will enable the thicknasstermediate fringe positions to
be calculated. Thirdly, a new interferometric systmust be established to produce

good quality interferograms from poorly reflectiserfaces.

The objective was to design an interferometric eaystwhich would fulfil these
requirements and, at the same time, satisfy thessacy conditions for obtaining
clear and well-defined fringes. To obtain cleateiference fringes, certain
interferometric principles must be considered. Sehare presented and discussed in

conjunction with the choice of interferometric gst
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5.2.2. Monochromatic or two beam system

When a monochromatic source is used and only tvambBenterfere the system is
described as being ‘two beam’. The interferencegés formed by this system are
based on the ‘division of amplitude’ of the incitlevave [56]. The incident light
wave from the source is divided by partial refleation the bottom surface of the
glass. The resulting wave fronts maintain theigioal width but have reduced

amplitudes.

The principle of light refraction states that a @ylight will change direction when
it crosses an interface of two materials with diffg refractive indices. Secondly,
light reflects partially from surfaces that haveefractive index different from that
of their surroundings. Gohar [94] explains theifgrometric system by considering
the tribological contact in Fig. 5.1. The incideays A and A meet the lubricant
surface at Band B, at an angle of incidence The ray AB; refracts at anglé€ to
C,, reflects to B and emerges together with the cedld part of ray AB. Further
reflections and emergences from these two raysradomg the glass window, but
these need not be considered at present.
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Glass window

Lubricant

—

Test specimen

Figure 5.1 Principle of Two-beam optical interferetry

The phase difference of;B; and AB stays constant with respect to;PBhere D is
the foot of the perpendicular fromy.BThe time for B to reach R in the film is the
same period for D to reach B. Therefore the pdflerdnce, J, in the medium is
B1E-B1D1, where BD; = DB and BC; = CiE.

The resulting intensity at this point depends oa pihase difference between the
rays. If they are nearly in phase they ‘constiayf interfere, giving rise to an
intensity which is greater than the sum of the tways acting separately.
Conversely, if the rays are nearly out of phasey tdestructively’ interfere, giving

rise to an intensity which is less than the surtheftwo rays acting separately.

The phase difference depends on the ‘optical’ pig#fkrence between the two rays
which for normal incidence isnh wheren is the refractive index of the medium
(lubricant) andh is the physical gap (lubricant film thickness)here is also often a

phase change in reflection at either one or bothhef reflecting surfaces. A
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correction,®, must then be added to the path difference. Bbgwe incidence the
path difference can be shown to depend on the eadithe angle’. Thus, the path
difference between the raysBy and AB becomes:

6=2n,.BE-BD, +® (5.1)
Then from geometrical considerations:
o =2n,,.hcos'+® (5.2)

Constructive interference occurs when the pathedifice is equal to an integral

number of wavelength$|l. From Eq. (5.2) the general condition is given by
NA =2nhcosi’' + ® (5.3)

Bright fringes are produced from constructive ifés¥nce. N is called the ‘fringe
order’ and can take on integer values of 0, 1, 2,Destructive interference occurs
when d = (N + 05)4. Therefore, when

(N +05)4 = 2nhcosi’ + @ (5.4)
dark fringes are produced.
If 1, cosi’, and® are constant, the fringe order will depend on dipé&cal path
difference 2ah. These fringes are called ‘fringes of equal theds’ which,
according to the system in Fig. 5.1, are localiaedhe lower glass surface.
The nature of the fringes produced by two identingrfering rays will be broad,
with a spacing equivalent t&/2 between adjacent maxima and minima. Using

fringes alone it is not possible to resolve fingadeas their width has a masking

effect. An additional system to measure lubriddnt thickness for values less than
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A4 was devised by Roberts al.[68]. Here grey scale data between fringes on an

interferogram are interpolated to give detailedhfthickness results.

5.2.3. Fringe visibility

The clarity of fringes is usually described by thaiisibility’. Michelson [95]

defined visibility as;
V — _ max min (55)

wherelnx andlnyin are respectively the maximum and minimum inteesif the
fringes. Whenyin = 0 the visibility equals a maximum of the fringed/henlax=

I min the visibility is zero and no fringes are seealht
If the rays EE and EF;, in Fig. 5.1, are ‘coherenti.¢é. in phase and of the same
frequency), the resulting intensity of interferenfrenges will depend on the

individual intensitiesl; andl, respectively, of the two rays and their path dédfece,

o0, according to Fresnel’s classical formula;

|=|1+|2+2\/E\/Ccos¥ (5.6)

Maximum intensity occurs WhenosTﬂé =1, and minimum Intensity occurs when

cosz)lié =-1. Thus,

max:|1+|2+2\/K\/E (57)
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min =|1+|2_2\/E\/U (58)

The visibility is;

_ 2l 5.9

[, +1,

which has a maximum of unity when the intensitiesequal k; = 1,). For this case,
the intensity distribution follows a cbdaw according tol =cosz?. Equal

intensities are achieved by controlling the reflases of the surfaces.

For visible interference fringes to be obtainea, ithterfering rays must be mutually

coherent. That is the phase difference of theferi@g rays must be constant. This
condition is satisfied if the two rays emitted Ihe tsource at A, are in phase, have
the same frequency, and are continuous over tliedié¢rence.

The degree of coherenge allows Fresnel’s formulae fokax andlmi, can be written

as,

Imaxmin = I1 + I2 * 2\/I\/Ey (510)

For mutually coherent beamg reaches a maximum of one, and for non-coherent
beamsy falls to a minimum of zero. The visibility of tHenges then becomes a

function of the degree of coherence,

v=2hil 5.11)

[, +1,

which will reach a maximum when the two beams hageal intensities and are

mutually coherent. As the path differenégjncreases, the degree of coherence,
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and hence visibilityyV, decreases. Therefore, interference fringes cénlwe seen

over a finite thickness.

Wedeven [56] gives an alternative explanation ier decrease in visibility with path
difference which is compatible with the theory @friial coherence. The length of
the wavetrains emitted by a source is related ¢oitkierse of the bandwidth. All
sources have a finite spectral bandwidih, the emitted light waves are composed
of a mixture of wavelengths. In this respect narse is truly ‘monochromatic’. If
the source emits various wavelengths, the fringaméd by the shorter wavelengths
will be closer together than those of longer wangths. At zero path difference the
fringes formed by the various wavelengths coincidéds the path difference
increases, the dark fringes of the shorter wavéhsngegin to overlap the light
fringes of the longer wavelengths (aride versa This confusion of fringe position
causes a decrease in visibility. The rate at whiah visibility decreases ds
increases depends on the bandwidth of the souCtear or visible fringes can only
be obtained over large thicknesses if the bandwsdgufficiently narrow. However,
very wide bandwidths can be tolerated if the thedses to be measured are small.
This is important in that it allows a greater cleoiaf light sources and spectral
distributions to be used.

Duo-chromatic and white light interferometry teaiunes take advantage of the
overlapping wavelengths to improve fringe visilyilit If the spectral distribution

consists of a group of shorter wavelengths andoapyof longer wavelengths, at a
particular thickness the dark fringes from one growuerlap the light fringes of the
other. As the thickness is increased furtherdidmix and light fringes of both groups
will coincide. The resulting visibility rises arfdlls in a periodic manner. This
system creates greater accuracy in determiningdrorder and position. However,
as the spectral distribution is increased, the oreable range of film thickness

decreases.

The range of obtainable film thickness values lateel to the coherence, size and
quality of the illuminating light source. Compliatontacts tend to form thicker film
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thicknesses than stiff contacts; therefore a morowohtic interferometric system

lends itself to investigating compliant contacts.

5.2.4. Reflecting surfaces

The quality of the fringes and the accuracy of theasurements taken with the

interferometer depend primarily on three conditiohthe reflecting surfaces.

The first is the surface finish. The intensity diiage will change from a maximum
to a minimum (orvice versa if the optical gap changes thickness Jzy It is

n
therefore important that the surfaces in contaafamn locally to a mean elevation

L A .
which is less than4—. In other words the test surfaces must have dicably
n

smooth surface finish [70].

The second condition concerns that of geometrymdfningful measurements of
elastic deformation are to be obtained, it is essktimat the deviation from a perfect
surface geometry is small in comparison with thigheation due to pressure. The
manufacture of spherical balls of low elastic madulvith an optically smooth
surface finish and geometrical shape is not aalrimatter. It is primarily for this

reason that the experimentation presented heimiied to a point contact.

The third condition is that of reflectivity. For anochromatic interferometry,
maximum fringe visibility is obtained when the ins#ties of the two beams are
equal {.e. l; =Iy). Similar intensities can be achieved by contngllthe reflectivity
of the surfaces. High reflectivity is not a ne@gsrequirement of two-beam
interferometry. It is possible to obtain fringeksgmod visibility with surfaces of
very low reflectivity (and hence high absorptiordén transmission) provided that

I, = I,. This is not, however, a very efficient use @ thtal light input [56].
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To obtain fringes of high visibility it is most inptant that the reflectivities of the
two contacting surfaces are compatible in making thtensities of the two
interfering rays similarl{ = I;). For normal incidence, the reflectivitiR, at an

interface between two non-magnetic materials fatléwesnel equation;

R= (ﬁ] (5.12)

wheren; andn, are the refractive indices of the two media.

The commonly-used ‘hard’ or metallic contact betweesteel ball and plain glass
disk coated with a semi reflective chromium layeruised in most standardised
optical systems for measuring lubricant film thieks [39]. Wedeven [56] measured
the reflectivity,R, and absorptionA, for each surface/interface within the standard
optical contact. These are shown schematicallyign 5.2. Values were obtained
from measurements taken with the experimental Bghirce, a standard base oiH
1.55) and a photocell.

S
]
[EEN

Non-reflective layer 2
R=1% g

Semi-reflecting layer

Glass Disk \/ / J/ R =15%
\/ A =30%

Oil

/ \

Steel ball R =58%

Figure. 5.2. Reflectivity of surfaces and resultinggnsities of interfering rays.
Wedeven [56].
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The reflectivity of the steel ball was found to T# % in air and about 58 % in oil.
The glass race was specified to have a chromiurerlay 15 % reflectivity,
measured from the glass/chromium side when oilasgal on the back surface. The
chromium layer is added to increase the reflegtiattthe glass/oil interface and thus
balance the intensities bfandl, to create fringes of good visibility. The absawpt
of the chromium layer was deduced from the measemésnof transmission and
reflectivity of the glass disc. The free electramshe metal film cause a rather high
absorption of 30 %. The high absorption is notidetntal to the fringe visibility for
two-beam interferometry, provided that= I, but it does reduce the utilization of

the total light input.

The reflection from the air/glass interface (ray ABA;B; in Fig. 5.1) is calculated
to be~ 4 %. To reduce the reflectivity at the air/glagsrface, Wedeven coated the

upper surface of the glass with a non-reflectitg,fmagnesium fluoriden(= 1.38).

The glass was coated to a thicknessz/‘ef wherel corresponds to a wavelength
n

approximately in the middle of the visible spectrwh the illuminating light.
Incident light reflects off the air/MgHnterface and the MgFlass interface. Both
reflections are from a ‘rare-to-dense’ medium sitiee index of refraction of Mgk
is less than plain glasa € 1.52). This causes a phase changetofoccur for both
reflecting interfaces. The rays reflecting frome tiMgF/glass interface travel
through the film twice, thus making the path diflece between the two reflecting
interfaces equal to one-half wavelength; this ig ttondition for destructive
interference. The non-reflecting film does nottd®sthe light but redistributes it.
Therefore, the decrease in reflectivity accomparaesorresponding increase in
transmission. The refraction of MgBnd glass are not exactly correct to establish
interfering rays of equal intensity, so the refiectis not totally suppressed. Also,
the film is less effective for those wavelengthschhare not near the middle of the
visible spectrum. The film is, however, effectivereducing the reflection to about
1 %.

The intensities of the two interfering rays showrkig. 5.2 can be calculated as:
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Il = IO(RgIass/Iube + A) (513)

I2 = [(1_ ll) I:\)Iube/sample] - [(1_ ll) I:\)Iube/sample’(RgIass/Iube + A)] (514)

whereA is the absorption of the semi-reflective layeheTntensities of; andl, are
nearly equal; from Eq. (5.11) a visibility of 0.986calculated.

For the optical contact in the current study, tteelssurface is replaced with PDMS
which is poorly reflective, calculated to be 0.048n glycerol 6 = 1.47). One way
to increase the reflectivity of the PDMS is to $putits surface with a reflective
coating. A number of different coatings were ted| these included; gold,
aluminium and chromium. However, the addition efiactive coatings was not
successful, as they were prone to wear or influgribe compliance and surface
properties significantly. At this point, howevérjs important to remember that to
achieve fringes of good visibility it is not necass to have interfaces of high
reflectivity. Therefore, instead of coating the B with a reflective material, the
reflectivity of the other interface must be reducddhis is achieved by using a glass
surface without a reflective coating. Plain BKaAs# has a calculated reflectivity of
0.024 % in glycerol. The subsequent visibilityc&s97 %. However, intensity will
be extremely low so some form of image-enhancingera will be required to

capture the interference images.

For Wedeven’s contact, the initial reflection frahe top surface of the glass disk is
of limited importance due to its weak intensity qmared to the interfering rays from
within the contact. The reflection would lower tindensity ofl; andl, slightly, but
have a negligible effect on the visibility. Howeydue to the low reflectivity of the
PDMS and the lack of a semi-reflective laylgrandl, are now less than 1 % for a
compliant PDMS/glass contact. The air/glass rédiédight, which may reach the
image plane, will greatly dilute the image and #fere reduce fringe visibility.
Although MgFR, is effective at reducing the reflection it is Istbo large for the

current system. Robengs al. [68] introduced an Abbe prism to replace the dlatss

- 107 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

disc. The illuminating beam was then moved to a-nmormal incidence to the
contact area, so the amount of scattered lightivedeby the detector was greatly
reduced. This is shown schematically in Fig. 5.3.

Objective lens

\

Interfering
rays (I, andl),)

Incident beam

Reflected beam

PDMS ball

Figure 5.3 Tribological contact of interest

The Abbe prism consist of a block of glass formangght prism with 30°-60°-90°
triangular faces. A beam of light enters face ABrefracted and undergoes total
internal reflection from face AC and BC, and enties contact about three quarters
of the way along the face AC from A. Here, a portof the light is reflected from
the glass surface while the remainder passes thradgbricant film to be reflected
back from the ball surface. The two rays interfareéhe reflecting surface AC and
the resulting light is refracted on exiting face B€fore being detected. To ensure
that total internal reflection occurs at faces AG &8C, an initial angleg, of 23° is
calculated from Snell’'s law. From the design of/Advbe prism this gives an exit
angle equal tao. By rotating the prism and incident beam (in filane of the
diagram) around point A on the face AB, the intenig rays can be guided vertically
upwards into the objective lens. In the currentlgt Roberts’ Abbe prism approach
is developed further to study lubricant film thigss in sliding, lubricated compliant

contact.
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Using Egs. (5.12), (5.13) and (5.14) the intensiti®r 1, and I, for the
PDMS/transparent surface separated by lubricantbeanalculated for a range of
lubricant refractive indices so that the fringeilviy can be calculated using Eq.
(5.11). Assuming the interfering light rays are toally coherent,y = 1, the
calculated visibilities for the BK7 glass prismghirefractive index glass & 1.93),
sapphire f = 1.77) and diamondn(= 2.2) against PDMS are shown in Fig. 5.4.
Predictably the visibility falls to zero at the n&dtive indices of the PDMS and the
transparent surface. Maximum visibility is obtalreg a mid point between the two
solid media. It can be seen that an optical windoade from BK7 glass will
produce the most visible interference fringes fueous solutions, which commonly
have a refractive index between 1.3 aadl.4. However, some oils have a higher
refractive index. To investigate the lubricantilthickness in an oil lubricated
compliant contacts an optical window should be mafdgapphire to produce visible
interference fringes. The range of lubricant retikee indices best suited to sapphire
are 1.48 <n < 1.64.

100 -
90 -
80
70 -
60 -

50 ~

Visibility, %

40 ~

30 ~
— BK7 glass (n=1.52)
20 4| —— Sapphire (n=1.77)
— HRIglass (n=1.93)
10 - Diamond (n=2.2)
0 ‘ ‘ ‘
1 11 1.2 1.3 1.4 15 1.6 1.7 18 1.9

Lubricant refractive index, n

Figure 5.4. Fringe visibility versus lubricant refttive index for BK7 glass, HRI
glass, Sapphire and Diamond prisms Refractive imddéXDMS = 1.43.
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5.3. Apparatus:

The experimental apparatus presented here prowddsgstem whereby the film
thickness in a lubricated, compliant contact can rheasured using optical

interferometry.

There are two primary mechanical variables assettiatith the lubricant film
thickness and profile shape; entrainment speedapptied load. The mechanical
system is designed so that these can be variedantblled. To obtain a stable and
steady film thickness the system must also bedfegbration.

5.3.1. Arrangement:

The complete experimental arrangement is shownnsatieally in Fig. 5.5. The
tribological contact consists of a rotating elastonall pressed against a transparent
optical flat. The optical window is a plain BK7agk prism (Edmunds Optic, UK),
which is naturally hydrophilic and was used as $edp The prism has a Young's
modulus of 65 GPa, Poisson’s ratio of 0.24 andactive index of 1.517. The prism
is kept stationary while the ball rotates, so tlystam operates in pure sliding

conditions.

The PDMS test ball is mounted on a horizontal dskeft within the sample pot and
loaded against the prism from below to allow optieacess of the contact.
Lubricant is entrained into the contact by testcgpen rotation; the lubricant level

for each experiment was filled to such a levelriswge liquid entrainmenta 40 ml.
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Figure 5.5. Schematic representation of experimeparatus
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Table 5.1Key for Fig. 5.1.

1. Computer 9. Compliant test specimen  17. Samule p

2. EM Camera 10.0Optical window 18. Bearing house

3. Monochromatic light 11. Light guide 19. Reduction gear box
source

4. Motor controller 12. Ball drive shaft 20. Balbmor

5. load beam balance 13. Coupling 21. Heating edéme

6. dead weighted load beaﬂ14.' Temperature control | 22. Drive motor and gear
unit platform

23. Specimen, optical and

7. Calibration weights 15. Lubricant reservoir
load platform

8. Objective lens 16. Temperature sensor 24. Labtidrain valve

5.3.2. Drive system

The experimental specimen is driven by an eledtnwator connected to a 100:1
reduction gear box. To reduce vibrations that nmagrfere with film thickness
measurements, the motor is directly connecteddadbuction gear boxia a bevel
gear and mounted on to a separate pedestal frospdwemen platform. The electric
motor is a DC permanent magnet servo motor (Eletaé Corp, UK). The motor
acts as its own tachometer and changes in torqueletected by a bridge circuit
which match the voltage to the control regulatdrhe motor speed is manually
controlled by adjusting the input voltage to thgulator.

The motor and reduction gear box combination alléevsa low entrainment speed

range of Ium s to 3 mm &. The entrainment spedd, is defined as;

Up FUg _ Uy
2 2

U= (5.15)
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whereuy is the speed of the glass window, in this aase 0. The ball speedy, can

be calculated by;
u —u—mgr2ﬂr (5.16)
b =g 927 :

whereun, is the motor speed in rprgr the reduction gear box ratio anglthe radius

of the test specimen.

Low entrainment speeds were required to keep labtidilm thickness within

measurable levels, as film thickness approachem Zvisibility of fringes is lost.

assumed to be negligible due to the high torqueuudf the reduction gear box.
The greatest motor rotational speed required is 6&® which achieves an
entrainment speed @fa 3 mm §. At greater entrainment speeds, vibrations from
the motor caused a pulsing motion in the contaegteng difficulty in obtaining true

and accurate results.

5.3.3. Heating and sample pot

Two cartridge heating elements (RS, UK) provideirgxt heat transfer to the
lubricant. The heating elements are installed iwithe sample pot. To improve
conductivity between the contacting surfaces, #atihg elements are coated with a
commercially-available heat transfer compound. Thlericant temperature is
monitoredvia a temperature sensor within the lubricant bathe 3ensor feeds back
to a controller where the desired temperature @amputted. The system allows
lubricant temperature to be accurately controllathiw + 0.1 °C. A maximum
temperature of 150 °C can be achieved and the taeegperature is limited to room

temperaturea 22 °C.
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5.3.4. Test specimens: creation and properties

Test samples were fabricated from a componentosiickit (Sylgard 184, Dow
Corning Corporation, USA). The PDMS is suppliecaasvo part silicone elastomer
kit, a base and a curing agent. The test specinreniis thesis were a ‘near’
spherical PDMS ball created using a ‘candle dippprgcess. Uncured PDMS is
layered onto a 19 mm diameter stainless steel urdll a coating of 1-2 mm in
thickness is created. It is assumed that steel substrate has negligible effect the
mechanical properties of the PDMS layer, the ingtians of which are discussed
further in chapter 6.4. The PDMS is transparentreftections from within the
specimen or the metallic sample mounting will ifeeg with the signal of interest.
An opaque filler was therefore added to the PDM$r&event this by absorbing any
non-reflected light. Only a small amount is regdirfor this to be achieved and 0.5
wt % Carbon black (Fluffy, Cabot, UK) was addedhe uncured PDMS solution.
The refractive index of the CB-filled PDMS was maa&sl as 1.43 using an Abbe 60
refractometer (Bellingham and Stanley Ltd). PDM&ples were created according
to the instruction manual of the manufacturer (DGarning). A base to curing
agent mass ratio of 10:1 was used for all elastsaerples. The PDMS and CB
solution was thoroughly mixed by hand and foamsegatied during mixing were
removed by a vacuum. Once free of bubbles, thel &t@ll was dipped into the
mixture and placed into an oven. The thin layePBIMS cured rapidly at 150 °C
within ca 3-5 minutes. The ball was then dipped into théBDmixture again and
placed back into the oven. This process was regdaaitil the steel surface was no
longer visible and the PDMS @ 1.5 mm thick. The specimen was then placed in

the oven overnight at 75 °C.

Surface analysis of the CB filled PDMS specimensewaarried out using a Wyko
optical interferometer (Veeco, UK). Measuremengeanmaken in the VSI mode and
the camera was setup with a X20 objective lensagks are 640 x 450 pixels, which

equates to a field of view afa 575 x 430um. No filtering was used during all
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measurements. A smooth surface finish gE=R/0 £ 10 nm was achieved. These

values satisfy the optical requirements of the arpental technique.
An SEM image of the PDMS surface is shown in Fi§. 5The CB particles can be

seen to have conglomerated together during theguymiocess and to protrude from
the PDMS surface.

ZE kL #1lEa 188rm

Figure 5.6. SEM image of CB filled PDMS test speanCB patrticles can be seen
on the surface of the PDMS.

PDMS is a viscoelastic material. Therefore, thecmaaical properties vary
depending on test conditions,e. loading frequency or temperature. The
concentration of filler has a large effect on tkeuitant elastic modulus. This has
led to a number of elastic moduli of PDMS beingomgd in the literature; 2.4 MPa
by Bongaertst al. [25] when no filler was used and 4.1 MPa by deeviteet al.
[31] when MgO pigment was present in the PDMS. nirrdynamic mechanical
analysis (DMA, Triton, UK), under test conditiongpaopriate to the contact studied,
an elastic modulus of 3.8 MPa was obtained forGBefilled PDMS. A Poisson’s

ratio of 0.49 was assumed for all tests [18].
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5.3.5. Test lubricants

Table 5.2 lists the main lubricants employed inststudy and their dynamic

viscosities at the test temperature.

Table 5.2Dynamic viscosities of Test Lubricants

Lubricant Composition Viscosity at 22 °C (Pa s)
GLY 95 wt.% Glycerol in water 0.38
SFO Sunflower oll 0.053

Two test lubricants were used, a 95 % glycerol/watdution (GLY),n = 0.38 Pas
and lab grade sunflower oil (SFG)= 0.053 Pas, supplied by Unilever (Colworth).
These were selected as they possess the samdivefradex,n = 1.47, but differ in
dynamic viscosity range by an order of magnitudde refractive indices of both
lubricants were measured at atmospheric pressumg as Abbe 60 refractometer
(Bellingham and Stanley Ltd.). Under the test ¢boils used, the contact pressures
were assumed to be too low (less than 1 MPa) te laay significant effect on the
refractive indices of the test lubricants. Based tbeir refractive indices, the

calculated fringe visibility for both lubricants w86 %.

Glycerol is hygroscopic in nature, to limit possibérrors in viscosity a 5 wt.%
solution water in glycerol was preferred to purgcglol. Since its viscosity is far
less sensitive to small changes in water conteart flure glycerol [96] and it is also

much less hygroscopic.
Both the lubricants studied were single phase aadtbhian over the range of shear

rate from 1 to 10005 which spans the test parameters. The viscosifi¢ise test

lubricants were measured using a Stabinger Visam{@inton Paar, UK) prior to
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testing. The test temperature whss 22 £ 2 °C. The water used in the GLY
solution was demineralised filtered water (Elgajle/glycerol was supplied as 98 %
pure grade (Sigma Aldrich, UK).

5.3.6. Microscope and image capture

The interference fringes were observed throughaascope, adjustable along three
axes. A magnification of 5X was found to be congahfor observing both the
Hertzian region and inlet/outlet lubrication acrabe range of test loads. An
Olympus MDplan 5 with a numerical aperture of Ontdd9 mm working distance

was used for all tests.

No eyepiece is needed for the experimental setup Bge image feed is given
through the digital camera. Due to the poor reifity of the contacting surfaces an
image-intensifying camera was needed to capturenteeferograms. Images were
captured using a Rolera MGi B/W EMCCD camera (QlmggUK). The Rolera
has a 14 bit senor dynamic range (16384 levels istinduishable difference)
offering high resolution of intensity levels. Imesywere captured at a series of
entrainment speeds, beginning at a low value angasing in stages. Images were
captured as 16 bit tif files, in a 512x512 arrdjue to the memory intensive nature
of the camera, image sequences over 100 MB inve&ze captured and transferred
to a PC. Connection to the PC was achieved vi&|EB4 FireWire cable, which is

capable of large data transfer at high speeds.
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5.3.7. Light source

Contacts were illuminated with monochromatic £ 625 - 635 nm) light. An
adapted fibre optics light source (Ealing), 12V AGpply, fitted with a size MR16
lamp and 150W Halogen bulb, was used for all expents. To produce
monochromatic light the bulb was replaced with a/2Q.ED (TruOpto, UK). The
AC supply was switched to DC and smoothed usingr&s of large capacitors and
diodes. The light was guided to the glass prisaavfibre optic cable, resulting in a

highly coherent beam of red light.

5.3.8. Loading system

For 1 N-order loads used in friction work, the @mttarea becomes too large to
capture with the imaging system used in this ingatbn. Therefore, a loading
system that can accurately apply and maintain ataohlow load was needed. Load
was applied to the test specimen through the pbgnmeans of a dead weighted
lever arm, shown schematically in Fig. 5.7. A bakRweight is attached to the outer
end of the lever arm upon a screw thread. Ther laxma is pivoted on a knife edge
which is vertically adjustable. This combinatidloas the prism to be lowered onto
the contact under zero load or ‘just touching’ atinds. The ‘record needle’ style
balance also produces a constant load, as the &wad can adjust to any
misalignments in mechanical parts and eccentri@tebr in the sample rotation at

low speeds, assuming low friction in the knife egget.
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y

&
<

Balance weight
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F@1 Load weight
Knife edge
pivot
D777 mg

Figure 5.7 schematic of loading system (not toescal

Taking moments around the knife edge pivot, thdiegpoad can be calculated as;

_ MmgXx
y

W (5.17)

wherex is the distance from the pivot point A and thetoeiof the calibration mass,
m. y, the distance between pivot point A and the ceottthe optical window and
is the gravitational constang € 0.98 m €). With this system the normal load can

be varied in increments of 1 mN.

5.3.9. Calibration

In a hard/metallic interferometric system, the adlisothickness corresponding to
each fringe of the systems must be determined bigragon. This is necessary
because of phase changes associated with the imezfliéctions of the steel ball and

the semi-reflective chromium layer. In the currezampliant contact, due to the
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absence of any reflective coatings on either cadimiicsurface it is assumed that

there will be no anomalous phase changes in theldgical contact of interest.

If zero thickness gives black interference, coroesiing to zero reflected light
intensity (minimum), then an optical gapXdft will give bright interference of high
intensity (maximum). This is only true if the pkashange is equal to 180° at the
liquid rubber interface. To obtain precise detemtion of this phase change,
ellipsometric measurements were carried out by Red&2] who found that the
phase change was between 0.5° to 2° less than Hf%ever, these measurements
were made for a single surface in air and not thrgact pair in liquid. Photometric
measurements, in this investigation and by Tadtoal. [68], showed that, for the
tribological contact, the light reflected from thgerface has, within the sensitivity
of the apparatus, zero intensity. This impliest tthee effective phase change is
virtually 180°.

The zero film thickness fringe colour (maxima ornima) is determined at the
beginning of each test run. For a compliant cdntsigch as the one used in the
present study, rapid approach of the surfaces @dpsll’ of liquid in the centre of
the contact and the entrapped lubricant is squeezs#dover time under static
conditions [67,72]. To achieve an accurate cdlibnathe contact was therefore left
for 10 minutes before the interferogram was captuead the zero film thickness

level obtained.

5.4. Conclusion on interferometry method

a) The system discussed here has been designed to theeekquirements of
obtaining good fringe visibility despite the lowflextive nature of the elastomer
surface, using low power monochromatic illuminatiigipt. The reflectivities of
the contacting surfaces must be balanced in suetaw that they provide

interfering rays of similar intensity (i.&. = 1,). By removing the semi-reflective
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b)

d)
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chromium layer used in the more common, metallierfierence studies, this is
possible. The introduction of a prism in place efglass disc to move the
illuminating light to a non-normal incidence reddahe surface reflections and

back scatter from outside the contact.

Fringe intensity changes from maximum to minimum \{ice versa) when the
thickness changes bz— Therefore, to obtain fringes of high visibilitthe

n
contacting surfaces must be optically smooth. theowords they must have a

A .
surface roughness less thazpr. Surfaces less thaca 100 nm in surface
n

roughness are therefore required for the systerd heee. The glass prism and

PDMS samples satisfy this condition.

The type and method of illumination required toeggood fringe visibility is a
function of the experimental film thickness rang€&or lubricated, compliant,
contacts the range of film thickness values is darg Monochromatic

interferometry is best suited to this requirement.
A sufficient degree of coherence between the ieter§ beams must be

maintained over the required film thickness raneyond these boundaries the

visibility will fall and eventually interference Wibe lost.
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Chapter 6

An investigation of lubricant film

thickness in sliding compliant contacts

In this chapter film thickness results are presdrftg two simple Newtonian fluids.
Film thickness measurements were made using theochmmatic optical
interferometric technique discussed in the previohapter. Film thickness maps
and profiles across a range of applied loads anttaenments are shown. Pressure
profiles are also presented and discussed. Filitktiess maps are compared to a

theoretical model.

The work in this chapter can be found in: MyantFGyell M, Stokes J R, Spikes H
A. “Film thickness study for lubricated, compliantcontacts”. doi:
10.1080/10402001003693109
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6.1 Test conditions and procedure

The experiments described here were conducted ubmgexperimental method
described in chapter 5. A pure sliding complianhtact, consisting of a rotating
CB-PDMS ball loaded against a plain glass prism used. Two lubricants were
tested; glycerol (GLY) and sunflower oil (SFO). | #&d¢sts were carried out at room
temperature = 22 £ 2 °C) under three different applied loafi$\b= 3, 35 and 50
mN. A small lubricant entrainment speed rangdJof 0 toca 1.5 mm & was

investigated.

Before each test the ball was cleaned by rinsirgjstlled water and then a solution
of 2% wt. sodium dodecylsulphonate in distilledtevafollowed by immersion in

isopropanol in an ultrasonic bath for at leastéhmenutes, and finally by immersion
in deionised water in an ultrasonic bath for astahree minutes. The glass prism

was ultrasonically-cleaned in isopropanol, followsdAnalar acetone.

Once the test rig was assembéad60 ml lubricant was added to partially submerge
the ball. Load was then applied and interferogréaken at a series of entrainment

speeds beginning from a low value and increasirggihsteps.

6.2 Interference images to film thickness maps

A series of typical, cropped, low-speed interfeemgs obtained in this study are
shown in Fig. 6.1.a), b), c), and d). These waken atU = 0.02, 0.25, 0.33, 1.31
mm s' respectively, all at an applied load Wf = 3 mN, lubricated with GLY.
Lubricant flows along the axis from left to right. Interferograms were aaet as
512x512 pixel arrays, with a calibrated pixel safe3.2 um giving a full field of
view of 1.64x1.64 mm. The monochromatic systemnghgood detail in film shape
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and it can be seen that, for all the images, thermum film thickness occurs at the

lubricant outlet.

Figure 6.1. Interferograms of the tribological cant under 3 mN applied load,
lubricated with GLY. At U = 0.02, 0.25, 0.33 an8ILmm & for images (a), (b). (c)
and (d) respectively. Images are ca 0.6x0.6 msizes Lubricant flows from left to

right, in the x direction.

Film thickness maps were extracted from Figs. §tb.a@) by image analysis and are
shown in Figs. 6.2.a) to d). A fullty coordinate map of the fringe positions, number
and intensity was built up for each image. To kig,tcolumns with less than one
full fringe and all intensity data outside the fimnd last fringes detected were
filtered out. The minimum fringe number, it's po@n and film thickness value
were inputted from which all film thickness valuese then calculated. The
minimum film thickness fringe was used as the dapaimt due to the certainty in its

location. The minimum film thickness value wasaéd by manually counting
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fringe changes at the rear of the contact from eertoainment speed upward. For
film thickness values between maxima and minimaies| the grey scale intensity
was used to interpolate between points. This wadas to the procedure used by
Robertset al.[68]. By including all grey scale data, the catrshape of the contact
could be obtained, in particular the shape andnéxté the outlet constriction.
Another benefit of this technique is that surfaceghness can also be plotted. The
system can only count upward changes in phasegftiver to avoid confusion
between phase changes due to asperities, arelas whage can be selected that are
to be ignored during fringe mapping. This alloveperities to be initially ignored
and then re-inserted during interpolation of gregls data. Before a final film
thickness map of the contact area was producedspasious fringes which have
formed as a result of asperities or dirt/interfeeedetected beyond the main contact
region, were removed. Any columns within the coht@rea where no fringes are

detected are assumed to be the average of theiedmate neighbours.
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Figure 6.2. Film thickness maps of the tribologicahtact under 3 mN applied load,
lubricated with GLY. At U = 0.02, 0.25, 0.33 an8ILmm & for images (a), (b), (c)
and (d) respectively. Lubricant flows from leftritght, in the x direction. Film
thickness is expressed as RGB intensity, valuésaited in the colour bar to the

right of the figure.

For each case in Figs. 6.1 and 6.2, the minimum fihickness occurs directly
behind the centre of the contact. At low valuetJptwo regions of minimum film

thickness occur, close to the centre line andeasities. Although this is not clearly
shown in the film thickness maps because of thaseoass of the grey scale

analysis, it is suggested in the interferogrambest side lobes have been predicted
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numerically by Hamrock and Dowson [97] and demaistt experimentally by
Robertset al.[68].

6.3 Results

6.3.1 Effect of Load

Film thickness profiles along theaxis (in the entrainment directionyat 0), were
obtained by the same method as that used to dikat¢hickness maps discussed
above. Profiles of the tribological contact lubted with GLY at similar
entrainment speeds, for three different applieddoare presented in Figs. 6.3.a), b)
and c¢). The minimum film thickness position waedigas a universal reference point
to compare the plots. The central contact poirg nat used as no externally-based
geometrical reference system was available durkpgrmental testing. This is the
case for all subsequent figures. The profiles sli@tails of film shape and, in
particular, the minimum film thickness located ihetoutlet region. Surface
topography and asperities are also visible frorarpulation of grey scale intensity

between fringes.
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Figure 6.3. Film thickness profiles for GLY at apdlloads of (a) 3 (b) 35 and (c)

50 mN.
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GLY profiles show some variation in contact siz@stwas most notable at 50 mN
load, Fig. 6.3.c). In profiles &1 = 0.2 and 0.61 mmi’s the contact size appears to
vary by abouta 100um. This suggests a possible error in load of 2 noN may be
occurring. The contact size at 3 mN load, showhign 6.3.a), appears to vary by
40 um, while at 35 mN load, contact size variation aypeo be negligible. This
may be a result of vibrations in the test apparadnsg illustrates the sensitivity of
I-EHL lubricant films to load, unlike piezovisco&aHL.

As load was increased, noise in the profile pléé® éancreases. The larger contact
size raises the likelihood of asperities being @nés Asperities do appear to be
present in a number of the profiles, most notablygrofiles at low film thickness
values; however this would not cause noise alorgtttire profile. At higher loads,
surface roughness effects may be more visible duthe lower film thickness
values. Film thickness values were below the pgeakalley height of 1 + 0.2m,
however they were still above the roughnéss,
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Figure 6.4 Film thickness (solid lines) and press(atashed) profiles for W = 3 mN
and 50 mN, at U = 0.65 and 0.61 mrhrespectively, for tribological contacts
lubricated with GLY.

Figure 6.4 compares film thickness and pressurdilgsp alongy = 0, for the
tribological contact lubricated with GLY under 3daB0 mN applied load. Film
thickness profiles were taken from Fig. 6.3.a) &jdat similar entrainment speeds
of 0.65 and 0.61 mms respectively. To calculate the pressure prafites film
thickness profiles obtained from interferometricasierement were extended to five
times the Hertzian radius on the inlet side. Th&s achieved by assuming the
contact profile returns to the radius of curvatofethe ball at radii outside the
measured interferometric profiles. The pressurafilps were calculated by an
inverse method based on inputting the experimgntaéiasured film thicknesses to a
numerical Reynolds equation solver as describedChsneron [98]. The solver
discretised the domain using finite differences ang pressures below the gauge
pressure were set to the gauge pressure. Filnigzat the same applied load show

similar areas under the pressure curves, as expecte
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In Fig. 6.4, it can be seen that the maximum pmressacurs just downstream of the
centre of the contact for the low load case. Hawefor the high load case, the
maximum pressure occurs closer to the HertzianreeniThis was predicted by
Hamrock and Dowson [97]. For an order of magnitabdenge in the applied load
there is a considerable change in the pressurdepaifca 6 timespmax However
there is a less significant change in the filmkhess profile, only a change cd 2.5

h.

Figure 6.5.a) and b) show the central and minimum fthickness values
respectively, for applied loads of 3, 35 and 50 riaX the tribological contact
lubricated with GLY. Theoretical predictions froEgs. (2.3) and (2.4are also
shown as solid or dashed lines. In hard, metadiittacts, the central film thickness,
hc, is normally positioned on a flat plateau regiommded by the horseshoe shaped
constriction, making it a significant value as ésdribes a large proportion of the
contact. For compliant contadts is less significant, due to the exit constriction
being restricted to the rear of the contaa, not developing side lobes and the
majority of the contacts forming a hydrodynamic wed Therefore the position of

theh., was simply defined as the middle of the detepredile.
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Figure 6.5. Measured (a) central film thickness @apminimum film thickness
values at W = 3, 35 and 50 mN for the tribologicahtact lubricated with GLY,

2010

across the entrainment speed range of 0 to 1.8 thnTheoretical predictions from

Egs. (2.3) and (2.4) are also shown as solid ohdddines.
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It can be seen in Fig. 6.5 that theoretical préatist for central and minimum film
thickness are somewhat larger than the experimgrdatained values. Previous
investigations into the liquid film thickness ofrapliant contacts lubricated with
GLY, carried by Bongeartst al.[19], also observed lower experimental values than
theoretically predicted. This discrepancy betwemmmerical predictions and
experimental values was ascribed to a drop in ubedant viscosity as a result of
thermal effects and the hygroscopic nature of glyiceGood agreement with Egs.
(2.3) and (2.4) was achieved for GLY by using adozd effective viscosity of 0.15
Pas. For such a viscosity drop in GLY to occueraperature rise afa 10 °C must
take place, or an increase in the water conceotraif ca 10 % [96]. Individually
these seem unlikely, although a combination doemg®ossible.

Bongaertset al. [19] suggested that the required rise in tempegatuay be caused
by the illuminating light. It was not possible neeasure the temperature within the
contact, only bulk lubricant temperature within gemple pot was monitored. No
variation in this was observed. However, it seemigely for a change of more than

a few degrees Celsius to occur as the light sasro€low power/intensity.

It is also possible that shear heating of the t#ni in the contact might also result
in a temperature increase and consequent reduatieffiective viscosity. Due to its
high viscosity, an increase of 10 °C in the teshpgerature will, for glycerol
concentrations between 100 and 90 %, roughly halfudbricant viscosity [96]. An
upper-bound estimate of the effect of such headtimgemperature changa&T, can
be estimated from a simple heat balance betweedht generated by shear and

that removed by convection, assuming no heat cdimiyc.e.

. AT
q=MWug =mcpT (6.1)

wherey is the friction coefficient defined by Eq. (2.8),the sliding speed, is the

specific heat capacity of the lubricamt the mass of lubricant volume affected
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(m=78°h_p) andt the time taken for fluid to pass through the coh(ah:%).

Wherep s the density of the lubricard,is the contact radius aing the average film

thickness. Rearrangement gives;

AT < AVUSt _ 2a,u;NSRR 6.2)
PhAC,  ma“phcy

whereSRRis the slide-roll ratio (ratio of sliding speedeéatrainment speed = 2 for

pure sliding).

For a density and specific heat of glycerol of 1&0m® and 2400 J k§ K, at
W=3 mNa = 0.18 mm and assuming an average film thicknédsum atU = 0.65
mms?, as indicated in Fig. 6.3. Assuming the viscositythe inlet, where the
majority of the Couette friction arises, is the ww@a&d viscosity of 0.38 Pas,
Eq. (2.8) givest =~ 0.1. From Eq. (6.2) the subsequent temperatueeprisdicted for
U=0.65mm ¢, iscal5 °C. However the actual value for temperatise will
probably be considerably less than this due tth€Bgt conduction, (ii) the fact that
Eq. (6.2) calculates the rise at the contact atitar than the inlet where entrainment
was established and (iii) the illuminating powerswawer than that quoted due to it
illuminating a larger area than the contact, sofgbeer intensity over the contact
was lower, and (iv) the power will be diminished ¢4 % at each interface the
light passes througle(g.the lens surfaces). Even so, a temperature chaingdew
degrees within the contact seems possible, bufficgmt to cause the observed

discrepancy.

Bongaerts’ other suggestion is that the glycerolthe test chamber, which is
hygroscopic, will absorb water vapour from the aspiwere, lowering the fluid
viscosity. To produce the apparent reduction stesity by dissolved water alone
would imply a change on glycerol composition frofd0% glycerol toca 90%
glycerol [96]. Such a large increase in water enhseems unlikely. However, the
relationship between glycerol and water contenhas-linear. At high glycerol
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purity a change of 1% in water concentration witbguce a large change in
viscosity. This coupled with other experimentabes may explain the discrepancy

between experimental and theoretical values.

6.3.2 Influence of entrainment speed

Figure 6.6 shows central film thickness profilesvatious entrainment speeds for
SFO under 3 mN applied load. Profiles are taketheéndirection of flow, ay = 0.

1.5 1
1.25 1.33 mm s?
e
=
1 ]
e
o 0.66 mm s1
(7]
o
X 0.75 - 0.21 mm s?
< 0.016 mm s1
e
T 0.5 -
0.25 -
S
O T T T T ]
-400 -300 -200 -100 0 100

Distance from h, (um)
Figure 6.6. Film thickness profiles of the tribolcg contact lubricated with SFO,

under 3 mN applied load at U = 0.016, 0.21, 0.6831Imm &.

Compared to GLY there appears to be greater noighe SFO plots. The test
sample used may have been of a larger surface mesgh This is unlikely, however,
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as noise is not present in results from Fig. 6.8irailar values of film thicknestor

GLY. Since SFO and GLY were used as supplied, thay not necessarily be free
of surface-active or micellar components or delwisich could build up within the
contact area during testing and interfere with imgg SFO is a natural product
containing impurities, among which are surfacevacfree fatty acids. This may
have caused the difference in noise between the tesb lubricants. Another
possible reason for the difference in noise betwiesamges is errors/differences in

focus.

Lubricant film thickness profiles for SFO ldt= 0.66 and 0.21 mni*sshown in Fig.
6.6, were used to calculate pressure profiles. rékaltant pressure profiles along
the centre line in the sliding direction are shawirig. 6.7. The pressure in the inlet
region is greater fo = 0.66 mm . However, inside the contact, the values for the
pressure are higher for the low speed chke, 0.21 mm 3. As the entrainment
speed and consequently the film thickness are ezfuthe pressure approaches
closer to the Hertzian profile. However even a tbwer speed there is still a
significant rise in pressure in the inlet regiondatme pressure profile remains

skewed towards the exit region.
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Figure 6.7. Film thickness (solid lines) and prass(dashed) profiles for U = 0.66
(red) and 0.21 (black) mni'sunder 3 mN load.

6.3.3 Effect of viscosity

Figure 6.8 compares film thickness profiles anatwalalted pressure profiles for SFO
and GLY, alongy = 0, at 3 mN applied load. Profiles were takennirFig. 6.3.a)
and Fig. 6.6 at similar entrainment speeds of @650.66 mm’$ respectively. For
the high viscosity fluid, GLY, the maximum pressuecurs near the Hertzian
contact centre. The curved or near-hemispherietira of the pressure plot is
indicative of the wedge-shaped film thickness peofi However, for the lower

viscosity fluid, SFO, the maximum pressure occust jn front of the contact exit
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region. For a one order of magnitude change invibeosity there is a doubling of

the maximum pressure and the film thickness.

2 ——h SFO ——h, GLY 120

-+ 100

Film thickness, h (um)
(o)
o
Pressure, p (kPa)

0 F ‘ ‘ 0

-400 -300 -200 -100 0 100
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Figure 6.8. Film thickness (solid lines) and pregs(dashed) profiles for GLY (red)
and SFO (black) under 3 mN applied load at ca U.660mm &.

The pressure spikes found when dealing with maseofahigh elastic modulus [99]
are not evident in these results for a low elastadulus body in contact. The lack
of a pressure spike is probably due to the laghie#o-viscous effects of the fluid in
the contact for compliant materials. This is imtdue to the fact that considerably
less pressure is generated in a compliant corttact in a contact with high elastic
modulus solids. This was predicted by Hamrock Rodison [97].

It can be seen in Fig. 6.9 that both the experiaignmeasured GLY and SFO film

thickness results are below the theoretical premist As discussed above, the
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discrepancy in GLY has previously been ascribedchanges in the lubricant
properties. However, SFO is not hygroscopic, m®riti subject to the same
magnitude of change in viscosity with respect tagerature. A larger, unrealistic,
temperature rise of 30 °C is needed to achievadbeired change in viscosity for
SFO [100]. This suggests that changes in lubtipamperties is unlikely to be the
main cause for the disagreement between theorainchexperimental film thickness

values.

This leaves two possibilities; firstly it is poskbthat the contact was not fully-
flooded. As stated at the beginning of the chapter sample pot is filled until the
test specimen is partially submerged. Liquid igstlentrained into the contact by
rotation of the PDMS ball. Due to the poor wettingture of the PDMS surface
lubricant may not flow back into the inlet trackhi$ would reduce the inlet reservoir

size and lower the overall film thickness. Staiuais investigated in chapter 8.

Secondly, the theoretical predictions may not Halvfar the contact of interest, due
to the low dimensionless speed and low parametapogyed. Equations (2.3) and

(2.4), generated from regression fits to numescdlitions by Dowson and Hamrock

[97], were fitted to a range of values Of= 5x 10° to 5 x 10 andW = 0.2 to 2 x

103 These predict somewhat larger film thicknessi@slthan the experimental
measurements obtained in this study, over a rahgaloes ofU = 9x 10™ to 5 x

10° andW = 3 x 10° to 5 x 10°. This may account for the disagreement between

experimental and theoretical plots.

By varying the power law coefficients in Egs. (2a8)d (2.4), the following best-fits

were obtained, for both fluids, in all experimergahditions;

h, = 33U “W *®°R (6.3)
h =280 %W R (6.4)
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Equations (6.3) and (6.4) both show different delesicies on the speed and load
parameters from Egs. (2.3) and (2.4), which weraved from simulations of
compliant contacts. It should be noted that a kmaange in the power law

coefficients will produce a large change in filnickness values.
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Figure 6.9. Measured central (solid) and minimumpgp) film thickness values for
GLY (squares), and SFO (circles) for the tribol@jicontact under 3 mN applied
load. Numerical predictions for central and minimdilm thickness values, from

Eq. (2.3) and (2.4) are plotted as solid and dadimezs respectively.
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6.4 Theoretical profile shape

A full numerical solution for compliant EHL givenylde Vicenteet al. [31], was
used for comparison with measured film thicknessfil@s. The solution approach
was a standard finite difference one, with a 25@&@#d and Reynolds cavitation
boundary conditions. Figure 6.10.a) shows theipted film thicknesses obtained
using de Vicente’s model for the tribological casttaf interest lubricated with SFO,
at W=3mN andU = 0.66 mmg. Compared to conventional EHL contacts, the
‘horse shoe’ outlet constriction, a characterisfi&€HL contacts, is restricted to the
exit, instead of extending towards the inlet regiorthis I-EHL contact (Fig. 6.10.a)
it can be observed that the film has a noticeatdéeignt within the Hertzian contact
region, compared to conventional hard EHL contatigthis way the film takes on a
‘convergent wedge’ shape similar to that used imyrtaydrodynamic bearings. It is
likely that this ‘wedge’ is largely responsible fgenerating fluid pressure and

therefore the load-carrying capacity of the contact
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Figure 6.10. Film thickness maps of the tribologjimantact of interest under 3 mN

of load and at U = 0.66 mni'sa) de Vicente et al. model [31], b) Experimental

result. Film thickness is expressed as RGB intgrsiues indicated in the colour
bar to the right of the figure.
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Figure 6.10.b) shows the corresponding experiméiital thickness map for the
tribological contact of interest lubricated with @Fat W=3 mN andU = 0.66
mm s'. It should be noted that the experimental reistdymmetrical througli = 0.
This is because only one half of the interferemsage was used in this case due to
poor fringe quality in the left hand side and te& hand side shown is simply the
mirror image of the right hand side. It can bensiiat there is reasonable qualitative
agreement with the theoretical results predicteddey Vicente’'s model. The
experimental results show both a reduced horsestitueh is limited to the rear of
the contact, and a ‘wedge’ shaped film thicknessilprwithin the Hertzian contact
region. However quantitative agreement betweenlatesfilm thickness values was
not achieved; the experiments showing a generdllyner lubricant film. This
comparison is clearly shown in Fig. 6.11 whered@etral film thickness profiles are
plotted. Across the main contact region the themakfilm thickness values ara
0.075um greater than those experimentally measured. Menya larger difference,
ca0.2um, in the predicted and experimental minimum fihickness is observed. It
would be expected that such differences in filntkhess profiles, particularly the
increased exit constriction of the experimentallgasured profile, would lead to a
skew in the pressure profile towards the outletoreg This, allied with the overall
lower absolute film thickness, suggests higher lidib@a pressures, all else being
equal. Further comparison of the film thicknesspsmahows that the horseshoe
present in the experimental result does not extenéar towards the bearing inlet.
This would be likely lead to increased side leakagd require the film to adopt a

more ‘convergent shape’.

- 143 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

29 | e De Vicente

18 - Experimental

Film thickness, h (um)

O I I I I 1
-400 -300 -200 -100 0 100

Distance from h ,, (um)

Figure 6.11. Measured film thickness profile (spadd predicted film thickness
profile (dashed) from de Vicente et al. [31], foettribological contact of interest
lubricated with SFO, at W = 3 mN and U = 0.66 nif s

One possible cause for the discrepancy between identd’s model and the
experimental result is that the model assumes dméact comprises of a glass flat
and PDMS ball. However, in this work, the balhade of a PDMS layer on a steel
substrate. The problem of elastic contact betwesmconforming coated surfaces
has received much attention over the years. Imgortant in such contacts to
correct for the effect of the substrate and fortedaurfaces, a new effective elastic
modulus and thus contact size can be calculated].[10rhe elastic mismatch
between the coating and the substrate can be ¢hasad by the Dundurs’
parameters [102]. For the tribological contactirgérest in the current study, the

Dundurs’ parameter values lie outside the limits@aé by ref. [L01]. This is, in
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part, due to the large difference between elasticduh of the contacting surfaces
and the large coating thickness compared to thezilder contact size. However,
Oliveria and Bower were investigating ‘hard’ cogsnin line contacts, unlike the
compliant coating in the current study. Meijer®3] and Liuet al. [104] give
solutions for incompressible materials with Poissaatio, v, up to 0.5, in line and
point contacts respectively. Both show that if tbeating thickness is large
compared to the Hertzian contact radius, for 0.5, the substrate has negligible

effect on the contact size.

However, the behaviour of the contacting surfaciisalso depend on the nature of
the attachment of the PDMS coating to the steestsate [105]. There are various
possibilities: the layer may maintain contact witle substrate at all points, but be
free to slip without frictional restraint. Thisesas unlikely due to the low load, low
pressure and slow entrainment conditions. On therochand the layer may be
bonded on to the substrate and thus slip may osben the shear traction at the
interface exceeds a limiting shear stress; or dlyer| initially in complete contact
with the substrate, may partially lift from the striate under load. The latter seems
plausible as PDMS is known to sweat un-cured mom¢a¥d. This would allow for
the steel PDMS interface to be lubricated over figedually separating the

surfaces and breaking the adhesive bond betweenSP@id steel.

Due to the low contact pressures and low entrainrepeeds it is believed that the
interfacial friction between the PDMS and metal sttdite would not be great
enough to cause the effects discussed aboves Hlteady been mentioned that SFO
is not hygroscopic, nor is its viscosity greatlyeated by changes in temperature.
Therefore, the initial explanation given for thesaepancy between theoretical and
experimental film thickness data, for GLY, no longmlds any value. It is likely
that due to the poor wettability of PDMS, and tmgr@&nment mechanism used in
the experimental setup, that starvation is the nwEnse for the drop in film

thickness. This is investigated experimentallgh@apter 8.
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6.5 Concluding remarks

It has been shown that monochromatic optical ieterhetry can be used to measure
lubricant film thickness in a compliant contact endow load conditions at low
entrainment speeds. Film thickness data from tdmact are lower than numerical
film thickness predictions. Film thickness valwesre obtained from nanometer to

the micron scale.

Experimental film thickness data, for both GLY a®8HO, showed poor agreement
with theoretical predictions. For GLY this was, fast, tentatively attributed to a

lowering of the viscosity due to thermal effectsdatime hygroscopic nature of

glycerol. However, for SFO, which is not hygrosicopghe required changes in
lubricant temperature were not realistic. Therefdhe drop in film thickness was
attributed to a reduction in lubricant inlet sizie.is the authors’ view that starvation
is the cause for the drop in film thickness. Sa#ion is discussed in detail in chapter
8.

New fits for the Hamrock and Dowson lubricant fililmickness equations for an
I-EHL contact for materials of low elastic modul{&7] were obtained. These
showed slight differences in dependence on the mbioaless speed and load

parameters from those already available in thealitee. It was shown that the

experimental film profiles vary markedly with both and W and, at highet), a
sharp constriction appears at the outlet and thee®f pressure moves towards the
rear of the bearing. The outlet of the bearinghexefore responsible for a larger
proportion of the total load support. This is iontrast to film shapes predicted in
the literature. Further experimental investigatisrrequired using a solid PDMS
ball to establish the whether these discrepanassltr from the use of a layered
PDMS on steel substrate ball in the current stutllyis will establish whether or not
the unconventional film profiles observed in thereat study are a genuine feature
of I-EHL contacts.
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The ability to create film thickness maps using dpgical interferometric technique
has also been shown. These maps are relatively teaacquire and not time-
consuming. It is not yet possible, however, to egate maps across the entire
contact area; in particular obtaining the corrd@pe of the side lobes is not yet

achievable.
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Chapter 7

Laser induced fluorescence:
experimental technigue for
measurement of lubricant film

thickness.

This chapter explores the possibility of using eaela induced fluorescence
experimental technique to measure lubricant filnckhess in compliant contacts.

The experimental technique is discussed and theof of concept is presented.

- 148 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

7.1. Introduction:

As discussed in chapter 5 obtaining lubricant fithickness values within a
compliant contact is a challenging problem. Toedttere has been little work
published on film thickness measurements in I-EHlIntacts. This is probably
because the two main methods used to measure Hitkness in “hard”, metallic
contacts, optical interferometry and electrical a@fance, are difficult to apply to
“soft”, elastomeric contacts. There have, howebeen a number of theoretical
studies of I-EHL and equations for film thickness IfEHL contacts have been
developed [31,97] although these have not yet begperimentally verified.
Chapters 5 and 6 presented an experimental praeddiumeasuring lubricant films
in compliant contacts using a ‘two-beam’ opticatenmfierometric method. This
system is, however, limited to thin filmk € ca 2 um), due to the loss of coherence
in illuminating light with increasing film thicknes Many practical engineering and
biological applications operate outside the experntal conditions presented in
chapters 5 and 6. Therefore a technique is redjtiraneasure thicker film$ 1> 2
um). A laser induced fluorescence technique forsueag such films is presented
here.

7.2. Laser Induced Fluorescence

Laser induced fluorescence (LIF), is a techniqueetleon the photo-excitation of a
fluorophore or fluorescent dye. It has become mroonly used visualization
technique for numerous 1D, 2D and 3D applicatidt@®6]. However, it has seen
limited use as a quantitative tool [75]. The remafwr this stems primarily from the
difficulty in separating variations in excitatiotumination, surface reflectivity and

optical distortion effects from fluorescent emissio
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In order to understand the principles of this teghe and the advantages it presents,
it is necessary to understand the fundamental ctaarstics of dye photo-
fluorescence and how it can be used to determsualar of interest [106]. As stated
by Haugland [107], fluorescence is the result dfiree-stage process that occurs in
certain molecules (generally polyaromatic hydrooasb or heterocyclics) called
fluorophoresor fluorescent dyes. These three stages (Fig. afdl explained by
Haugland [107] as:

A. Excitation A photon of energywex is supplied by an external source such as an
incandescent lamp or a laser and is absorbed bylubeophore, creating an

excited electronic singlet state {5’

B. Excited-State LifetinteThe excited state exists for a finite time (tydig 1 ns to

10 ns). During this time, the fluorophore undelgoenformational changes and
is subject to a multitude of possible interactigngh its molecular environment.
These processes have two important consequendest, the energy of 3’is
partially dissipated, yielding a relaxed singletcieed state (§ from which
fluorescent emission originates. Second, nothal molecules initially excited
by absorption (Stage 1) return to the ground 8§ by fluorescent emission.
Other processes such as coalitional quenchingreoence energy transfer and
intersystem crossing may also depopulate $he fluorescence quantum yield,
which is the ratio of the number of fluorescencetphs emitted (Stage 3) to the
number of photons absorbed (Stage 1), is a meadutlee relative extent to

which these processes occur.

C. Fluorescence Emissioi\ photon of energyhvgy is emitted, returning the

fluorophore to its ground state.SDue to energy dissipation during the excited-
state lifetime, the energy of this photon is lowand therefore of longer

wavelength, than the excitation phottmex. The difference in energy or

wavelength represented biyvEx — hvey) is called the Stokes shift. The Stokes

shift is fundamental to the sensitivity of fluoresce techniques because it
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allows emission photons to be detected againstvebbkground, isolated from

excitation photons.

S

Energy

1> NVex

3 ) hvgy

Ground state, §

Figure 7.1. Fluorescence principle

Hidrovo et al. [76], state that photofluorescence can be usedh&oacterize any

scalar that affects the fluorescence of the dyleorEscence is a function of the dye
characteristics, the dye concentration, the exgitight intensity, and the scalar
being measured. Once a particular dye and coratemir are selected, the
fluorescence dependence on these factors is condtinwever, problems lie in the
irregularity of illumination light intensity. Mositllumination sources are far from
uniform. They vary in intensity in space and timBulsed lasers are particularly
prone to exhibit this behaviour due to the charssties of their resonance cavities
[106]. However the use of pulsed lasers is dekdrddecause their short pulse
duration (and consequently short fluorescent ewmdsi allow for nearly

instantaneous measurements of the desired scalag. freriods of illumination may

cause undesirable effects such as bleaching.
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7.3. Apparatus

The setup used in this study employs an adapted &ptical interferometry rig
(PCS-Instruments, UK). As shown in Fig. 7.2, thiedlogical contact consists of a
stationary elastomer hemisphere pressed agaimahsparent optical window. The
optical window is a large, plain BK7 glass disc @@struments, UK), which is
naturally hydrophilic and was used as supplied. réfective coatings were used on
either surface of the glass disc. The glass discahYoung’s modulus of 65 GPa,

Poisson’s ratio of 0.24 and refractive index ofl7.5

Excitation of the fluorescent dye and illuminatiohthe contact was provided by a
solid-state, diode-pumped pulsed laser, which predwgreen, 532 nm, light. A low
power laser (Laser2000 Ltd, Northants, UK) with aximum power output of 40
mW at 3 kHz was used.

Fluorescence
microscope

Glass disC ~——__ Elastomer
~ specimen
Lubricant doped with
fluorescent dye NS

—t Sample spacer
Sample pot

Heating g

Element Drive Loading

Figure 7.2 Tribological contact and sample pot.
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7.3.1. Drive and load system

The standard EHL optical interferometry rig emplayssteel ball supported on a
bearing carriage, to allow free rotation of thel.b&or the current study, the ball and
carriage are replaced by a hemispherical elast@pecimen, elevated to a similar
height as the ball by a spacer. The elastomerirspecis glued to the spacer,
allowing tests to operate in pure sliding condision_ubricant is entrained into the
contact by rotation of the glass disc and to enthisg the bottom surface of the disc

is immersed in lubricant.

The drive system used was the standard one suppitacthe PCS Instrument rig.
The glass disk is driven by a DC electrical motwod an optional 25:1 reduction gear
box can be attached in series with the disk drie¢om This allows for an accurate
control of entrainment speed for speeds less tham®s'. With this setup, an

entrainment speed range of 3 thte 0.1 mm & can be achieved.

The entrainment speed, is defined as the mean speed of the two surfadash,
since one surface is stationary, is half the disdes;

=—d (7.1)

where uy is the disk speed and, is the speed of the ball or, in this case,

hemispherical specimen, which, in this casayjs O.

The test sample is mounted on a platform withingample pot and loaded against
the glass disc from below. The existing displacaeimiead system designed for
hard/metallic contacts is employed but at low lo@ds< 1 N) the system is not
sufficiently sensitive or responsive to correctcfluations in load created by

mechanical vibrations. The real applied load fachetest was therefore determined
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by fitting JKR theory to the load-dependent contada obtained from captured
images of a static contact. This load was thed @isefilm thickness calibration and
the subsequent operating load, when a lubricamt il present, was taken to be the

static load minus the adhesive force.

7.3.2. Test specimens

It has been reported that the reflectivity of thefaces under illumination has an
effect on the total fluorescent radiation detechgdthe imaging system [75,77].
Light, from either unabsorbed excitation or emitligght that is transmitted through
the fluid and reflected back off the test specimeay cause errors in film thickness
measurements. Both Hidrow al. [77] and Sugimuraet at [75] comment on the

difficulties introduced by reflection. If the cauting surfaces have irregular
reflectivity, an error in the total intensity outpand therefore film thickness, may

be created.

The elastomer samples were moulded in a plano-gerieas (Edmund Optics, UK),
radius of 12.7 mm, and were made from PDMS (Syld#84, Dow Corning, UK).
Although the PDMS has a low reflectivity, typicallp < 0.05 %, it is highly
transparent. Light transmitted through the PDM$hhiconfuse intensity readings
due to irregular reflectivity from within the spewens or from the sample mounting.
Filler can be added to the PDMS to reduce backgt@oattering and absorb laser
light.

A Wyko optical interferometer (Veeco, UK) was ugedtudy the topography of the
reflection interfaces (PDMS, glue, metal mountiny) focusing down through a
mounted, clear, PDMS sampl&éhe PDMS surface was found to have roughness, Ra
= 9.54 nm, the glue 200 £ 50 nm and metal samplenin®.8 + 0.15um.
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The filler used to absorb transmitted light, wasboa black (CB) (Fluffy, Cabot,
UK), which was added to the PDMS at 0.5 wt. %. THdelition of CB has little
effect on the PDMS surface roughness, increasimghtst to 10.24 nm. The
addition of CB to PDMS has negligible effect on tieéractive index and therefore
reflectivity of the material. The elastic modulus of the resulting elastomer was
3.8 MPa, obtained using dynamic mechanical anal§BMA, Triton, UK). The
elastomer was naturally hydrophobic and was usédisrstate.

Figure 7.3 shows the intensity profile, through thilline of the contact, for CB
filled and plain PDMS. The greater intensity oé ghlain PDMS sample (black line)
is a result of the increased reflection of illunting light. The apparent rise in
surface roughness of the plain PDMS is not duefferdnces inR,, between the CB
and plain PDMS, but created by the irregular reility of the sample mount. This

is most evident within the Hertzian contact area.

20000 -

15000 -

10000 +

Intensity, | (counts)

5000 -

O T T T 1
-1 -0.5 0 0.5 1

Distance from contact centre, X (um)

Figure 7.3 Central intensity profile across a statontact for CB filled (blue) and
plain (black) PDMS.
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7.3.3. Optical equipment

The fluorescence intensity images were observedch veh Axiotech Vario
microscope (Zeiss, Germany), adjustable along émgcal axis. The mechanical rig
was placed on X and Y platforms, allowing imagetaepof the tribological contact
to take place along both axes. A magnificatioBX¥fwas found to be convenient for
observing both the Hertzian region and inlet/oulidgtrication across the range of
loads tested. No eyepiece was needed for the iexpetal setup as a live image
display is provided on the camera’s operating PXZit&tion was provided using a
solid-state, diode-pumped pulsed laser which geeera wavelength 532 nm
(Laser2000 Ltd, UK).

EM Camera

Emission filter < >

Dichroic mirro/r / O \\Mirror 2
Diffuser

Objective Iens@ < Lens?2

Rotating disc i < > Lens1l

Dyed lubricant

Elastomer sample Beam expander

Solid state laser
Mirror 1 (.= 532 nm)

Figure 7.4. Schematic of optical set up and trilgidal contact

- 156 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

The fluorescent light emitted from the contact fsaclonger wavelength than the
excitation wavelength of the laser. This allows tioe separation of the two light
beams by a dichroic mirror, 532 nm (Chroma, USAgated between the objective
and camera as shown in Fig. 7.4. An emissiorr f{lhroma, USA) located above
the dichroic mirror is used to filter any light wehi is not produced by the excited
fluorescent dye. The optical setup was selectethabfluorescent dyes that emit
within the range of 580 - 640 nm will be observedtbe camera. A diffuser is
placed before the dichroic mirror to reduce irregy in the illuminating light. The
laser beam intensity distributions of both lightiszes used in the current study are
Gaussian. To flatten the intensity distributioe thteam was expanded 30X using
lenses 1, 2 and the beam expander. The titlingomsirl and 2 were employed for
laser beam alignment. These components were nobont@a common rail and were
fully adjustable in thexyzaxis. The light source was mounted on its owrages at

the end of the optical setup.

Images were captureda the same Rolera MGi B/W EMCCD camera (Qlmaging,
UK) discussed in chapter 5. Images were capturedsaries of entrainment speeds,
beginning at a low value and increasing in stagesomputer-processing technique
was then used to analyse captured images, pixpiXgy, and create film thickness
maps based on grey scale intensity. Images wereireal as 16 bit tif files, in a
512x512 array. The camera was able to accept &mnak trigger. The triggering
circuit supplied a 5 V TTL signal to the camerangsan optical sensor, mounted
next to the disk drive shaft, as the triggeringtshui

7.3.4. Dye selection

Several factors were considered in selecting anogpiate dye, including:

» Commercial availability.

» Solubility of the dye in the test lubricants.
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» Excitation peaks coinciding with the wavelengthled laser (532 nm).

* Compatibility between emission wavelengths and #mission filter
wavelength range.

* Quantum yield must be sufficiently high to resultdlearly-defined images

of the contact.

For thin films or low concentrations, the relatibigsbetween the film thickness and
emission intensity is linear [7]. It is, therefpréesirable to minimize the dye
concentration so that even the thickest films viall within the linear range of
output. However, the concentration/emission intgmaust be high enough to over
come any background noise from the EMCCD [108]isT& why it is important to
select a high quality EMCCD with low backgroundsi

For this work, the dye Eosin Y (Ana Spec Inc) whesen since (i) its polar nature
allows it to dissolve into aqueous solutions, ifi§) absorption peak coincides with
the wavelength of the laser excitation (532 nm) &l its quantum vyield is
sufficiently high to result in bright, clearly-defd images of the contact. The
absorption and emission spectra of Eosin Y weresorea using a Luminescence
Spectrometer (Perkin Elmer, model LS 50 B). Thaswkindly carried out by Dr
Marinov (Unilever Ltd.). The spectra are shown kig. 7.5 alongside the
characteristics of the dichroic beam splitter usedeparate excitation and emitted
light.
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Figure 7.5. Absorption and emission spectra forikdsplotted alongside laser

wavelength and Dichroic mirror transmission chamexastics.

A small amount of fluorescent dye was found todittto both PDMS and glass;
however the outputted intensity from this was vemyall compared to the
fluorescent intensity created by the high concéiotmaof dye used in the test
solutions. Therefore, any build up of dye attacteethe surfaces during testing was

insignificant and had negligible effect on filmdkhess measurements.

7.3.5 Test lubricants

Glycerol and water were used as the fluid companént the majority of testing,
since their polar nature allows them to dissolvergge of commercially-available
fluorescent dyes. Three lubricants were used; miyeerol (GLY), 50% wit.
glycerol solution (GLY50) in distilled water andstilled water. The dynamic
viscosities, , of these lubricants were 1.1, 0.0055, 0.00089, Paspectively.

- 159 -



Experimental techniques for investigating lubrichteompliant, contacts
C. Myant 2010

Lubricant viscosities were measured prior to tgstising a Stabinger Viscometer
(Anton Paar, UK). The viscosity for distilled watat test temperaturd = 22 + 2
°C), was obtained from Douglas$ al.[86].

7.4. Normalization

There are two basic types of noise present in thesystem employed. The first is
created by random fluctuations in the laser ligid background noise present within
the imaging system. This noise is present at lom thickness/intensities and
cannot be eliminated through normalization of thptared fluorescent images. The
second is caused by constant irregularities with@ illuminating light. This will
include speckle, which is caused by filters, lensedust and damage on any of the
lensf/filter surfaces. This noise increases wilim fihickness. Added to this second
noise, the laser used in the current study hasusskmn intensity distribution which
will skew the emission intensity, and thus filmdkiness measurements, around the
Gaussian curve. To reduce these effects, all imagere normalized against a
background, non-contact image, captured prior stirtg. Figure 7.6.a) shows an
intensity image from a typical, loaded tribologicntact of interest, under static
conditions prior to normalization. Some of theemdity variation observed is a
result of the varying laser intensity distributi@ther than variations in dye quantity.
Figure 7.6.b) shows the intensity distribution framnon-contact image. Figure
7.6.c) shows the resultant contact image after abration of the image in Fig.
7.6.a) using Fig. 7.6.b). It can be seen thatnbise is greatly reduced by this

normalization.
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Figure 7.6. Intensity images used for normalizafacess; (a) typical tribological
contact of interest prior to normalization: (b) n@ontact image: (c) image ‘a’ after

normalization.
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Normalization of all images is done by a two stepcpss. First the minimum
intensity value]o, in each image, is found and subtracted from gaofl, allowing
the minimum intensity to be set to zero. It ises=ary to subtrady due to an
intensity offset programmed within the camera by thanufacturer, to ensure that
no negative values can ever be achieved. Thetofédge and intensity scale, which
is arbitrary, is unigue to each camera. If thezetensity value is not set, noise will
be induced within the contact zone. It should d®onoted that it is therefore
important that intensity values between camerasyae not directly compared.
Instead, intensity values should be calibrated tcommmon scalar, such as film
thickness, for comparison. Second; the image tefést is then divided by the non-
contact image to produce the normalized image, F&c).

To further reduce the effect of background noisesent in the imaging system and
of fluctuations in illuminating light, smoothing aftensity values was also carried
out. This was done by smoothing three successivestusing a simple weighted
average in which the intensity at each pixgl,), was determined by the following

equation:

Pi,jy= B8P, + Pa+1,) + Pa-1,j) + Pij+1) + Pij-1)+ Pi-1,j-1+ Pi+aj-1
+ Pi-1,j+1)+ Pu+1,j+1)/16;
(7.2)

where the last 8 terms are the intensity valudh@fmmediate neighbours.

Figure 7.7 shows intensity plots taken from Figaj, b) and c) taken through= 0
(i.e. along the mid-line through the stationary contaciihe non-contact image
profile shows the intensity irregularities acroks image. It can be seen that the
contact profile was clearly improved by the normation process. In particular,
outside the contact area the profile more closeBembles a Hertzian ball-on-flat

out-of-contact shape.
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Figure 7.7. Intensity plots of nhon-contact, contastl normalized contact image,

taken through y = 0.

7.5. Calibration

In previous fluorescence work, calibration has baehieved by plotting a known
film thicknessversusfluorescent intensity. This has been done inrabar of ways.
Sugimura et al. [75] employed film thickness values measured usapgical

interferometry and compared them to intensity csirveFor compliant contacts,
where extensive film thickness investigations haset to be carried out, no
comparable calibration is possible. Hidrosal. [106] and Pollet al.[7] used an
assumed geometry of a calibration wedge or cylindespectively. However,

Hidrovo has remarked on the effect of reflectivoty emission intensity, and pointed
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out that any difference between the calibrationc@iand the test specimen will

introduce an error when converting intensity tenfthickness.

In the current study, film thickness calibration svachieved based on intensity
images of the contact in static steady state=(0) conditions. At the start of each
test, the PDMS hemisphere was loaded against #s glisc and intensity profiles
taken through the centre of the contact. Thesnsity profiles were then plotted

against the Hertzian equation for the gap outdidecentral contact region [56].

1

2 2 2

a.p r La T 2
h=——"|-2-—|cos"—+| — -1 7.3

where the maximum pressure is definedmg, = ;WSZ , I is the distance from the
A

centre of the contacy the contact radius ands is the total load present in the

static contact.

There are two potential problems in applying thgpraach to low load, soft
contacts. One is that there will be a significaontribution to the load from
adhesive surface forces in the low load, statidaini.e.Ws = Wapg + Wagn This
needs to be taken into account in solving Eq. (7RBdwever it will not be present
when the surfaces are separated by a lubricant filime second is that the effect of
adhesion in the static contact may change the atpamrofile outside the contact
so that Eg. (7.3) is no longer applicable. A thimplication in the current study
was that the actual value of applied lo&d,,, was not directly controlled due to
inadequacies in the loading system.

To determineWs and Wapp the following procedures were adopted. The contact

radius was determined from the static intensitygemaUsing JKR theory for a ball
on flat, this is related to the applied load arelshrface energy by:
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a:(%(wapm +37RAy + (B R, + 3ROy ) Dy (7.9)

where 4y is the specific energy of adhesion between the swdaces and R the
radius of the ball. The specific energy of adhesion for the PDMS sample glass
was determined by carefully placing a PDMS sampleh® top surface of a plain
glass disc. The contact was then viewed from thaerside of the disc, and the
applied load was simply the weight of the PDMS slamp\n optical interferometric
technique employing polarised white light and gelavtavelength plates, developed
by Eguchiet al.[109] was used to accurately capture the contact areanaagure
the contact radius. By applying Eq. (7 4),was found such that the calculated JKR
contact radius matched the observed image condalttis. 4y was found to be
0.0356 J rif.

This value of4y could then be used in Eq. (7.4) at the start chdast to obtain
from the static contact radius the value of applesitl, Wapp and also the total static
load, Ws for use in Eq. (7.3). The latter is simply thensaf the four terms in the
second bracket in Eq. (7.4). During the test th@act operates in the I-EHL regime

where there should be no surface adhesion forcteesaperating load equalgpp..

Figure 7.8.a) compares the intensity profile actbgsscentre of the contact with the
gap predicted from Eqg. (7.3). Zero film thickneassassumed within the central
contact region. For a compliant contact such asotie used in the present study,
rapid approach of the surfaces traps a ‘bell’ gdild in the centre of the contact and
the entrapped lubricant is squeezed out over tinoewustatic conditions [67,72]. To
achieve an accurate calibration the contact wa®fibre left for 10 minutes before
the intensity image was taken. The intensgysusfilm thickness calibration graph
is shown in Fig. 7.8.b). At low film thickness,difference in thickness of one
micron is represented lga 500 intensity counts, which means that theordyical
difference in thickness of 2 nm can be detectedweVer, this value is likely to be

far higher, as indicated by the intensity noisesprg at low film thickness in Fig.
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7.8.a). This noise will create a minimum measwdlin thickness, which is later

shown to be&a 300 nm.
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Figure 7.8.a) Line profile of the fluorescence imgry from calibration image for the
tribological contact lubricated with pure glycera@nd predicted film thickness
profile across the calibration contact from Eq.3),.plotted as solid and dashed

lines respectively.
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Figure 7.8.b) Intensity versus film thickness aailon curve.

The calibration shown in Fig. 7.8 assumes the ttea gap outside the central
contact regions can be obtained from Hertz the@y. (7.3),i.e. there was no
significant change resulting from adhesion forgeshe static contact. However, as
stated above, adhesion between the elastic bodiexdurring. Modelling the
resultant contact shape through full numerical ysigal is complex and time
consuming. Whilst a number of these models egigth as the work carried out by
Greenwood [110], these only give the results thba@s choose to pass on. These
establish when JKR solution is valid and indicie ways in which it is incomplete,
but stop there. A more valuable solution is presgiy Greenwood and Johnson
[111], who derived a simple numerical solution. réléhe gap profile outside of the
contact area for a ball-on-flat, influenced by aod adhesion forces, is based on the
combination of two Hertzian pressure distribution3his ‘double-Hertz’ model
relies solely on the well known results from thertdanalysis and that the shape of

the deformed surface and of the gap involves ol@yentary functions.
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This simple model is done by overlapping the ihitdartzian contact zone, of radius
a, with a larger out-of-contact zone, of radejver which the adhesive force acts.
The gaph, is thus the combination of two external Hertzshapes:

r r

el ) (o roos! 2| o) -ox-rokos! )|

(7.5)
wherek is an arbitrary scaling factor aRtds the radius of the ball.

In contrast to Eq. (7.4), fluorescence intensityfilgs can not be compared directly
with Eqg. (7.5) as botkk and ¢ are unknown, making calibrationia Eqg. (7.5)
difficult. Before calibration of film thickness tveeen fluorescent images and Eq.
(7.5) can take plack andc must be determined. This needs to be done eiwrey t

the applied load, contact materials or contact ggpnis changed.

Figure 7.9 shows the measured gap profile for timlbgical contact of interest
lubricated with GLY, under static conditions for applied load of 10 mN. The
measured profile was obtained using the opticariatometric technique discussed

in chapter 5.
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Figure 7.9. Contact profiles obtained using Hedaghed line), Hertz with corrected
JKR load (solid line), Eq. (7.5), and optical inierometry.

Also shown are the theoretical profiles from Eq4)€alculated usini\Vapq, plotted
as a dashed line and; plotted as a solid line. The growth in contazestdue to
adhesive force can be clearly seen by comparirgettiveo plots. It is also observed
that the difference between Eq. (7.4), calculat@dgithe overall static loadlys, and

the measured profile is less thamb %.

Also given is the Greenwood and Johnson profilenfeq. (7.5) usingVs. Values

for k andc were obtained by matching the theoretical to #s measured profile. A
good agreement is observed. However, the surfaeegercalculated from these
values ofc andk was found to differ from the measured value statsalve. Surface

energy was calculated using the following equafidr]:
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Ay:k(m)E_* 2 (c-af(c-2a) (7.6)

23

Profiles could not be matched for similar valueswoifface energy. It is recognised
that the Greenwood and Johnson model is a simgdiific of adhesive contacts and
therefore, may not be suitable for this particdlantact of interest. Based on these
difficulties the Hertz model, with total load moedl to include an adhesive

contribution, was considered to be adequate fabredion purposes.

7.6 Conclusion

a) For clear visible fluorescence images to be obthare optical system must
be devised which allows for the separation of eticih and emission light.
This can be achieved through the employment ofrdichmirrors or beam

splitters and filter lenses.

b) Fluorescent dyes must be selected by their salybiii the test lubricants,
excitation coinciding with the wavelength of illunation, and their quantum
yield must be sufficiently high to result in cleadefined images of the
contact. Dyes need to be prepared so that theyiexbiv concentration

related phenomenone. bleaching and quenching.

c) Non-absorbed excitation light can cause erroneomsssgon intensity
measurements through irregular background reflectidhis effect can be
reduced by employing poorly reflective surfaces godd light absorbing

materials. The addition of CB particles to PDMSetsehis requirement.

d) There are two types of fluorescence intensity noibee first is background
electronic noise within the imaging system, obsérvat low film

thicknesses, low dye concentration and low intgnsit high gain levels.
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The second is caused by irregular excitation lightch is increased with
film thickness and dye concentration. Normalizatmf images against a
non-contact image can reduce these noise intedesdio required levels.

e) For direct conversion from fluorescence intengityitim thickness values, a
calibration system needs to be employed that avemlsrs created by
change in reflectivity between calibration and watples. Calibrating, by
utilizing the test specimen, against theoreticabfifgs eliminates this

possible error.
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Chapter 8

Investigation into fully flooded
and starved lubrication

conditions using LIF

In this chapter results are reported for a puredsig contact between PDMS and
glass lubricated with glycerol and water solutiooger a range of entrainment
speeds. Film thickness measurements were mad®tiorfully-flooded and starved
conditions using LIF. Contact profile shapes aitrth thickness maps are compared

to theoretical models and discussed.
The work in this chapter can be found in; Myant &, al. “Laser-induced

fluorescence for film thickness mapping in purelisy lubricated, compliant,
contacts”. Tribology International (2010), doi:1@16/j.triboint.2010.03.013
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8.1 Test conditions and procedure

The experiments described here were conducted tisengIF technique developed
in chapter 7. The tribological contact consistsao€B-PDMS hemisphere loaded
against a rotating plain glass disc. Three lulnti€avere used; pure glycerol (GLY),
50% wt. glycerol solution (GLY50) in distilled watand distilled water, over a large
entrainment range of 0 to 1100 mnt. s All tests were carried out at room
temperature = 22 = 2 °C). The applied load was 40 + 2 mNdlbitests.

In addition to its robustness regarding the optipabperties of the specimen
materials, a further advantage of this techniqubeswide range of film thicknesses
that can be measured. A rangeaR00 nm to 25um is demonstrated. At high dye
concentration (or thick films) there is a danger sdturation occurring, but
theoretically the upper range can be controlled diymply altering the dye

concentration.

The test protocol was as follows:

A new elastomer sample was used for each test aaml cleaned by

successively rinsing in 2% wt. sodium dodecylsutgte and distilled

water, followed by immersion in isopropanol in dtrasonic bath for three

minutes and then rinsed in distilled water. Thestelmer was naturally

hydrophobic and used in this state.

« The glass disc was cleaned using lens cleaningisol(Dalloz safet}),
followed by acetone.

* The test rig was then assembled and lubricant added

» Load was then applied and intensity to film thickséand load) calibration
images taken.

* Intensity images were captured at a series of ientient speeds, beginning

from a low value and increasing this in stages.
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» A computer-processing technique was then useddlysa captured images,

pixel by pixel, and create film thickness maps dase grey scale intensity.

Tests were carried out with two different lubricautpply conditions. In one the
whole test pot was filled with lubricant to coveetstationary specimen and also the
underside of the glass disc. This provided “filbeded” conditions. In the second,
a small volume of lubricant was smeared initialty tbhe underside of the glass disc

and no further lubricant was added. This provitidrvation” conditions.

8.2 Results

8.2.1 Fully flooded

In the first set of experiments, GLY, GLY50 and eratvere used as test lubricants
in nominally fully-flooded conditions to exploredHilm thickness measurements
capabilities of the LIF technique. In these thenlsphere and the lower side of the
glass disc were full-immersed in the lubricant. gyfe 8.1 shows central film
thickness, he, results for all three test lubricants. The tha@oad central film
thicknesses for all three lubricants, calculateshgi€q. (2.3), are also plotted as
solid black lines. As described in chapter 6, ltwation ofh; in compliant contacts
is not well defined since the contact generallyrfera hydrodynamic wedge shape
without a central plateau. Therefore the positbrin,, was simply defined as the

middle of the detected contact map.
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Figure 8.1. Central film thickness for the tribologl contact of interest under W =
40 mN, lubricated with GLY, GLY50 and water. Nucarpredictions from Eq.
(2.3) are shown as solid lines for each lubricasitng the measured viscosity. The
predicted film thickness faor= 0.15 Pas is shown as a dashed line.

For GLY50 and distilled water, a large amount ohtser is observed at low
entrainment speeds and low film thickness. Thesendndicates a minimum
detectable film thickness afa 300 nm for the current set-up. As entrainment is
increased good agreement between theoretical picedi@nd experimental values is

observed.

For GLY it can be seen that the experimental resark considerably lower than the

numerical predictions for the measured dynamicosgg of » = 1.1 Pas. Results
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presented in chapter 6 using optical interferomedasywell as work carried out by
Bongaerts et al. [19] observed a similar disparity between thecsdtiand
experimental values. This discrepancy between rexpatal and theoretical film
thickness values was equated to a large changeiritant properties caused by (i)
the hygroscopic nature of glycerol and (ii) tempera rises within the contact. Good

agreement is achieved for a value;cf 0.15 Pas, rather than the measured value.

It seems more likely that a noticeable temperatige may occur within the contact

of interest compared to that of chapter 6, duehw ihtroduction of a laser and

considerably higher entrainment speeds. The higdeand W used in this
investigation would give rise to higher shear heatof the lubricant. Using Eq.
(6.2) a temperature rise o& 4 °C is calculated. It is also possible, nowestimate
the temperature change due to illumination. Theimam impact of heating caused
by the illuminating laser light can be estimatedrélating the laser powelPg, to the

change in temperatura;T, using the relationship:

m.cpAT
P; = " . (8.1)

wherec, is the specific heat capacity of glycerol,the mass of lubricant volume

affected (n=7a’h,p) andt the time taken for fluid to pass through the conta

(t :%) wherep is the density of glycero§ is the contact radius aind the average

film thickness. For a density and specific heaglgterol of 1250 kg/rhand 2400 J
kg! K*, a = 0.42 mm and assuming an average film thicknésson atU = 10
mms?, as indicated in Fig. 8.1. The temperature rish@given laser power of 0.4
mW would beca4 °C. Whilst Eq. (6.2) also givesT = 4 °C for the same values of
h andU.

The combined temperatures from Egs. (6.2) and é@8elsomewhat closer than those

observed in chapter 6 to the required temperanoceease needed for the effective
change in lubricant viscosity to occur. Howeveardacussed in chapter 6, the actual
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temperature increase is likely to be much loweresi®s for SFO, in chapter 6,
suggested that lubricant viscosity change is uhlike be the main cause for the
discrepancy between experimental and predicted fiilokness values. It was

suggested that two possibilities remain; (i) thdoat error and (ii) starvation.

Eq. (2.3) is a best fit obtained from a series-BHL numerical solutions obtained
by Dowson and Hamrock [97]. In their study a ranfealues ofu =5x10°to 5 x
10% andW = 0.2 to 2 x 18 were used. In the current experimental measuresmen
the range of values df =7 x 10?to 1 x 1® andW =ca 2 x 10° were covered,
soW is somewhat smaller than the dimensionless losahpeters used by Hamrock

and Dowson. It is unlikely that the differenceVin is the main cause for differences
between experimental and theoretical values, asthickness has a low dependence

on the dimensionless load parameter (as seen iB.ER.4).

The numerical predictions made by de Viceateal. [31], discussed in chapter 2
(Egs. 2.10 and 2.11), were solved over a differearige of dimensionless

parameters to those used by Dowson and HamrockVidaateet al usedU = 1.5 x

107 to 4 x 10° andW = 7.5 x 10" to 2.45 x 1. These also predict greater film
thickness values than obtained experimentally ierrheasured viscosity of 1.1 Pas.

Good agreement is achieved for a lowered viscadif/22 Pas.

Due to the poor wettability of PDMS it is possiltleat some level of starvation is
occurring. Starvation under elastohydrodynamicddmns has been extensively
investigated for ‘hard’, metallic contacts and iewnwell understood [112-114].
Wedeveret al.[115], compared experimental observations to tisal predictions,
whilst Hamrock and Dowson [116] used numerical aohtmodels to predict the
onset of starvation. Both studies showed thafitimethickness within the Hertzian
contact region is a function of the lubricant sypiphmediately upstream. Dowson
and Hamrock extended their initial numerical analye materials of low elastic
modulus [117]. Starvation is investigated in tbiofwing section.
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8.2.2 Starved results

A second set of experiments was carried out ingatad to explore the impact of
starvation on film thickness. To promote starvatitests were carried out in which
a small amount of lubricant was smeared onto tlieerside of the glass disc rather
than fully-immersed conditions. The maximum emmaent speed was also

increased to 1100 mni's

Figure 8.2 shows a series of fluorescence intemsiges obtained with increasing
entrainment speed for lubrication with glycerol andstarved conditions.

Entrainment was from right to left along tkeaxis. A ‘horseshoe’ constriction at the
outlet of the contact was formed whenever lubrica&as entrained, although it can

only be seen in the images for= 14.6 mm $ and above, due to the colour scale

chosen for these images.

15

Film thickness, A (um)

10

U=210 U=579 U =860 U=1100 o

Figure 8.2. Film thickness maps of the tribologicahtact, lubricated with GLY.
Film thickness is expressed as RGB intensity givéme colour bar scale on the
right of the figure. Inlet is on the right of eathage. Images are ca 1.5x1.5 mm in

size.
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It should be emphasised that, unlike optical it@nnetry, LIF does not measure the
separation of the surfaces but rather the amourftuofescent dye between the
surfaces. Thus if starvation or cavitations occthg will be reflected in a lower

intensity than there would be with a full fluidrfilbetween the surfaces.

From the calibrated fluorescence images, cent@lnainimum film thickness values
were obtained. Central film thickness values waken at the position= 0 andy =

0. The results for pure glycerol are shown in Bi@. plotted against the entrainment
speedU. Also shown is the theoretical central film thielss (Eq. 2.3) plotted as a
solid black line. This is based on the effectivecusity of 0.15 Pas found in the

fully flooded tests.

100 +
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Film thickness, h (um)
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Entrainment speed, U (mm s'l)

Figure 8.3. Central film thickness for the tribologl contact of interest under W =
40 mN, lubricated with GLY. Numerical predictidram Eq. (2.3) are shown as a

solid line, using the lowered viscosity=£ 0.15).
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It can be seen that film thickness valueshioare below the theoretical fully-flooded
values, even though the latter are based on tleetefé viscosity of 0.15 Pas which
best fitted the fully-flooded measurements. Athhgpeeds, a rapid divergence is
recorded. Since this reduction in film thicknesswred when then lubricant supply

was limited it is likely to have resulted from station.

Figures 8.4.a) and (b) show measured film thickmpes§iles along the entrainment
direction (aty = 0) and transverse to the entrainment directidr € 0) respectively.
These were obtained from the images shown in ER. 8s U increased, profiles
along the sliding direction changed from being elds Hertzian to forming an
almost linear wedge. At low entrainment speedsirdet profile can be seen,
however, for the two high entrainment speed prsfitee lack of an inlet profile is
observed. This, coupled with the deviation in ekxpental from predicted values
observed in Fig. 8.3, might suggest the onsetas/etl conditions. The constriction
near the contact exit can be seen but is parwdlscured by noise in the profile. This
noise is not believed to indicate a real featurehsas surface roughness or debris

within the lubricant, but rather is due to nois¢hivi the illuminating light [77].
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Figure 8.4.a) Film thickness profile plots alon@ thntrainment direction (at y = 0)

for selected entrainment speeds. Fluid flows rigHeft.
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Figure 8.4.b) Film thickness profile plots takeord the plane transverse to the

entrainment direction (at x = 0) for selected emraent speeds

Hamrock and Dowson state that lubricant starvatan be studied simply by
reducing the dimensionless inlet distante wherem = x,/a, anda is the Hertzian
contact radius ang, is the inlet boundary distance measured from #rdre of the
Hertzian contact to the edge of the inlet boundanmnediately upstream. To
evaluate the reduction in inlet size required fgre@ment between experimental and
theoretical film thickness profiles, numerical gauas for compliant EHL developed
by de Vicenteet al.[31] are compared to profiles from Fig. 8.4.a)lJat 14.6, 54.8
and 210 mm’$, in Fig. 8.5a) to c) respectively. The theordtimafiles under fully
flooded conditions (using = 0.15 Pas) are shown and also solutions for estluc
inlet size. The minimum film thickness positionsmased as a universal reference
point to compare the plots. For the starved smiutiases (Figs. 8.5.b and c) the inlet

boundary positions are indicated.
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In the work of de Vicentet al. the fully flooded inlet distance was taken torbe=

5, when deriving Egs. (2.10) and (2.11). Howetag, experimental results at high
speeds can only be made to match predictions ifrile¢ distance is reduced, with

the inlet approaching very close to the contactusad Under these conditions it is
also clear that there is far less fluid presentrepsn of this starved inlet than would
be required to fill the gap between the surfacgsc@ntrast, at low speeds, only a
mild reduction in the inlet length @h = 2 is required to fit the results and, indeed,
the fluorescence results show that the inlet resndiooded to the maximum

measureable distance o ih front of the Hertz inlet.
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tribological contact of interest, lubricated withL®, under W =40 mN, at (a) U =
14.6, (b) 54.8 and (c) 210 mnl.<luid flows from right to left. Plots have been

reconciled at the minimum film thickness valugs, h
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Using the numerical solutions for compliant EHL tamts developed by de Vicente
et al. [31], the influence of inlet length on contact shapas investigated. The
solution method is described in [31]. Figure 8l®ws the influence of inlet
boundary location on the numerically predictedf{la) thickness and (b) pressure
profiles for five dimensionless inlet distancegofffes were taken along the midline
in the entrainment directiory € 0) atU = 100 mm &, underW = 40 mN fory =
0.15 Pas. Fom < 1 the contact is under severe starvatiomas a. Figure 8.6.c)
shows the influence of inlet boundary location &k Mminimum film thickness;

values were taken from Fig. 8.6.a).

A fully flooded state is said to exist when theeintlistance ceases to influence in
any significant way the minimum film thickness. ighpoint is the boundary
between starved and fully flooded conditions, dediras the critical dimensionless
inlet distancem. Hamrock and Dowson give a simple descriptionhis point; it
occurs when the minimum film thickness change&$o, asmis increased. 3% was
deemed appropriate as it was believed to be tharacyg of their calculations.
Therefore, when comparing, and m a flattening in the minimum film thickness

should occur fom>m'.
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Figure 8.6. Variation in theumerically predicted (a) film thickness and (b) gsere
profiles, for four dimensionless inlet distances,the tribological contact of
interest, lubricated with GLY, under W = 40 mNUat 100 mm 8. Fluid flows
from right to left. (c) shows the influence of tfd@undary location on the minimum

film thickness

It is clear from Fig. 8.6.a) that the film thickisess considerably affected by inlet
distance even at very large valuesngfsuggesting that the contact never reaches
fully flooded conditions, even though the majordtlythe pressure build up occurs
within an inlet distance ofn = 4, observed in Fig. 8.6.b). An is reduced, the
profiles for both film thickness and pressure beeanore severe. This is a result of
the pressure build up in the inlet reservoir odagricloser to the Hertzian contact.
The contact profile becomes less of a hydrodynawedge, until, under severe
starved conditions, the contact more closely resesnthe flat profiles observed in

hard/stiff contacts.
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Unlike the results presented by Hamrock and Dowgkiv] for the effect of
dimensionless inlet distance on the minimum filnickhess, there is no clear
indicator in Fig. 8.6.c) for the onset of starvatioHamrock and Dowson observed a
flattening in hy, with increasingm but it can be seen in Fig. 8.6.c) that only a
tentative flattening is present with a very largadient of 0.43. There are two
possible reasons for this discrepancy between dmn#’'s and Hamrock and
Dowson’s I-EHL models; (i) a considerably largendnn size is used in the current
study. At such large values ofthe inlet height is large and Reynolds equatioy ma
become invalid or (ii) as suggested before, thiy im& a result of the much lower

dimensionless speed and load parameters usedisttiuly.

The dimensionless speed parameter for the contactenest is lower than that used
by both de Vicentet al. and Hamrock and Dowson, when validating their nsde

However, it was found that for the contact conaision chapter 6, lubricated with

SFO, a fully flooded state was achievednat 1.2, suggesting that the high viscosity
of GLY was responsible for the continued starvediesin Fig.8.6.

Based on their results, Dowson and Hamrock were #@blprovide an equation to

predict the location of then, in terms of the variables considered in thisithés a

point contactK = 1), as:
h 016
m =1+107 -2 (8.2)
RI

wherehy, is calculated using Eq. (2.4).

Figure 8.7 shows the effect of entrainment speedhenlocation ofm’, calculated
using Eq. (8.2), for the tribological contact ofarest using both the measured and
the ‘effective lower’ viscosities of 1.1 and 0.1&sPrespectively. Figure 8.7 clearly

shows that the onset of starvation occurs at amaxi ofm = 1.6.
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Figure 8.7. Influence of entrainment speed on titeal dimensionless inlet

distance location.

It is observed in Fig. 8.7 that rapidly increases at very low entrainment speeds,
then, forU > ca 100 mm & only a small increase im is observed (gradient g
0.1). From the results in Fig. 8.7 this would segjghat the contact of interest is in
the fully flooded state fom > 1.6, but this conflicts with the results in F&5 which
suggest that a fully flooded state is not achieveldwever, Fig. 8.7 does lend some
further credence to the hypothesis that a redudtidhe inlet length is a likely cause
for the lower than predicted film thickness measwpts. A small difference in the
location ofm’, ca0.1 times the Hertzian radius, is observed foa &0 times change

in the viscosity. This suggests that the mismabgiween theoretical and
experimental film thickness values are a resuli tdrge assumed inlet distance and

not a large drop in lubricant viscosity, as pregigueported.
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8.3 Conclusion

This investigation has shown that fluorescence asmwpy can be used to study film
thickness in lubricated, compliant contacts. Rsswlere found for three different

aqueous liquids, spanning a large range of visgoaitross an entrainment speed
range of 0 — 1100 mni's

Film thickness data obtained for fully flooded caimhs showed good agreement for
low viscosity fluids but film thickness was lowdran predicted values for fluids
with high viscosity. This was attributed to oneétnlet starvation.

A numerical solution of the point contact, stantdtHL problem has been obtained
for comparison with experimental results. The nhadleEmonstrates that contact
profile shape and overall film thickness values goeerned by inlet reservoir size.
Good agreement with the measured values and tiedrptedictions was observed
for an inlet length ofca 1.1a under starved conditions, whilst a value af \#as

adequate for partially starved conditions at lowWgrvalues.

There are contrasting results in the theoreticabligtions between numerical and
empirical models for the onset of starvation withihre tribological contact of
interest. From the empirical model of Dowsatral, Eq. (8.2), a fully flooded state
is achieved for an inlet distanoe~ 1.5. However, if the definition is applied that a
fully flooded condition exists only when the intlistance ceases to influence in any
significant way the minimum film thickness, the nemcal model of de Vicentet

al. shown in Figs. 8.5, suggests that the contachiarést never reaches a fully
flooded state out to an inlet distance correspandm the radius of the ball.
Experimental verification of inlet length is regedk to establish a clear
understanding of the onset of starvation in higlklympliant I-EHL contacts.

Unfortunately this was not possible with the cutriechniques available.
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Chapter 9

Summary, conclusions and suggestions

for future work

Three experimental techniques have been employethviestigate lubricated,
compliant, contacts. The findings of this study mow summarised and suggestions

for future work are given.
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9.1 Friction investigations

Work carried out using an MTM tribometer showed éfiect of load and substrate
elasticity on the friction of rolling-sliding, lulmated, compliant contacts. This was
first performed by varying the applied load on aM®disc and then by using three
different polymer discs with different elastic méidat a constant load. The
investigation examined the robustness of theolgpicadictions made by de Vicente

et al.[31], for the separate rolling or sliding fricti@@mponents.

Numerical predictions were shown to agree closath the measured influence of
load on I-EHL sliding friction coefficient for allested polymers. However, the
numerical models do not predict the I-EHL rollirrgcfion coefficient accurately as a

function of applied load.

Close agreement between experimental and thedregmalts was found for rolling
friction coefficients, with varying elastic modulusHowever, theoretical models
predict that there should be a negligible effect the I-EHL sliding friction

coefficient due to the elastic modulus while expemtal investigations found that

the sliding friction coefficient increases with deasing elastic modulus.

Experimental results also showed that deformatinargy losses in the elastic
substrates are a function of the contact conditipasloading frequency. This has
enabled the rolling friction coefficient to be preted quite accurately, especially

within the mixed and boundary lubrication regimes.
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9.2 Film thickness investigations

This project set out to develop two new experimeptacedures for investigating
lubricant film thickness in compliant contacts. Thudy has demonstrated the
suitability of both monochromatic optical interfemetry and laser induced
fluorescence (LIF) for measuring lubricant film dkiness in compliant contacts.

There are a number of benefits to these techniques:

* Film thickness maps can be obtained more rapidan thlternative film
thickness techniques such as Raman spectroscopyvjb&h tend to be

time-consuming.

* The ease of film thickness mapping in complianttaots should be of
particular value when investigating the lubricatipgoperties of shear

thinning and viscoelastic solutions.

 The method can be used to validate theoretical fepde particular for I-

EHL contacts.

* By combining these two techniques a large rangélrof thickness can be
investigated. LIF can be used to study thick fimtkness it > 2 um), whilst
optical interferometry is suitable to study thilmfs ( < 2 um).

* No reflective coatings are required to either cotimg surface, reducing
costs and eliminating possible errors created bynown thickness on a

‘spacer layer’.
For thin film investigations into compliant contadiubricated with single phase

liquids, optical interferometry has been shown t® #& suitable measurement

technique. The addition of interpolating grey scaiformation for film thickness
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values between fringe maxima and minima, firstiagd by Robertst al. [68],
allows for more accurate contact shapes to be wbder Investigations found that
the technique is limited by two major experimerfedtors. Firstly the contacting
surfaces should be optically smooth to give cleserferograms. Any asperities, or
even debris, within the contact create complexf@tegrams making film thickness
measurements difficult. Secondly, due to the Iqpli@d loads employed during
testing, vibration affects the contact size aneh fihickness, causing inaccuracies in

film thickness results.

A LIF technique was demonstrated to be a suitaldéhad for investigating thick
films in compliant contacts, lubricated with singbdhase liquids. Experiments
showed that a large film thickness range was aahiev Measurements were made
from an upper value afa 30 um down to a minimum film thickness limit a& 300

nm, with the detector system employed.

Theoretical models by de Vicengt al. and Hamrocket al. predicted higher film
thickness values than obtained by both optical kit experimental techniques.
Based on suggestions in the literature this wasallyl ascribed to a change in
lubricant viscosity. However, although this maywédeen possible for glycerol, it
was unlikely for sun flower oil. It is thus sugtgss that starvation was the main
cause for the observed lower than expected filmkttéss. Theoretical analysis
shows that, for the contact of interest lubricateth glycerol, a fully flooded state,
i.e. one independent of inlet distance, is unlikelyreteebe achieved. However,
when lubricated with sunflower olil, fully floodeawditions are reached at~ 1.5.
Experimental verification of inlet length is regedr to establish a clearer
understanding for the onset of starvation in higtdynpliant I-EHL contacts. This
was not possible with the current techniques ablgla
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9.3 Suggestions for future work

9.3.1 Friction measurements in lubricated

compliant contacts

* As discussed in chapter 2 there are a number wéssehen using PDMS to
mimic biological surfaces. Investigations into eggriate materials, such as

Hydro-gels, could be carried out.

» Textured or structured surfaces are common in nieoynterfaces, such as
the oral surfaces. The effect of such texturedases on the lubricating
mechanisms and therefore friction is not well ustyd. The creation of

such surfaces could be achieved using lithograpldyaaid etching process.

9.3.2 Film thickness measurements: Optical

iInterferometry

* General modifications could be made to the expertaleapparatus to
improve the accuracy of measurements. Vibrati@ugdcbe reduced through
the introduction of small DC servo motors and sapan/isolation of motors
from test apparatus.

» The creation of very smooth spherical samples fi§icdit and quite
time-consuming. The development of moulded elastoimemispheres,
perhaps utilizing hemispherical lenses that produtgh quality specimens

would allow for more accurate results. The driveton would then be
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mounted at an off horizontal angle to the glassg,fagnilar to the setup used
by the MTM.

* For any optical interferometric technique the rarafjemeasureable film
thickness is dependent on light coherence and furerehe type of light
source employed. As the measureable film thicknesgye increases,
resolution and accuracy diminishes. In the currestidy a red
monochromatic light source was employed which adldwor the largest
range in measureable film thickness. For very tifim thicknessesh( < 100
nm) a white light chromatic system would be begest however this would

reduce the measureable rangedd um.

* The use of chromatic interferometry has yet to ti@eved with lubricated,
compliant, contacts due to difficulties in caliboat Development of such a
calibration system would allow for the accurate sugament of low
viscosity liquids and very thin films. Such a teidue would also make film

thickness mapping of contacts easier.

* Investigate starvation by measuring lubricant idlistance. Development of
the current technique is required for this singgatmg the inlet meniscus is

difficult due to the low intensity of images.

9.3.3 Film thickness measurements: Laser

Induced Fluorescence

* An accurate low load system needs to be employerdefurther
experimental research is undertaken. A dead wesygstem would be

suitable. However, if the PCS rig is continuedb&used then the metallic
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bellows within the sample pot need to be replaceddhieve accurate low

loads.

* For future work the use of a two-dye LIF ratiometfi06] system should
allow for much higher quality imaging and could yide a means of
measuring very low film thicknesses. This systetso aallows for
temperature mapping and it may also be possiblenéasure multiphase

lubricants by adding a separate dye to each phase.
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