Trib ochemistry of Boron-Containing
Lubricant Additives on Ferrous Surfaces
for Improved Internal C ombustion Engine

Performance

Lukman Aremu Animashaun

Submitted in accordance with the requirements for the
degree of

Doctor of Philosophy
The Universityof Leeds

School of Mechanical Engineeringeeds, UK

February 2017



This candidate confirms that the work submitted is his work. The contribution of the
candidateand other contributors has been explicitly indicated below. The candidate
confirms thappropriate credit has been given within this thesis where reference has
been made to the work and othersray photoelectron spectroscopy undertaken
NEXUS, NanoLAB, in Newcastle. In addition, my sincere thankR.ib.Vanderbilt
Holding Company, Inc.rad ARCHOIL Inc. who provided the borate esters additives
for the purpose of this research.

This copy has been supplied on the understanding that it is copyright material
and that no quotation from this thesis may be published without proper

acknowledgemen

© 2017The University of Leeds and Lukman Aremu Animashaun



Acknowledgments

Firstand foremostl would like to expresmy utmostgratitude to my supervisors for
their support, guidance and endlesgEouragemerthroughout thigroject.l would
like to appreciate my supervisoProf. Anne Neville who has been very helpful
towards the completion of this workn addition, special thanks Professor Ardian
Morina and Dr Chun Wang who cseupervised thisresearch projector their

consistent technical dracademic support, advice and directions

| would like to extend myincerethanks to Fiona Slade amadl the technical staff in
IFS laboratoriedor their administrative and technical suppottsparticulay many
thanlks to: Ron Celliar, JordanThomas AndrewO6 Br i en and Marc hael
their immense technical supporSpecialthanks toDr. Doris Khaemba for her

inestimable assistanae the course of this project.

In addition, many thankgo Dr. Ali G., Dr. Ashley Bell., Dr John Zhao.Dr. Joe
Lanigan Dr. Mike Bryant,Dr. Cayetano Espejo Coned2,. Shaiiar K., Dr. Zhara
Ehteshami, Dr. Fredrick Pessr. MacDonald Ofune,Dr. Omoregbe Bello,
Dr. Oulujide Sanni and Ogbemi Bukuaghangind manycolleagues | may have
unknowingly not mentionetlut aregreatly appreciated for the wonderful academi

atmosphere provided during thissearch programme.

My sincere thanks to mgffice mates: Mohammed SikirBethanWarren,Mohsen
Vazirian Dr. FarnazMotamen S and many othecolleaguedor their hospitality
during therigoursand streséree moment®f my researclperiods | would also like
to show appreciation tmy colleagues irthe wholeiFS research groygor sharing
bright and unfaogettable moments during my postgraduate studielechanical

Engineenmg Department of University of Leeds

| want to use this opportunity to thank my wife adldren for holding forth fome
during my absence from home in order to undertakerésearch. In addition my
sincere thanks to Sarah Sanaisd her entire familjor supporting me wheneverny
stay in UK takes me to Londdar a break or conferencdsnally, my sincere thanks
to my sponsors Lagos State Polytechnignd Tertiary Education Trust Fund

(TET Fund)managementfor their financial suppost



In memory of my late

mum and grandparents



Abstract

Global concerns fathe environmental impact pollutants from automotiveosirces
requireconsiderableeduction ofphosphorusind sulphwbasedantiwearadditivesin

lubricating oils One of sgh additives used as antiwear/extrentespure (EP)
additives in lubricating oils iZinc Dialkyl DithioPhosphate(ZDDP). Potential
replacements for ZDDP arantiwear/EPboronbased additivesin this study,a

comprehensive evaluation of the tribological propertiesnotlel oils ofdifferent
types ofborateantiwearadditivesare considerefbr comparison to ZDDPn steel

surfacesn tribo-contact

In this thesis, ribological experimentsn pure sliding under bawdary lubrication
conditions wergerformed using pion-reciprocating plate tesig with variatiors of:
additive concentratianin the oi) bulk-oil temperaturgsliding processdissolvedand
free water contaminationtests The coefficient of friction response and antiwear
performance of tribofilms werevaluatedBulk oil analysisof the model oilsvere
performed to evaluate tgesponse to different thermal aoxidative conditionsn
comparison to ZDDRn addition, chemical characterization of key crystalline boron
compoundswvas done. The physical and chemical aspeofstribofilms generated
during tribological tes$ were evaluated using surfacanalysis technigques such as:
Optical whitelight interferometry, Atomic Force Microscopy (AFMrocusedon
BeamScanning Electron MicroscopyFIB-SEM), Raman SpectroscopyX-ray
Photoekction $ectrosopy (XPS)andNanoindentation.

One of thekey findings of this study isthattribofilms from hydrolytically unstable
boratesadditivesgave poorantiwear performanceomparedto ZDDP andother
synthetic borate additives witetter resistazeto hydrolysis.This studyhasrevealed
that boric acid isnot directly responsible for the poor antiwear perfane as
previously understood. Tribochemistry results by thissishas shown that high
atomic concentration of boron and partickegsh asboron nitride and carbidexcts
as third body abrasivesiyre responsible for the poor antiwear performantke
establishedantiwear mechanism aborate tribofilmsrelies on the digestion of
abrasive iron oxidely trigonal structural groups in boron oridResultsat different
test conditiongrom thisresearcthaveindicatedthat boric acid,iron oxyhydroxide,

and tetragonaltsuctural units in boron oxidplaysa majorrole in this processThe

\



establishedriction reducing mechanism of borawntainingtribofilms relies on the
weak van der Wamrdlpdssivatiorf of its bighiemergyaestged by

moisture. Amther major finding of this Phihesigs thatdecomposition and volatility
of boric acidat certan temperatureaffects the easy sheaf the lamellar.

An important findingfrom this studyindicated thatheabnormal behaviour ddoron
oxide effect in borcsilicate glass manufactureould also affect the antiwear
performance andurability of tribofilms containingnanoparticlealkali borate ester
In addtion, the hardnesf built-up tribofilms from oils containing hydrated
potassium borate wésund to becomparable to BDP, unlike organic borates which
gavesignificantly higher hardnesgnother majorfinding of this researcls thatin
moisturerich atmosphereborate tribofilmsformed on ferrous surfacesas more

wearresistanthanZDDP due to their different tribochemigtr
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Chapter 1

Introduction

1.1 Emissionchallenges from internal combustion engines

Therelease of an excess amount of certain-tregping gases into the atmosphere is

a major global challenge presently facing humanity. This causes a dramatic effect on
the climate resulting in the melting of glaciers, rising sea levels, drying forests and
extreme weather conditions; more rain followed by longer sicedtioughtsin many

parts of the world,hese factors bringlong with it economic instability

The greenhouse gases emitted to the atmospdnedetheir relative contributions to
greenhouseftects are; methane (CH= 4.4%), Nitrogen (1) Oxide (NO = 1.5%),
Ozone (@ = 8%), Carbon IV Oxide (C@= 26%), water vapour (60%and others
(0.1%)[1]. About 95.7 %of CO; in the environment has been estiethto come from
natural sources, suchs: organic decomposition, ocean release, respiration and
volcanoeg?2]. The rest are due tmthropogenic sources. Howevidie second largest
emission of CQ into the atmosphere through humactivity was attributed to
combustion of hydrocarbon fuels in internal combustion engineg]C)

The IC engines used in such devices for the transportation of goods and people by
land, air and sa have been identified to be responsible for about 22% of the global
primary energy consumption. Road transportation accounts for 72% 22%total
energyuse and 18% of global anthropogenic greenhouse emission as shown in
Figurel-1. Passenger cars have been identified to account for more than 80% of the
total CQ emissions into the atmosphef8]; unlike the lower contributins by
shipping cargo with about 227 %[4]. This is due to the fact that having personal
cars ispowerful and pervasive, as it provides freedom, convenience and comfort to
their ownersHence, vehicle demandssestimated to rise from 850 million in 2011

[3] to over 1 billion by 20205].

In view of the consequential outlook of a higher level ok @kbve the natural balance

in the enwonment, substantial reducticdinom automotive sources have K to



technological improvement of fuel economy in internal combustion engkgsire
engine designs are expected to have lower weight, advanced valve train and
combustion systems, with asss boundary lubrication target of low friction and
wear lubri@nt additives for the engine oil.

Residentia) 6%

Others 10%

® Residential
Transport m Others
22% = Industry
Industry, m Electricity
20% m Transport

Electricity,
41%

Figurel-1 Global CO2 emissions contributiamto the atmospheié&]

1.2 Future lubrication schemes forinternal combustion engines

Emissions from exhaust fumes could contain carbon monoxide (CO), oxides of
nitrogen (NQ) and unburnt hydrocarbon that could eitlbe oxidized or reduced by
emission control system as shown quation 1 1, Equation 1 2 and
Equation 1 3. Environmental regulatory agencies of many countries in the world have
legislative mandate that these catalysts must remain highly effective for up to about
193,000 km of servicg]. Hence, thehallengsin pollution corirol from automotive

exhaust system requires expensive catalytic converter system

However, evidence on how these catalyst degrade points tovaladlity of
phosphorus in ZDDP. Combustion products os#aslditives also contain oxides and
phosphates that have irreversible and deleterious effects on particulate filters in
modern vehicle§8-10]. Hence, ZDDPoil additive is classified as sulphated ash,

phosphate and sulphur (SAP) based additives.
2



2CO + Q@ © 2CG

Equation 11

CxHoxi2 + O © XxCO + (x+1)RO Equation 12
0

2NO X0z + N Equation 33

A way of limiting the amount of phosphorus in engionés is to reducethe
concentration of ZDDP imils. The regulatoy framework forachiewng theseare
provided by American Petroleum Institute (API) anthternational Lubricant
Standards and Approval Committee (ILSAC). In 1995, API S| and ILSA GF
limited thephosphorus level to a maximum of 0.1 (m&ss}thatwas futher reduced
to 0.08 (mass) % ILSAC GF4[7]. Any further reduction in ZDDP concentration
in the oil could adversely affect itetawvear gerformance and durability efibofilms
formed on the component parts of the IC engiaeshown ifrigurel-2. Hence thee

is need for a study on how the amount of phosphiresgine oils can be reduced if
not eliminaed without sacrificing theantiwear performance andurability of
tribo-component parts of IC engines

In view of environmental restrictions limity the use ofZDDP additive that
boroncontaining antiwear/EP lubricant additives are considered as siblgos
alternative to ZDDH11-13]. This is based on literaturgtudy which showed that
vehicles lubricated witloils containing bororantiwearadditives produe lower CO
emissions than thosentaining ZDDH14]. In addition, the same study revealed little
differences in terms of weaeductionand cleanliness ggformancecompared to
ZDDP. Thus, if bororcontaining lubricant additives can lower CO emission and
produce comparable antiwear performance to ZDDP in IC engines, then the level of

phosphorus in enginelsican be considerably minimized if not eliminated.

Boron is a relatively rare | e me n't i n t he Eart hoés Cru:
concentrated in water due to its high solubility in form of borate minerals and boric

acid. The global proven reserves of bonmmerals has been shown to exceed

1.2 billion metric tonnes against a yearly production of about 4 million tonnes

per/annum[15]. The countries with the largest deposits of boron compounds are
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Turkey and United State of America (USAhey both hava combine share of 90%
[16]. Presently, the major global demand for borates dibarglass and borosilicate

glassware productiofil5, 17].

The most common contacting surfacedrengineghat are prone to frictional losses
and engine wear are: piston, begs and valve trainssemblyPiston assemblin IC
engines accounts for the largest share of mechanical losses. At the piston
deadcentres, boundary lubrication dominatesd hydrodynamic lubrication at the
mid-stroke [18]. For the valve trainassembly,boundary and mixed lubrication
conditions dominates, unlike the bearing assembly where hydrodynamic regime
prevails. Thepart of valve train that is noted for higivear ratesdue to asperity
contacs is the canfollower contact configuratiorin the cam/follower tribocontact,

the operating regime is mairty boundary lubrication reginj&9]. In this lubrication
regime, thechemistryof reacted layerplays a more important role tharbhicant
viscosity. Hence, experiments for this research weagried out under boundary
lubrication conditions, based on the highest wear matesrring at this lubrication

regime

Figurel-2 A schematiaiagram of an internal combustion engj26]



The formation ofpolyphosphate species &DDP tribofilms has been shown to
depend not only on the wear process, Iad an temperaturf21]. Hence, a potential
substitute foZDDP should bestudied under different $&€ conditions in other ttully
understandheir antiwearperformancend durabilitybehaviour

The antiwear mechanism established for borate lubricantivedd on Febased
materialshavb e en based on Pearsonds Haf2d. Soft
However, thimssumed negligible effect:dfydrolysis byproductsno transformation

in borateanions due to changes in physical propergesl effects ofboric acid in
agueous solution on oxideof iron.In addition, the friction reducing mechanism of
borate tribofilms has bedmnged onboricacifbased on its weak v
[23], andpassivation of high energy edgie of lamellar boric acif4]. However,

these mechanism assumed that boric acid is stable at all temperahdesiore

amount of boric acid formed on surfacemuld give better friction coefficient
reduction Hence, thestudy of tribofilms formed bporoncontaining oils is necessary

under different test conditions order to elucidatéhe suitabilityof borate additives

as zereSAP substitute for ZDDP antiwear/EP additive in engine oild@engines.

1.3 Aims and Objectives

The aim of thisPhD work was to assedbe relative susceptibility to hydrolysis of
nonsynthetic borate additives to synthetic additiv8his study will further
investigatethe physical nature ofreacted layer formedn ferrous surfaceander
boundary lubricatiorregime and different extrinsic conditions by oils containing
boron additivesusing ZDDP as reference In addition, the study of lubrication
chemistry of borate tribofilms formed at differenibological testconditions under
boundary lubrication regime could elucidatetba influence of these conidibhs on

established friction reducing and antiwear mechanisms
To achieve these aims, a numbéobjectives were set qutamely to:

1 Assessthe hydrolyticstability and thermeoxidative stability of lubricating
oils containingsynthetic and nosynthetic boratadditives in comparan to
ZDDP. Following this resultsmoisture absorption charactstics of oils

containing synthetic additivesand key crystalline boron compounds are



undertakenThis is to provide an understanding of thiéferences between
synthetic and nosynthetic borate additivesand also between synthetic
borate additives andDP in terms of affinity for moisture absorption.

To assess the tribochemical behaviour of borate additives at different additive
concentrations against the ZDDP additive throydiysical and chemical
surfacecharacterization. This is to praleé a better nderstanding of how
hydrolytic stabilitynot only affectghe tribochemistry of borate tribofilmisut
alsothe borate friction reducingnd antiweamechanisra

To explore the effect of temperature on antiwear performance and durability
of borate tribofims. Surface characterization bbrate tribofilmsformed at
different bulk oil temperatureare expected to explain how the established
antiwear mechanisncould be affected by boric acid decompositiand
transformation of BOs structural units

To investgate how borate antiwear mechanism is affected by humidity
increasein the surrounding environmerthrough chemical and phigsl
surface analysis of the formédbofilms. This is to elucidaten the limit of
borate tribofilms synergy with moisture for e€tive antiwear performance.

To evaluate the frictiorand antiwear performance tbrate additives in
comparisnto ZDDP with increasing water contantthe oil Posttest surface
analysis of boundary films formed under thermal and trilpadation
conditionscould elucidatethe limitation of theitribochemistry with regards

to their antiwear mechanism

1.4 Thesis outline

1 Chapter OneThis consists ofritroductionand justification for the study. In

addition, theaims and objectives of this thesisd someheories of tribology,
lubrication and boron chemistry are discussed

Chapter Two: Literature review of conventional ZDDP, organic borates and
metal borate dispersions antiwear lubricant additivesemous surfacesin

tribo-contactunder various extrinsiconditions



1 Chapter ThreeDverview of experimental methodology, aretalls of sample
properties, sample preparation procedure, lubricants, test rigs, bulk oil and
surface analysis techniques

1 Chapter Four: Hydrolytic and thermoxidative stability resultérom bulk oil
analysis moisture absorption of oilend moisture adsorption bmajor
crystalline boron compoundxperiments arprovided in thischapter

1 Chapter Five: Friction and weaxperiments andesults from variable
concentration, temperature, angterbased contaminants are contained in
this chapter

1 Chapter Six: Physical characterization of tribofilms using Atomic Force
Microscope (AFM) images, Nanoindentation and Focussed beam
Secondary Electron MicroscopelB-SEM)

1 Chapter Seven: Chemical arfacterization of tribofilms results usingray
Photoelectron SpectroscofyPS) andRaman Spectroscopy

1 Chapter Eight: A comprehensive discussion of the results obtained from
various bulk oil analysis tests, tribological experiments and surface analysis i
relation to published literatures are presented in this chapter

1 Chager Nine: This chaptecontainsthe main conclusionfrom this PhD.

researctand future work.

1.5 Background and Theories

1.5.1 Introduction to t ribology

The term O6Tri bol edfyomthéGa = ekt svop rde foitx | bho@a
Or ublriongd, whubée t he smeénkdtxh e Oosetthavdiggyadyo f 6
translatestobé t he st udy oThe word ivas gficidytubed tor theu b 6
first ti me i rnotheBiiish Patliansent in RI6@, whild tide scientific

basis for modern understanding of tribology was established by scientist like; Hertz,
Reynolds, Hamrock, Dowson, Bowden and Tal&)r Tribology is the science and
technology of interacting surfaces in relative motion and of related subject and
practices. The transmission of normal or tangential forces between two bodies in

relative motion may take place.



In certain engineeringystems and mechanics related to our everyday lives, tangential
forces are required to be minimized in order to control motion or improve system
efficiency by @timizing factors related tdribological interface, as showmn
Figurel-3.

S Mechanical Properties
| S| Materials | .| Tribological Properties
“| 7| (Friction and wear)
[ Compatibility between
two Interacting Surfaces

£
S - ;
2 Oil Film Thickness
= (Lubrication Regimes)
=
En > Lubricants
= Tribochemisiry
2 (Additive/additive and
= Additive/surface
= interactions)

Y Operating Conditions

Velocity, Temperature, Pressure, Environment
¥ p
Y Surfaces
(Conformity and Surface Texiure)
S Type of Contacts
Sliding, Rolling, Rolling/Slidin;
g g

Figurel-3 Fundamental factors affectimigbology of IC tribo-component$25|

1.5.2 Friction

Friction is the force opposing the relative motion of one body in contact with another.
The classes of frictional forces are sliding and rolling friction. Sliding friction requires
conformalsurfaces; contacting surfaces that fits snugly into eachr, behat load
distribution spreadsver a relatively large area. On the other hand, rolling friction
involves norconformal surfaces; here, the full burden of load distribution is

concentratedn a small lubrication ard26).



The first two laws governing frtion for bodies in dry sliding contact conditions as
postulated by Lenardo da Vinci (1452519) andwas reestablished bysuilanme
Amontons in 1699 The third law of friction was formulated ikv¥81. The three laws
are stated as

1 The first law of friction describes thdangential force oppasg motion
(friction force, F) agproportional to the normalppliedioad (W)

1 The second law of friction describegctional force is independent of the size
or apparent area of the contacting sqllulg rather on treal area of contact.
This assumed that apparent area is equal te#t@rea of contact by assuming
that normal loadis pressire multiplied by apparentnstead of real areas
mostly recognized imosttribological analysis

91 The third law of fricton describes kinetic friction (force required to maintain
motion) as lower than static friction (force required to start sliding) and is
independent of the sliding speéuditially, there is asperity interlocks between
the two contacting surfaces which neakt harder to overcome, butaanthe
interlock is broken it will besasier to sustain the sliding procegsh less
energy

These laws are generally obeyed by metals, but are found to be different when
polymers and rubbers are unlubricated contactingsd@6], which was expressed in
Appendix A: Equation A.1- 1, Equation A.1l- 2 and Equation A.1. 3. Another
expression for coefficient of frictiom terms ofmechanical properties of the sliding
materialis shown inEquation A.1- 4. If the Hertzian contact modéd considered,
low friction can result by using sliding materials of l@kear strength and high
contact pressuri27]. This is possible by the formation of a relatively thin {skear
strength layersvith increasing contact pressurg usingadditives in lubricantsThe
shear strength of MeShas been estimated to be about 24.8 Y#8 to give low
friction coefficient on surfaces and that of boric acid as 22.9 \Fa Hence, the
lubricious nature of boric acid based on its friction reducing propertiesl be an
added advantage of the ZDDP additive



1.5.3 Wear

This is an undesirable consequentériotion, with the progressive physical scathe,
because of material loss from the operating surface of a body due to its relative motion.
Wear is a system property like friction, and not a matgraperty.There are three
broad wear types, which canrfleer be broken down into six interrelated modes, as
described inTable A.2: 1. The general laws of wear are very similar to the laws of
friction in dry sliding condition.Wear in tribological systems often described
accordingo Archardd s  ww asithe praportionality offear volumdo the product

of real area of @ntact andsliding distanceas shown irEquation A.2- 1, based on

the assumptions that:

1 Local contact occurs when asperities interact,

1 Each individual asperity contact is circular,

1 For metals, asperity deformation is plastic,

1 The real contact area is proportional to normal load,

1 The region of contact under consideration is isothermal

Adhesive wear is known to be common with metal/metatax interactions. It is
described as the displacementattachment of wear debris wraterial from one

surface to anotheiThis is unlike abrasive wear that occurs when hard particles are
forces against and at the same tim@vesalong the solid surfas in relative motion.

The hard particle sources could be: dirt in the housing, sand or scale from castings,
metal wear particles, and particles introduced into housing when filling with
lubricatingoi.,The r el ati onshi p b ediveveeaand abnasivd ar d 6
wearshown inEquation A.2- 2 andEquation A.2 3 areused to assesberelative

wear rates of lubrated worn surfacedn order to minimize the negative effect of

friction and wear, mast engineering approachesdeercoming the consequences of

wear involves:
1 Use of special lowriction materias,

1 Use of lubrication processinvolving the interposition of solid, liquid, or gas

medium between the contacting surfaces,

1 Conversion of slidig friction into rolling friction with clever designs; since

rolling friction is much smaller than sliding friction.

10



The combination of these approaches could greatly reduce friction and wesdsobut
theinfluence ofphysical propertiesf interacting suiaces, interpsing lubricant and
physicahemical interactionsf reacted layers with the surroundingience, a careful

study of the physical and chemical nature of reacted layers formed by additives used
as additives in lubricating oils of internal combos engines is necessary during
tribological processThese chemical agents are expected to act as an alternative to the
conventionalS- and Rcontaining IC engine oils in order toeet environmental and

legislative challenge
1.5.4 Lubrication

Lubrication isused inmechanical systems order to minimize the negative effect of
friction and wear of machine components. This is achiéyegrovidirg interposing
layers betweerontacting solids in relative motion. The functions of lubricant in an

I.C engine areq;

1 Form an easily sheared viscous lubricant fikvith the potentiato carry a

relatively large applied load,

Prevent corrosion,

Transport contaminants from the system,
Assist in sealing spaces,

Reduce friction coefficients between interacting surfaces,

= == =2 =42 =2

Act as coolant

The variation of coefficient of friction (COF) hdzeen shown to be a function of

l ubricant film parameter ( ), or the ra
speed to the normal load applied which can be describe by the hd@séciSturve

shown inFigure 1-4. If the lubricant film thickness is large enough to separate the
interacting surfaces, hydrodynamic lubrication (HL) lubrication condition or regime

is at play. In this type of lubration regime, the bulk properties of the lubricant

(i.e. viscosity) governs the lubrication of the solid surfaces rather than the elastic
deformation of the lubricated surfaces. However, if there is considerable elastic
deformation of the lubricated daces in addition to complete separation by

lubricating film, the type of hydrodynamic lubrication that arises is known as €lasto

11



hydrodynamic lubrication (EHL). In this lubrication regime, the lubricant and material

properties are important in controllifigction.

nd: n
Friction coefficient dependent on
non-hydrodynamic characteristics

Mixed Lubrication
Increasing coefficient of friction caused
by partial contact between the surfaces

Hydrodynamic Lubrication

Friction coefficient determined

by hydrodynamic theory

Friction Coefficient, g ———»

viscosity « speed High speed
normal load

Lubricant film thickness ——»

Figurel-4 Stribeck curve to depict friction coefficient as a function of viscosity, load
and speed for a lubricated systg2f]

The other lubrication regimes are; Boundary lubrication (BL) and Mixed lubrication
(ML). In Boundary lubrication (BL) regime there is negligible fluid film effect in
separating the contacting surfaces with considerable aspesiyperity contact
Here,the friction characteristiosf interacting surfaces is governed by the properties
of the solids and the lubricant filmfermed at the common interfacer mixed
lubrication (ML) regime, penetration of lubricant film occur due to excessively high
pressures or too low running speed in the EHL tribocontact, with a behaviour
governed by fluid films and boundary lubrication effects. The different lubrication
regimes can beistinguished from one another by determining the film paramejer (
defined mathematically iBquation A.3: 1to Equation A.3- 8 as shown in Appendix
A.3. The characterisation of the film paramete) into the various lubrication

regimes is possible if is within the range stated beld@Q];
Hydrodynamic lubrication;
Elastehydrodynamic lubrication;

Mixed lubrication;

== =2 =2 =

Boundary lubrication;
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1.5.5 Introduction to the boron chemistry

Boron is a nommetallicchemical element with symb@l belongingto group 13 and
period 2 ofp-block on the periodic table of chemical elemenith a shell structure
shown inFigure 1-5 which indicates electron deficiency in its outermsisell It is

the only normetallic element with vacant valence sh&his makes it have unusual
binding conditions and structural complexity. Boron has electronic configuration,
atomic number and atomic weight of 2s* 2p', 5 and 10.81 respectively.

—

Figurel-5 Shell structure of borof81]

The first attemptd isolate boron as an element egseduction of boric acid (B0x3)

or B(OHx with Sodium (Na) or Magnesium (Nido yield about 50 % purity was
undertaken by three eminent scientists namely; Humphrey Davy, Joseph Louis
Gay-Lussac and Louis Jacques Then@88d. However, boron was recognized to be
isolated at 99% purity bl¢zekiel Weintraub in 19083] who reducedolatile boron
halides in hydogen at very high temperatundigher purity boron can be produced

by decompositio of diborane at high temperature followed by purificatiBare

boron does not occur in nature, but rather as. ores

The ores of boroare found in most part of the world with larger deposits concentrated
in Turkey and the United State of America innfoboroncontaining minerals. The
majority of these ores are usually in hydrated form of boron oxide or diboron trioxide

(B20s) fused with metal oxides such as; Potassium, Sodium, Calcium, Magnesium
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etc. There are about 150 known botmsed oreg34] with tincal, ulexite, colemanite,

kernite, probertite and szaibelyite that are of major commercial relej/@bjce

In addition, lmronatons haveonly two stable abundant natliyaoccurring isotopes.
These aré’B and!!B with natural boron containingbout 20% of°B and80% of

1B, The known allotropes of dvon exis$ in three crystalline forms and two
amorphous states. The crystalline polymorphs giombohedraly -rhombohedral

andr -tetragonal. The two amorphous forms are glassy solid and finely grounded
powder.Sinceboron atomis electron deficient due tihree electrons in its valence
shell (oxidation state of +3), it can neither donate elesttonaccept electraeasily

This makesit form a stable covalently bonded molecular network in most of its

compounds such as oxides, halides, borides, nitrides and sulphides.

In addition, the empty-prbitals is easily attacked by nucleophiles such as water to
result in either bondtleavage of threeoordinated neutral borate species or the
formation of fourcoordinated borate speci¢82]. This behaiour suggeststhat
chemical reactions between boron compounds and a wide variety of other compounds

on interacting surfacde give reacted layers with considerable tribological properties.
1.5.6 Boron interactions with other elements

Since loron has only threelectrons in its outermost shell, the ion ispofarizable
and does not hydrate, hence it is not eager to donate electrons in an electrovalent bond,
and can also not accept them easily. A small quantity of hyperactive boron reacts with

silicon mdeculesin silicon dioxide (or #ica) to form amorphous glass molecules.

This acs like a fluid rather than lined up in a crystalline pattern as used in the
manufacture of borosilicate glass with

However boron is more reactiwgth carbon than silicon to fortmoron @arbide (BC).

When boron andnitrogen reactas pure substances a synihdiinary compound
known as bron nitride BN) is formed. The most commowton nitride polymorphs
are; hexagonaBN and cubieBN. The structue of hexagonaBN is similar to
platelike microstructure of graphite shown Kigure 1-6 is known to give good

lubricating properties.

Boron interactionswith the halogens produce volatile, highly reactive, tavidy

bonded molecular compounds, which can readily accept a pair of electrons into their

14



vacant urhybridized porbitals to form boron halides; all boron halides are Lewis
acid. Boron hydrogenompounds are formed duettovalent nature of boron. Boron
hydrides or boranes are formed when boron combines witjditogen such as;>Bl,
BaH10, BsHg, BsHi1 etc.

(a) oc Y:
oN

: 0

6 é

7 (6

‘ 0 6

| ; 6

m n

m

Figurel-6 Crystal structures of (a) graphite; (b) hexagonal boron nif8de

The boranes are used; for welding torches, reducing agent in reactors, catalysts in
polymerization process and preparing hydrocarbons. Boron reacts with oxygen in the
air to form thin films of boron trioxide (#3) onsurface topreventfurtherreaction

with oxygen. Due to the high chemical attraction of boron for oxygen, boron
compounds form strong covalent boroxygen bonds incompounds known as
boratespboran atoms in borates can eithawnd withthree or four oxygematomsto

form planartrigonal BQ units or negatively charged tetrahedral Bits.

When bororrich compounds reacts thermsbemically with ironrich surfaces,
compounds known as iron borides with formulaByare formed that could either be
FeB and FgB. Boron reacts with alllis to form alkali meteborates with the evolution

of hydrogen. Bonds between boron, oxygen and hydrogen occur in form of water or
moisture in air to forma very weak acid known dworic acid (HBOs); H3:BOs is
weaker than carbonic acid.
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1.5.7 Effects and applicaions of boron

Boron is a vital constituerdf the natural world and also finds good use in domestic

and industrial application3.he effects of boron whicmakes it useful for industrial

applicatiors are summarized below;

T

Boron is a light element whidhondscovalenly with other elements to form
super hard materiathat areextremely resistarto external sheastress such

as, lmron carbide (Vikers hardness = 38 GPa), cubaron nitride (Vickers
hardness = 76 GP§}2] and borides (i.eron borideswith Vickers hardness

=21 GPa, Rhenium borides = 40 GRB¥)39]. These lightweight compounds

of boron are useful in tank armour, antiballistic vest etc.

Some covalerbonded boron compounds can also feoft materials that find

good use domestically and industrially. Stcinon compounds are; boric acid
(Brinell Hardress4.5 GPa)[40], hexagonaBN (5 GPa)[41] and glassy

boron trioxide (HVA4.5 GPa)42]. This compounds are used as thin films of
solid lubricanton metallic surfacet® provide friction reducing and corrosion
resistance characteristics

Borates are used to modify the structure of glasses due toettsllent
resistancea heat and chemical attack. Thigifying effect of Boron is used

in 6Borosilicate glassd or O6Pyrexé6
shuttle to provide resistance to extreme stress and heat duringethieyref

space shttles from outer space back to Earth, asdoldering flux used in
Silversmithand Goldgmith works

Film processing, detergents and fireworks solutions rely on borates due to their
chemical properties that sest®e provide stable pH or to balance acidityd
alkalinity

Boron is used in nuclear reactor shielding and boron neutron capture therapy
in carcer tumour treatment due boron B isotopeability to absorb thermal

or low energy neutrons

Boron is an essential componenf neodymiumironboron (Nd2FesB)
magnets used in many modern computer and electronic devices such as CD

and DVD players, small motors, loudspeakers, communications, power

generator s, mobile telephone sets an

16
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these magnets enablasl MHz, 41 m diameter size hard disk drive to be
reduced to about 5 cm diamesgze

In the semiconductor industries,dson is used as a daptin some elements
used asemiconductors such asicon, germanium andilicon carbide. This

is as a result ofdron havimg one valence electron less than the host aBym
donating an electron hole, boron permits the semiconductor to &ave
conductivity that has algerpositive charged holeoncentration thaelectron
concentration Hence a gype ©r positive clargedhole) semiconductor

Some detergent, laundry detergents, cleaning products and bleaching agents
contains sodium @rborate (NaBg) that provides oxygenontaining radicals

due tothe bleaching effects obibon

The control of viscosity of paints, adhesives andgnoetics utilize the
dispersing effects of borates to bond with other particles in order to ensure that
different ngredients are evenly dispersed

Boric acid is used as an insecticidee to itsinhibiting effects on metabolic
processes of certain organissush as control of ants and fungi, water clarifier

in swimming pool water treatméand eye antiseptics

Boron compounds are usedlalgricant additives in motor, geand hydraulic

fluids due to their frictioareducing, corrosion inhibition and antiwear
properties[13]. In addition, they are known to prevent sludgeld-up and

COzemission reduction in crankcase engipEsy.
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Chapter 2

Literature Review

2.1 Introduction

In this chapter, a review of key chemicgeats (additives) used tmpact antiwear
functionin IC engines ar@rovided. In order to understand the challenges that new
antiwear additives must overcome, a literaturdeng of traditional (ZDDP) and
boron-containing chemical agents in lubricanére discussed. A comprehensive
review ofthe literature on how boratnd ZDDP antiwear additives behave in oil
solutionsand as tribofilms in variousibo-oxidative envionment areresentedin
addition, literature studies on physical and chemical natuseundary films formed

by oils containing ZDDP and borates are expected to elucidaectinrent
understanding of borate friction reducing amdiwear mechanismghis is to enable
results from experiments inthis study to be comprehensivelliscussed ah

conclusions deduced

2.2 Zinc Dialkyl DithioP hosphate (ZDDP or ZDTP) alditives

2.2.1 Introduction

The use of ZDDP additive in lubricating oilsr IC enginess basically due to its
antiwear, antioxidant and extreme pressure (EP) ptiepel he antioxidant potaat

of ZDDP as an addite was realised in 194and was introduced as aulditive
package Hence, it has sindegecomethe main antiwear additive due to its ability to
form quick reaction films that arebserved to reduce wear IC tribo-components

[10, 44]. The antiwear chemical agent, ZDDP as an additive consists of elemental
species such asulphur, zinc, phosphorus, oxygen, carbon and hydrogen that are
chemically baded togetherThis is possibleby reacting alcohs or alkyl phenols

with phosphorus pentsulphide and zinsalts. Asimplified molecularstructures of
various types of ZDDP arghown inFigure2-1. Thethree types of ZDDRdditives

used in lubriating oils for IC enginesare primary (R=CHCH.CH>CH,O-),
secondary (R=CkCH>CH (CHs) O-) and aryl ZDDP. The differences are due to the

type d alcohol used in their manufacturing processes
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Figure2-1 Molecular structtes of different types of ZDDRI5|
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Table 2-1 describedlifferent types oZDDP types in terms of the alcoho$ed for
their manufactureandrankings in terms ohiermal and antiwear behaviour.

Table2-1 Types of ZDDP and ramkgs based on thermal and antiwear reactivity

Alcohol Type Used Rankings
ZDDP TYPE for Manufacture Thermal Antiwear
Stability Reactivity
Aryl Alkyl phenols 18t 3
Primary Primary Alcohol 2nd 2nd
Secondary Secondary Alcohol 3 1%t

These ranikgs arebased on wear rates and different decomposition temperatures of
ZDDP types during its tribofilm formation on contacting ferrous surfaces as shown
by the discussion of Asseff, P.A. ihe literature study dPaul Bennettvorks [46)].
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Theeffect of sliding process on the wear rates of ZDDP tribafivas later confirmed

by Yin, Z. et al. [47] andMatrtin, et al[48]. In additiontemperature was also shown
by Morina et al[21] to affect ZDDP tribofilm formationThe various types of ZDDP
havebeen customizeto functon optimally inlubricating oils of one typef IC than
other types i.eZDDP used in oils for gasoline engines are different to that used in

diesel engines. These are based on their different thermal and antiwear reactivity.
2.2.2 Thermal degradation of ZDDP films in solution and on steel

Figure 2-2 shows he main stages of ZDDP reactions in solution andusfaces in
tribological contactln oil solution,the behaviour oZDDPis different to how it forms

thin films on surfaces.

Nature of ZDDP

/ in solution \

ZDDP reactions .
in solution Adsorption of
ZDDP

Ligand Peroxide Thermal Formation/nature
exchange | [decomposition| | degradation / of ZDDP tribofilm \
Wear Friction
prevention by behaviour of
film film

Figure2-2 Major stages of ZDDP behaviour in solution and on surfptégs

A feature of ZDDP in glution was identifiedo dithiophosphate ligands. This was
described as a transientamical specthat could easily exchanganc cation with

other metal ions (M) such as iron or copper ions to give a less thermally stable metal
dithiophosphat§49, 50] as shown inEquation 2 1.

(RORPSS)Zn + M* © ((RORPSSIM + z*  Equation21

In addition, this behaviour could also take place on surfaces with metal p&8iles
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Metal dithioghosphates (MDDP) are known asetal extration agents with the
potential for excdhanging different metal cations with one anotf@®, 51]. This
process was shown to depend on the relative order as descriBgdation 2 2;
where cations to the left dispkacations to the right of MDDP.

Pft Au¥t Agt CU¥t Fér Ni#t zZn* Equation 22

Another study ormow ZDDP in solutionbehaves indicated thatdecomposgboth
hydro-peroxides and peroxsadicals in order to stathe peroxide oxidation cycle
[52-54] to form reaction products whicinhance oxidation inhibition[49, 55].
However, literature studies had shown that when ZDDP behave as peroxide
decomposer, the resulting species do not possess enough potential to provide effective

zinc phosphat antiwear filmg56-58].

In addition, decomposition of ZDDP in solution was attributed to hydrolytic
mechanism to form zinc polyphosphate and alkyl sulpli® 60]. The study
suggested that phosphate species are physically adsorbed on surface oxidadayer
iron sulphide formation when elemental sulplmaactswith alkyl sulphides and
FeOs.

Thermooxidative degradation behaviour of ZDDP solution was shown to yield
solid deposits, alkyl sulphides, mercaptans, hydrogen sulphide, olefins and zinc
phosphate in the absence of significant levels of peradicals and hydroperoxides

[49, 50]. Howeve, ZDDP degradation temperature could fadtween 13 and
230°C which depends on the type of alkyl grogpsl metal cation present ZDDP
andcontactingsurfacg49]. Thermoegravimetric analysis (TGA) of ZDD#ontaining

oils had been shown to vary betmel70C and 206C [61, 62].

The product of hydrolysis of ZDDP in solution was suggested to be comgioesigl
sulphides and zinc polyphospha{&®, 60]. In addition, polyphosphates with long
chain from ZDDP in solution was shown to hydrolyse/depolymerize to form short
chain polyphosphates and phosphoric 4618 64]. Thermeoxidative stability test
results of ZDDP in PAO had chemical attack on copper by the reactive sulphur to
form deposits on copper coupoas proposed in the works of Jayne ef{@h] and
GarciaAnton et al.[66]. The product of hydrolysis of ZDDP in solutiofoag with

zinc polyphosphates, was suggested to be composed of alkyl sul@90ed .
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The mechanism for thermal degradatwas attributed to eithegdxygen/Sulphur
isomer exchange in ZDDP molecules as showirigure 2-3 or polyphosphates
formation This occurswhen phosphoryl group from a neighbimg molecule
displace the RS groupp49, 63, 67, 68]. Studies on the behaviour of ZDDP molecules
on ferrous surfaces showed thdsarption took place througdulphur atoms of P=S
bonds[49, 69]. When the temperatud ZDDP in solution was increased to about
60°C, irreversible adsorption was noted to have occurred due to loss of 4i7@hns
This was attributed to either cation exchange with iron oxide or hydrolysis by surface
water molecules or hydroxides to give iron salte tofree dithophosphoricacid
reactionwith FeOs [46].

Figure2-3 Exchange of O/S in ZDDP moleculptd]

2.2.3 Tribological behaviour of ZDDP in different conditions

The literature review of tribological behaviour of ZDDP used in lubricating oils of IC
engines presented in the following sections refersetmondaryalkyl ZDDP with
molecular structuieshown inFigure 2-1. This review will only cover tribological
tests conducted on steel/steel contacts using model oil containing ZDDReinibas
unless otherwise statedDDP in lubricating oils used in internal combustion engines
is known to function asn antiwear, antioxidat and extreme pressure additibrg
forming thick antiwear films on surfaces which do not accumulate oxide debris
[71, 72].

In order to provide an effective surface for ZDDP tribofilm growth, Lin anfl7Sh
suggested that contacting surfaces must have identical roughness and hardness
numberd73]. The study suggested that a fully hardened ferrous surface will provide

wear reduction to prevent cutting and ploughing action in order to hinder chemical
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film growth and longer running duraton. This was later confirmed rgsults from
Sheasby et a[.71]. On the other hand, increase in load was showredoae the
sulphur content afribolayer containingZDDP which adversely affe@d itsantiwear
effectiveness by using the Auger micropr¢B4. This was attributed to reduction in
sulphide corgnt of the antiwear filmssince sulphides are much harder than

phosphates withithe tribofilm.

A study of the behaviouwsf ZDDP antiwear filmat different temperatures indicated
that physisorption at the surface commenced at ab8Gtf60owed by chemisorption
around 86C. This was attributed to chemical reaction with the surfeire) energy

dispersion spectromet{{£DS) and Auger Electron Spectroscopy (AER]).

Physisorption is the physical adsorption process in which the electronic structure of
the atom and moleculeabarely disturbed upon adsorption unto a surface. Itis known
to be caused by van der Waals force and can only be observed at relatively low
temperaturg[ 75, 76]. On the other hand, chemisorption is the alteration of the
electronic struatre of an atom or molecule to result into new electronic bonds by
activation energy; temperature increpgg. At certain temperature, ZDDP tribiohs

had been shown to physisodhebut will chemisorbed aklevated temperature
However,chemisaption process cahe accelerated byse in temperature between

two sliding surface$72].

Another tribological study of temperature increase on oils containing ZDDP by
Morina et al.[21], attributed enhanced antiwear performaac8CC to 150C bulk

oil temperatureso the formation of long chain polyphosphates. By using EDS and
XPS to study ZDDP antiwear films from a re@pating piron plate triboontact, the
antiwear performance of ZDDias been shown to laefunction ofbothtemperature

[21] andsliding processThis was alsaonfirmed by Gosvami et dI78] using single

asperity sliding nangontact atomic force microscopy measurements.

However, the stability of polymeric phosphate glass is defined by its glass
transformation temperature djTof about 208C [48, 79, 80]. Previous studies on the
stability of ZDDP tribofilms at low and high terapature was carried out on both gear
oils and lubricating oils containing bord81, 82]. The studyconcludedits work
without differentiating therole played byZDDP and boronn thewearresistaniand

durability performance
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In addition, the formation and performance of ZDDP antiwear films are greatly
affected by many tribological factors such as; sliding mode, temperature, contact
pressure, humidity, surface roughness and hardness of the rubbing surfaces. Hence,
the study of tribochemistry of tribofilms formed by ZDDP additives on fhflydened
contacting ferrous surfaces at different test conditions will provide a benchmark for

anyother antiwear chemical agent as a potential substitute.

Humidity of the surrounding environment had been identified to affect tribofilms from
oils containing ZDDH83]. The study observed that as humidity increases, ZDDP
tribofilms from a steel ballon steel disc unidirectional test rig gave decreased
antiwear performance. This was attributed to depolymerisation of longer chain
polyphosphates to shorter chain length phosphates and decreasing thickness of the
reaction layer using XPS, EDS and scanning electron microscopy (SEM).

However, a detrimental effect on war was attributed taccelerated oxidation of
lubricating oil in the presence of waf{&4]. In addition, hydrolysis of ZDDP in oils
have been identified to lead to formation of alcohols, zinc phosphates, alkyl sulphides
and possibly phosphoric acid that could effeZDDP antiwear mechanism

[59, 60, 63].

The other inportant factors that can affect antiwear functions of ZDiii®film are;
concentratior{72], thickness of the tribofilm, puy and alkyl group of the ZDDP.

The thickness of ZDDP tribofilms on rubbing ferrous surfaces can vary between 50
and 200 nm which consisted of zinc phosphate/polyphosphate mdtEdjals terms

of akyl group, antiwear films from secondary ZDDP gave better antiwear

performance than tribofilms from primary ZDD)P2, 85].

At temperaturesue to frictional flash heatingDDP antiwear films had been shown

to give lower friction coefficient than at high temperatyré&3; 81, 82]. However, as

bulk oil temperature increases, literature studies indicated that boundary films formed
by ZDDP gave increased friction coefficigf@6, 87]. In addition, similar friction
performance was observed on lubricating oils formulated with ZDDP at high
temperaturef74, 86, 87].

Increasd friction coefficient according tdKubo at al.[88 was attributed to the
formation of thicker films usingelectron Prob Microanalysis (EPMA) to study

tribofilm chemistry Some other literature studies had confirmednbeeasing effect
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of rising temperature diniction coefficient between 135 ad&(®C [21, 89]. This was
attributed to the formation of higher amount of phosphorus and thiac at

temperatures below 180[21].

Howeve, the effect of humidity offriction coefficient response of ZDDP tribofilm
was observed to give a reduction of 30/88]. This was attributed to surface film
formation [90]. On the other handa reduction in antiwear performance of
ZDDP-derived boundary films occurred in watgeh environments, which makes it

less suitable for use in surroundirtgatis prone to water contaminatio
2.2.4 Antiwear mechanism of ZDDP tribofilm

ZDDP tribofilms are known to form on wear tracks of sliding steel surfaces. The
formation could depend on test temperatame type of contact (slidingplling or
both); where therate of film formation increases with temperature ri84, 92]. A
comparison of ZDDP tribofilnto its thermal films was identified to be identical in

chemical composition, biiavedifferentmechanical propertiggl7, 93].

Chemical analysis oZDDP tribofilms multi-surface analysisechniques indicated
that its outer sectiononsistsof zinc phosphate with graded glassy phosphate that
could either be pyroor orthe phosphatd94-96]. A summary of theresults are

presented ifrigure2-4

An observation oZDDP tribofilms by Aktary et al.[97] indicated that long chain
polyphosphate island was surrounded by underlying short chain polyphosiitate.
raisedwhite padand dark patchea the works of Morina et a]98] and Yeet al.[99]

were respectively described as long chain polyphosphate and short chain
polyphosphateThis wasalsoconfirmed by Nicolls et al[64, 10Q.

Organic sulphides/ZnDTP

R

Zn polyphosphate

glassy Fe/Zn
phosphate

more Fe,
shorter
chain

FeS/ZnS —» phosphates

Figure2-4 Schematic diagram of ZDDP pdi#le structure and compositiga9]
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Analysis of elemental species on ZDDP tribofilm suggests the outer section of the
pads is mainly composed of Zn cations ander section closest to the ferrous
substrate as rich in iron (Fe). In addition, the presence of sulphur could be in form of
zinc or iron sulphide on the metal surface below these pads.

However, Martin et a[.10]] disputed heseclaimsby suggesting a twtayer structure

of ZDDP tribofilm using AES, XPS and XANES&nalysis[10]] is as shown in
Figure 2-5. These layers are thought to consisff long-chain polyphosphate
overlaying a mixed transition metal short chain phosphate which was supported by
usingthe Hard Soft Acid Base (HSABYipciple. In view of different intrinsic and
extrinsic factors affecting ZDDP formation during boundary lubrication, literature
studies considered only three basic model of ZDDP tribofilm antiwear mechanism;
formation of a mechanically protective film, removal of corrosive peroxides or
peroxyradicals ad digestion of abrasive iron oxide particles using HSAB principle.
The third model of ZDDP tribofilms antiwear mechanism involves-bese reaction

between phosphates and iron oxides.

S
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Zn2+ _ Zn ‘—2* Zn Zn
N Zn 2+/‘,‘/ r\;n 2 2 Fe >
%/\er wZ! BrJy, 2

8 ~—~— Long-chain Zn poly(thio)phosphate

% Short-chain polyphosphate

Q Nanocrystallites

Figure2-5 Two layerschematic representation of ZDDP tribofila01]

The mechanilly protective model of ZDDP tribofilms suggesie film asacing

like a barrier to prevent direct contact and adhesion between metal or metal oxide
surfaced10d. This type of model suggests that once ZDDP tribofilm is formed, all
the wear that occurs afterwards is due to ZDDP itself.i$Hiased on the assumptions

that ZDDP tribofilm are only slowly worn away, and material loss from the ferrous
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substrate is mainly due to iron oxide which reacted with the phosphat¢dilni®3;

even when the oil containing ZDDP is replaced with base oil.

The effectiveness of such protective film was dependent on higher film formation rate
than film removal ratd104]. Another suggestion on physical attributesZ&fDP
antiwear filmsas acting likea protective barrier betwedmerubbing surfacethrough

the formation of softer tribofilm than the substrgit€5. In this way, reduction in the
number of contacting asperities is thought to exceed its shakedown[lifffsuch
thatany increment of lastic deformation is due to successive load cycles.

In the acidbase reaction model of ZDDP antiwear mechanism;ligadZDDP
tribofilm was identified taconsistof long chain zinc polythio) phosphate at the top

On the other hand, major parts of thedpconsistof mixed short chain iron/zinc
polyphosphate and metal sulphides as showfigare 2-4. In this model, F& was
considered as a harder Lewis acid thaff Znd that cation exchange process between
iron oxide (FeOs) and zinc oxide (ZnO) is energetically more favouf4d. This
wasbased on Pearson (HSAB) principl®6. Since most iron oxides and-Bg are

much harder than zinc oxide, the zinc polyphosphate polymer glass is able to digest
the native iron oxide and the abrasive iron oxide particles to reduce wear as shown in
Equation 23[101]].

5Zn (PQ); + FeOs © FeZmPwOsr + 2Zn0O Equation 23

2.2.5 Physical properties of ZDDP tribofilms

In a study ofWarren et al[107], ZDDP tribofilm was described as anisotropic in
topology and later suggesl to consists of ridges andotigh using AFM and
Interfacial Force Microscopy (IFM)LO7]. Indentation modulus and shear stréangjt

the ridges was estimated &0 GPa and D -3.0 GPa respectively. On the other
hand, identation modulusf thetrough on ZDDP tribofilmsvasestimateds25 GPa
[107]. Nanoindentation and IFM techniques was aksedby Graham et 410§, to
study ZDDP tribofilms heterogeneity which revealed higher modulus for the central
patt of large pads @809 38 GPao provide significant resistant to plastic flow. This

is unlike the edges (87 23 GPa).

In orderto understand the mechanical behaviour of tribofilms formed by ZDDP at
different sliding distance, Aktary et 407] determined the hardness and modulus of
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elasticity of ZDDP trib@lm at different test durationsising nanoindentation
technique. The modulus of elasticity and hardness of ZDDP antiwear films was found
to be arand 93 GPa and 6 GPa respectivélyey describedDDP tribofilms as soft
materials simar to soft sacrificial coatingdeposited on hard substrd@7, 109.
However, Bec et a[11( used nanoindentatioBurfaceForce Apparatus (SFA) and
nananachining techniqueas shown irFigure2-6 studiedthe mechanical properties

of O6soft mechanicallyZDD®&iboBldsd6 and O6sol ve

Representative
thickness (nm)

— 900

(poly)phosphate . e din ,=1-1L. L5
Sulphide/oxide SR
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<ib = a) Full ZDTP film

representative Young's modulus values (GPa)

15 |[e7-30[} 40 | B oo 8 15 | 2730
pressure dependent behaviour film flow (poor adhesion)

Figure 2-6 Schematic representation of the structure and mechanical properties of
different layers of ZDDP tribofilnj105 110

Resuls from thestudy, indicated that ZDDP tribofilm is heterogeneous and composed

of two distinct layers. The top layer was noted to consisbfifpolymeric film that is
characterisc of polyphosphates layer and the inner layemsist of harder
sulphide/oxide withestimated thickness of about 156.nin addition, exceptional

antiwear resistance properties of ZDDP layered film was observed to have unique
properties of adaptation gowide range of imposed conditioiis possibility earad

ZDDP antiwear films descriptoa s O SMARTO6 materi al by ©pr

level of resistance response imposed by a wide range of conditions on the rubbing
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metal surfaces, such as applied lead contact geometfst05. By using the AFM

to investigateZ DDP tribofilm morphology separate patches of films initially forche
on rubbing steel surfaceeveloped gradualito form catinuous padike structure
that wasseparated by deep vallej®7, 99, 111]. However, anothestudy described
tribofilm formed byZDDP containing oils aa combination of white patches and dark
stripes formed along the sliding direct&d@8, 99]. Figure2-7 illustrated the structure
and chemical composition of ZDDP phkie tribofilm in a scale of 1/100th of the
vertical heigh{49].
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Figure2-7 Effect of sliding frequency on growth of ZDDP tribofilrfi3]

The exponential growth rate of ZDDP antiwear films as showhigare 2-7 was
observed to be due to applied compressive stress and temperature using AFM
technique on a single asperity sliding nanomtact[78]. This was attributed to
surfacebased nucleation growth and thickness saturation of patchy tribofiims as
shown in Figure 2-7. However, durability of ZDDP tribofilms in terms of
weakrresistance at high temperature under boundary lubrication condition is yet to be
investigatedHence, astudyto investigatedurability of boundary films containing
ZDDP and borate additives is necessamgt only in terms of frictioncoefficient

reduction but also in terms of antiwear performatelifferent temperature
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2.2.6 Additive effect on emission control system of IC engines

Uncontrolled environmental pollution from intedncombustion engines arises
primarily due to; exhaust emissions, crankcase venting and evaporation of fuel from
vehicle storage tank. However, considerable influence of lubricant compositions on
exhaust and crankcase emission had been identified, whiksiens from fuel

evaporation is governed by fuel compositjéd?.

Exhaust gases from imeal combustion engines contaimree primary pollutants:
unburned or partially burned hydrocarbons (UHCs), Carbon monoxi@9, @d
Nitrogen oxides (N§), in addition to other compounds such as water, oxygen and

oxides of sulphur, among other substances released into the atm¢&pBere

Many countries of the world are enacting various legislations to limit emissions from
automotive sources. One of such legislation is the use ofutphe and unleaded

fuel to limit emission The imitations imposed ophosphorus and sulphusagen
lubricant composition was due to their poisoning and deactivating effect on exhaust
catalytic converter of IC engines.

This was attributed to oxides sfilphur and phosphor{i$0, 92]. In order to minimize
these enssions, catalytic converters have beeneloped to simultaneously oxzei
and reduce pollutantgl4, 114. A study by Rokoszt al. [119 had atributed
oil-derived contamination diight-off catalyst from high mileage taxis to two forms
of phosphous contamination. These are) @n over layer of Zn, Ca and Mg
phosphates, and Y aluminium phosphate within the wash cpity. A study of the
effect of boroncontaning additive onthree way catalyticTTWC) exhaust catalytic
converter in comparison to ZDDP by Twigg et[dY4] revealed that boron additives

in lubricating oils gave;
1 Lower CO emissiomomparedo oils containing ZDDP
1 Comparable hydrocarbon and N@duction to ZDDP containinglsi

1 Minimal boron losse$rom the oils in the crankcassompared to constant

losses of phosphorus from oils containing ZDDP

9 Little difference in engine performanae terms of wear and build of solid

carbon deposits on piston grooves (piston cleanliness)
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In view of the advantage of boraontaining lubricating oil over ZDDP inr®@s of
its effect on catalytic converter and particulate filter of IC engines, that a study of a
potential replacement is necessary. Hence, the tribochemistry of-tomtaining
lubricant additives as an alternative antiwear additive to ZDDP is necesssher

to elucidate its limitationas a potentiadubstitute

2.3 Boron compounds as lubricant additives

A promising material for development as antiwear lubricant additives in automotive
and industrial lubrication system is a wide range of boron compdhatipresent
bereficial tribological properties. These properties; aelflubrication, antiwear
efficiency, good film strengthral high temperature resistance. The study of borate
esters as an effective antiwear lubricant additives was thought to heteel & early
19605[116. Boron-containing engineils had been noted to form boron compds

like; boron oxides, boric acidnd boron nitride on its trithidims. These are known to
enhane the tribological properties obntacting surfacd4.1]. Most bororcontaining
engine oils are known to have features like; antioxidant characteristics, low toxicity
pleasant odour and nemlatility. In nature, boron occurs as borates due to its great
affinity for oxygen Further studies by Kreuz et 4ll17], characterized tribofilms
from tribenzyl borate in solvent neutral on ferrous tribological system as a physical
mixture of iron oxideboric oxide andan organic phase. A drawback for borates as
additives in lubricant oil formulation is its susceptibility to hydrolysis due to the
electron deficient boron (118 119.

2.3.1 Effect of hydrolysis on borate ester as lubricant additives

In view of the electromleficient boron atoms, vatg schemes have been adopted in
overcoming the negative effect of hydrolysis on borates as additives in lubricating oils

over the years. The hydrolysis reaction of borate esters is shdviguire 2-8.

OR OR 2H,0
| . | .. ..

ROCBI +HOH —> RO-B-OH + ROH — B(OH), +3RCH
OR

Figure2-8 Hydrolysis equation for borate esfé&f)]
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The improvement of hydrolytic stability of borates as lubricant additives is possible

by using various methodSome of these methods are as listed below;
1 Use of hindered phenol to inhibit attack on bemtygen bond$120Q

1 Inter molecularcoordination bondingf nitrogen to boron by reacting boric

acid with amine groups to form a stable fivember ring structure 21, 122

1 Intra molecularcoordination of nitrogen to boron by reagtihoric acid and
Schff base in order toantroduce an imido grouf form a stable sknember
ring structurg119

1 Nanoparticle dispersion of inorganic metal borate Jdi&3-129.

Among the several gans of assessing hydrolytic stability of synthetic borates as
additives in lubricating oils, the most common method is high onset decomposition
temperatures in air and niggen atmospheres usinthermoegravimetric analyser
(TGA). Some borate additives Wibnset decomposition temperature around®@G00
and 176C are considered to have good and poor thesridative stability
respectively [130-137]. Other means of aessing resistance to hydrolysis of
lubricating oils used in internal combustion engines are copper corrosion resistance in
terms of changes itoppercolour appearana@mnd physicohemical properties afged

oil [133-137]. Some other means of avoiding hghytic effect of water on borois

the use of hard borgpermeated layeiThese could hdoron carbid¢138, vanadium
boride[139, titanium boridg 140, iron boride[141-144], boride cerami¢149.The

other forms of borompermeated layers arezirconium boride/boron carbide
compositeq 145 146, hexagonal boron nitride {BN) as additive§147] and BN
composite$148-15Q, borondoped diamordike carbon (DLC)151]].

2.3.2 Tribological tests with boron-containing additives

Literature review irthe following sectionsvill refer to tests with organoboron and
metal borates as lubricant add#s for use in IC engines. The focus of this review
will be on tribological tests uag steelsteel point contacts and lubricants which
contairs organoboron or nanoparticle metal borates in baseuniess otherwise

stated. Examples oftribological behaviour ofsome tribofilms formed by oils
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containing borate additives terms of additre concentration anespectively shown
in Figure2-9 (a) and (b)and Figure2-10(a) and (b)
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Figure 2-9 Typical tribologial behaviour obils containingorganobororadditives

[152); (a)friction coefficient performance, (b) antiwear performance
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Figure2-10 Typical tribological behaviour of oils containing zitorateultrafine

powder (a) friction coefficient, and (b) antiwear performarjd&3

The friction coefficient behaviour of borate additives was attributed to boric acid
(H3BOg) at the tribocotact which was formed when boron oxikbeoils containing
boron additivegeacts spontasously with moisture in open airhis is possible due

to the negative standard Gibbs free energy of reaction of boric ox@8)(R.54

with the reactiontsown in Equation 2 4.
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Pj ¢ 6 U 0’00 © 060 ,Y'O =-28.84kJol! Equation 24

On the other hand, antiwear performance of borate tribofilms was attributed to boron
oxide described as glass netk-formersuch asAs;0O3, POs and GeQ[155. These

glass networkformer are noted to fuse with metal cations to form inorgani
crosslinked polymers glasses. Glass network fornaees known to melwithout
decompositiorj80, 155. However, observations from the literature have shown that
friction and weaperformance of borebased lubricants is influenced by intrinsiclan
extrinsic test conditins. Hence, the effects wérious test conditions on tribological
performance of boundary films containing boron are reviewed in the following

sub-sections.
2.3.3 Effect of concentration on borate tribofilms

The effect of increased adigie concentration under frictional flash temperature on
tribofilms from organoboratbased oilsindicates a reducing frictionoefficient
response byao et al.[152, as shown irFigure 2-9 (a). Anotherstudy involving
organoborate additives klncan et al[156 hasfriction coefficient reduction from

0.1 to 0.075 at increased additive concentration up to 3 wt. %.

However, increased concentration of gssium borate nanoparticle at about
3.5 wt. %in the oil formed tribofilms thatgave friction coefficient of about 0.037
[157]. Another study orribofilms formed byzinc borate dispersions in sunflower
base oilat low concentration gave better controffia¢tion coefficientcompaed to
low additiveconcentratios, as shown irFigure2-10 (b).

The boric acid responsible for friction reduction on borate tribofilms are usually
detected by XPS at 192.7 eV or a©Bat 192.6 e\[158. The other method used to
identify boric acid is Raman stsfat 498 and 879 ch[159, 160 . It has also been
observed that increased concentration of some borate additives as skayuanag-9

and Figure 2-10 can provideincreased antiwear performandenhancd antiwear
performance by tribofiims from organoborate additives were attributed to the
formation of weatresistant boron oxideon oxide glass based snrface analysis by
XPStechniqud80, 158. On the othehand, tribofilms from metal borate nanoparticle
dispersion are known to provide waasistant due to shear effect and tribochemical

reaction between boron oxide and metallic iron to form iron bofiti2s.
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However, literature studies have suggested that some borate additives that are
susceptible to hydrolysis could give poor antiwear performance due to oil insoluble
abrasive boric acifi119 158, and boron partially replaced by metallic iron in the

iron oxide films[161]. In addition, boric acid is known to beglacomposition around
70-80°C [162 163, but also can be volatile with ste§8b, 162 164]. Hence a study

of the effect of concentration and hydrolysis at temperature range wherediik a

unstablyis necessary in order to elucidate its effect on borate tribochemistry.
2.3.4 Infl uence of temperature on borate tribofilms

The antiwear pedrmance of borate tribofilms dependent on boron oxide; an oxide
glass formef155. Under the influence of frictional flash temperature, borate ester
are known to mechanicallgegrade through © bond breaking158§. However,
thermaldegradation at high temperature had been reported to occur in the alkyl group
leading toCHz and BQ groups in BOs formation[165, 166].

The effect of temperature on friction behaviour of tribofilms formedbbyate
containing additives harnostly been studied when blended with ZDDP for use in gear
oils andengineoils. In the study of metal borate dispersions in oils containing ZDDP
Kim et al.[81] showed that oil blests with high boron content have tribofilms with
superior tribological performance at 2Q0than at 3ZC higher temperature.

This was attributed to reduction in metaimetal adhesion, materitdansferand
surface ploughing by wear debris using SEM, agitimicroscopy and surface
profilometry. A similar study on gear oils containing boron and ZDDP at high
temperature by Komvopoulos et 2] have tribofilms with sligHy lower friction
coefficient anchigher wear resistance at elevated temperatures.

These were attributed to fastetbofilm formation. However, these two studies
concluded without knowing the actual role playedependentliypy ZDDP and boron.
Another study by Varlot et a[167 at 100C using Xray absorption neagdge
spectroscopy (XANES) on borate micelles and priridPP in neutal base oil
suggests antagonistaffect of borates on ZDDP anear functions. This behaviour
was not only attributed to increase in proportion of trigonal boron aniong @@

higher concentration of unreacted calcium borates at the core of the micelles.
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On the other hand, a similar study BDDP interaction withborated dispersant at
100°C by Zhang et a[168] indicated good synergg terms of antiwear effectiveness.
The study observed dh borated dispersant facilitated decomposition of ZDDP and
formation of phosphates on both tribofilms and thermal films. In addition, structural
coordination of boron with three oxygen atoms (trigonal units) in the untreated oil

changed partiaji to boroncoordination withfour oxygen atom (tetrahedral) on the
tribofilms formed

The effect of temperature on wear rate of different types of bowataining antiwear

agent (BSL) in various combinations of synthetic base fluid (PAO 10) and diester
(A51) by Wemin et al.[13]] between 20 and 120 is shown in The study indicated

that tribofilms formed by borate additives in lubricating oils could provide effective
antiwear performance at high temperature. The antiwear mechanism was attributed to
complex chemisorption and tribofilms composit[d3]].

PAO10
PAO10+1% BSL
A51

AS51+1% BSL

3
mm
4 pon

-4

Wear volume/10

T

20 50 80 110
Temperature/T

Figure2-11 Effect of temperature on antiwear functions of boratefiliins [131]

A study of the tribological performance of boroontaining tribofilms & 150C
comparedo ZDDP at 100C revealed that stable, but relatively thin antiwear film was
formed that gave better control of friction than ZDDP69. Another study
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investigated the effect of temperature on boric acid based additives in PAO by Elin
Johnsson[17(. The study revealed that friction and wear produced by borate

tribofilms formed are affected by temperature. Surface analysis of tribofilms formed
using EDS and Secondary lon Mass Spectroscopy (SIMS), revealed that oils

containing boron additivesrders the formation of zingch tribofilms.

Boron oxide glass is assumed to consist of a random-dimeensional network of
planar BQ units with 120 between bond angle and a comparatively high fraction of
six-membered boroxol ringEl71-173 as shown inFigure 2-12 (a) and (b).The
interaction of these structural units in boron oxide withattie cation could led to
transformation of B@units to BQ tetrahedral to form inorganic crosslinked polymer
glasseq172 174, 175. However, the composition of these metal oxides within the
glass structure has been shown to affect many of its physical properties
[35, 176 177 such as; viscosity, density, thermal expansion, hardness and heat

content.

Boroxide groups (B&?3) BOx4 linked to BQ units

-
3
‘¢

(Q
.{;S?
%
.«Ld 1

(@) (b)

Figure2-12 Structural units of BOz; (a) Boroxide groups, (b) BQinked to BQ

A description of the interaction of structural units @OBwith metal cations are; (a)
Bds, (b) M'B@>0 (c) M'B@4 (where @ stads for bridging oxygen and O stands for
nonbridging oxygen and NMis the added modifier catiof}d 74, 17§]. In addition, the
rigidity of borate stuctural unitsis known to increaswith increasingM *B@s and

decreases withs lower amounas shown irFigure2-13.
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Figure2-13 Rigidity of borate glass argbron anion$174, 175 179

The changes in B&)BO4 speciation(N4) in B.Os was investigatedising Raman
spectroscopyl180, 181] and XANES[181, 187 spectroscopy method®n the other
hand,phosphate glass formed on ZDDP tribofilms at high temperatures have been
shown to provide good weagesistant.These are known to have glass traosit
temperature of about 280 [48, 80]. On the other hand, borate glasses are known to
have glass transitiotemperature around 28D [79, 80, 183. Hence, increased
temperature could cause changetheéamount of metallic oxide dhe glass network
former (BOz3) and structural units of boron oxide to affect antiwear performande

durability of borate tribofilms.
2.3.5 Influence of water on borate tribofilms

The tribologcal behaviour of borate tribofilms in terms of friction and wear reduction
had been related to moisture from the surrounding air. Boron oxide is known to react
spontaneously with moisture in air to form boric acid. On the other hand, boric acid
will also decompose to form watend boron oxide at certain temperatanel contact

pressureas shown inEquation 2 4.

Most experiment othe effect ofwater on borate tribofilms have been made on boron

permeated systermhese are boric acid coated surfgd@z8, boron carbid§184, 185
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and boride ceramifl45. Tribological experiment on the influence of humidity on
boron carbide gave reduced friction coefficient with increadessolved water
contaminatior{145 184, 185. The low frictional behaviour with humidity increase
was attributed to boric acid formation usidgger Electron SpectroscopiES) and
XPS[185. The mechanism of humidity effect on friction coefficient reduction was
investigated by Barthel et dl18§ using stainless steel ball against a reciprocating
copper substrate coated witloric acid. Surface analysis of the bor&ibofilms
formed using; AES, Polarisation Modulati&®eflection Asorption Infra-red
Spectroscopy (PMRAIRS), and sum frequency generation (SFG) spectrosddygy.
study found that boric acid itself experienceghtriction coefficient and catastrophic
wear in dry oxygen and nitrogen environment, but gives very low friction coefficient

(0.06) in humid and acetone vapour surroundings as shokigune2-14.
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Figure2-14 Effect of different vapour on friction coefficient okBiOs [186]

This behaviour was attributed to unlocked edge of boric acid by water vapour to
promote easy shear of the lamellar along the basal plane dirgzjdi86, 187]. The
behaviour of boric acid in dry and humid environmenboronrich coated systems
similarly gave reduced friction coefficient with increased humidity. However, this
behaviour could be affected on ferrous surfachkerersome metallic oxides can be
hard and less protective. Hence, the need to investigatéinovdity affectdriction

coeflicientperformancef borate tribofilms formedy oils containing boron additives
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on ferrous surfacesThe effect & humidity on weairesistanceborate tribofilms
formed on boron carbide by Coung et{&aB5 showael that wear rates decreased with
rise in moisture content of the surroundingavironment irrespective of Igding

distance as shown Figure2-15(a).
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Figure2-15 Humidity effect on wear rates reduction of tribofilms formed on borided
surfaces due to; (&)iding cycleg185 and (b) load 184

This was attributed to mechanical abrasion at low humidity, but a combination of both

mechanical abrasion and complicated chemical wear process at high humidity
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conditions using XPS and AES. Another study on the influence of humidity o
tribofilms formed on boron carbide indicated that wear rateedses with increasing
humidity; irrespective of thappliedload[184]. SEM and Xray diffraction analysis

of the tribofilms formed, indicatetthat humidity effectcaused tribochemical surface
polishing containing boron oxide and boric aiB4. The effect of humidity on
tribological behaviour of borate tribofilms formed on bowated systems suggest

a positive synergy with water. Hence the need to study the effect of humidity on
wearresistant potentials of tribofilms formed on ferrous surfaces by oils containing

borates.

2.4 Properties of borate tribofilms

In this section, a literature review of thaygical and chemical nature of tribofilms
from boron containing oils on ferrous surfaces will be undertaken. This is to provide
a better understanding of thickness, morphology and mechanical properties of both
thermal and tribofilms and associated chemisfrthe reacted layers.

2.4.1 Physical properties of borate tribofilms

In the tribological study of tribenzyl borate on steel surface by Kreuz[di13], the
physical appearance of borate tribofilms was described abksiluery grey, and
dark-colour by another study on zinc borate ufiree powder [153. AFM
morphologiesand micrdnardness propertied the dark coloured tribofilms as shown

in Figure2-16 was estimated to have film thickness betweenZ3Dnm[153.

However, tribofilms containing boron formed at $00have thickness estimated
within 100 and 200 nmnangeusing mini traction machine with spex layer image
mapping (MTMSLIM) techniqug 10, 80]. This was shown to be in good agreement
with earlier estimate by Kreuz et fL17]. However, theliickness of ZDDP tribofilms

has beemvaluated using Focused lon Beam/ SEM techn|ij88 189, but has not

been usedor borate tribofilm thickness investigatiomhis could offer a better
undersanding of theheterogeneous nature of borate tribofilms as observed by
Kreuz et al.[117]. An early investigation into the mechanical properties of worn
surfaces formed by tribenzyl borate on steel substrate using Knoop hardness test

[117], suggesthigher hardness than new specimens.
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Figure2-16 AFM images of zinc borate tribofilms formed at 2 wt[ %3

This position was aaradicted by lowetribofilm hardnesshan the ferrous substrate
formed by zinc borate ultrafine powder usimgro-indentation in the study of Zhao

et al.[153. The studyndicated that worn sample surfaces gave hardness between 5.7
and9.3 GPa compared to 11.5 GPatfor steel substrate. Heneestudyto undertake
nanoindentation of worn surfaces lubricated by bearontaining oils; organic and
inorganicborates This is to provide a better understanding of thearphology and

mechanical properties
2.4.2 Chemical composition of borate tribofilms

Chemical chacterization of tribofilms from oilsontaining organiborateswith

XPS revealed different types and compositionbairon compound and bonds as
shown inFigure 2-17 (a) and (b).XPS surface analytical technique svased to
identify boron oxide on tribofilms formed by oils containing boron on ferrous surfaces
[152 158. In addition, the fusion of boron oxide with iron oxide was also identified
by XPS analysi$156 190 . However, most XPS position peaks of B 1s at 192.6 eV,
attributed this to either boron oxide and boric §dilg. The XPS position peaks
indicating the interactions of boraxygenbond with carbon (€)-B) and iron
(Fe-O-B) are respectively around 532.7 EM68, 191] and 531.6 eV corresponding to

B 1s peaks of 189.7 eM 92 193.
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Bonding Binding energy Campound Binding energy (V)

&V, £ 022V
Cls  Carbide 2833 B,0; 1931
C-C/C-H 2848 B(OH} 193.0
c-0 2859 B(OH} 1927
ads. TMB 2872 B{OCH,CH;$H); 1924
Carbonate 2895
Ols  Oxide 5300 B{OCH;CH,SCeH 3} 191.2
R-0-B 5316 BOC;,Hys)s 191.2
C-0-B (TMB} 5326 BN 1827
Fe?Py B (D) 7069 E,B 1884
2 Fe oxides 09.1/7107 o 1879
Bls B0 (TMB) 1920
B-0 (boron oxide/boric 192.6 B10H14 1876
acid) B (powder) 186.7
(@) (b)

Figure2-17 XPS characterizeon of borate tribofilms; (a) peghosition of trimethyl
borate[158 and (b) binding energy of boron compouhtig4, 195

The XPS position peaks of iron oxides and iron oxyhydroxide are respectively
identified by[196, 197 and[199. In addition, he stable oxide of potassium identified
waspotassium dioxide (Kg) [199, 20(.

Hence, the possibilitpf boron oxide fusing with metallioxides could be used to
describe the wearesistant behaviour at different tribological test conditions. In order
to understand detailed structure of boron compounds wheiboundary films, XPS
depth profileanalysis ca alsoprovide information on the intensity of the peak of

B 1s as sputtering time increasPsevious studies on XPS depth profile analysis of
borate tribofilms had estimated boron permeation of the tribofilms to be between
7.5 nm to 200 nnMi80, 169, 193 207].

This could be due to the small atomic radius of b¢2®2, 203 and the type of borate

oil (organoborate ometal borate)XPS analysis of borate tribofilms clearly provides
information on boron oxide, but could not distinguish boron oxide from boric acid at
192.6 eV. However, XPS signal of B 1s peaks are sometimes noisy when there is low
atomic concentrationfdooroncompared to Fe 2p peakk25 190. This could make

guantitative assessment of boron compounds resporfblériction and wear
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reduction difficultusingonly XPS techniqueRamanspectroscopy haseen used to

studysomeboron compounds with few of such results showhRigure2-18.
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Figure2-18 Raman of boron compounds; (a) boron oji2ieéd and (b) kBN [205

The boron compounds that are Raman sensitive are; boron nitride[ 285206,
boric acid[139 160, 207] and BO3[171, 208-21Q. In addition, Raman spectroscopy
wasused to studyhe effect of borates on the physical properties of glasses when it

interacts with metallic oxides in many literatures as showsigare2-19.
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Figure2-19 Raman spectra of; (a) iron borg#d 1] and ) potassium boraf@08g

Anothe important use oRaman techniquesn borate tribofilmgs in identifying
changes in structural units of boron oxjd81, 208 211-213, unlike XPS which

cannot distinguish changes in structural units of boroteo
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Ramanspectroscopy techniquewsdely used in theorosilicate glass industries for
bulk alkaliborate glassnanufacturdg178 214]. In addition, changes in iron oxides
and oxyhydroxide on steel surfa¢@45-217] and thin film claracterizatiorp218 can
also be studied using Raman spectrosc@myborate tribofilms, Raman spectroscopy
had been used to identify many boron compounds on boron permeated layer. These
are; boron carbidfl59, 219 and vanadium boride surfacs39. Hence, this study
will investigate changes in the structural units of baide at different temperature
changes orborate tribofilms formed at tlerent additive concentratiorend water
contamination using Raman spectroscopy. This islioidate on howchanges in
additives concentrationkigh bulk oil temperature effectsn structural units of boron
oxide, and water contamination effecihese are to elucidate on how changes in
extrinsic factors influencehe antiwear performance and durability of borate

tribofilms formed by oils containing borate additives.

2.5 Tribological mechanismsof borate tribofilms

2.5.1 Mechanisms oflow friction of borate tribofilms

Theboron containingadditives are knowas borate esters. These dedined as any
compound that contains or supplies boron oxwmlea compound that contains the
radical BO3 [16]. Theboron oxidein borate ester additives in oils could easily react
with moisture in the swwunding air to form boric acidThis is attributed to the
negative standard Gibbs free energy of readtibfO = - 28.84 kJ mot [154.

The friction reducing mechanism of borate tribmfl have been attributed woeak

van der Waals forces between lamellar shektsoric acid(H:BOs) [220-223. This

was shown to have law shear strength that is similar to Mo@7, 159 227. A
description of this processes a@mmarized by this study iigure 2-20. Another
experiment by Barthel et a[24] using; Auger Electron Spectroscopy (AES),
Polarisation ModulatioiiReflection Absorption Infraed Spetroscopy (PMRAIRS),

and Sum Frequency Generation (SFG) Spectroscopy proposed a new understanding
of the friction reducing mechanism of boric acid. This was based orpadgeration

or edgeunlocking mechanisrf24] as shown irFigure2-21, unlike the weak van der

Waal mechanism thatasearlierproposed220-223 as shown irFigure2-21.
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Under atmospheric pressure and
contact pressure, boric acid starts
to dehydrate between 70-80°C

Load

éL

Boric Acid will Decompose to Form Boron Oxide (T > 130°C)

< V

Sliding Substrate

This is due to the negative standard Gibbs free
energy of reaction (A, G295 = - 28.84 k) mol?

/

Boron oxide in Oil Reacts Spontaneously with Moisture of Surrounding Air to form thin
films of Boric Acid

Solid Surface

Figure 2-20 An illustration of boric acidve a k v an  ¢ieion rédleciag 6 s
mechanisnand formation fom boric acidoy this study

In the edgepassivation mechanism,brational spectroscopy indicatdsat vapours
adsorbs onto the edge site of lamellar rather than on the basal plane of boric acid
crystals [24]. The experiment of Barthel et aJ24] resulted into two major
observations. Firstly, obtaining wtow friction by adsorption of water vapour was
shown to be an equilibrium process rather than a kinetic process. Secondly,
disturbance of the high energy edge site by physisorbed water molecules is needed for
lamellar to shear along the basal plane dimec The study suggested that in dry air,
hydrogen bonding interactions between adjacent lamellar exists due hydroxyl groups
terminating he edge sites of boric acid. Water vappregsence due to adsorption at

the edge sites weakens the hydregend int@actions with water molecules in the

basal planeR24], as shown ifrigure2-21.
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from sliding
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Figure 2-21 Edgeunlocking mechanism for ultd@w friction in lamellar solid
lubricants[24]

However, these two mechanisms assumet ghaetlike crystals of boric acid is
stable at all temperatures and will decompose to form boron oxide dirkctly.
addition, he two mechanisms suggests tifianore boric acids formed during the
friction process coulletter friction coefficient redtionis possible These assumed
thatno intermediat®oroncompounds could be formed that could significantly affect
tribological performancelhe thermal decomposition of boric acid has been shown to
occur between #80°C [163 224]. In addition, boric acid is known to be volatile with
steam[35]. Hence, it is necessary to study the effects of temperature on thanfrict
reducingand antiweamechanisra of borate additives. This is to elucidate on how
the instability ofboric acid due to thermal and trifoxidative processould affect

tribological performancef borate tribofilms
2.5.2 Antiwear mechanisms of borate tribofims on steel

In the literature, there are about four different types of antiwear mechanisms for borate
tribofilms. These are due to various types of borate additives used in lubricant
formulations; some are organoboron compositions and others are medéd bor
dispersions. The earliest known study of borate tribofilms was by Kreuz[#13,

which describedtribofilms formed by boron additives as consisting of iron
oxide-boron oxide and that boron iiscapable of oklative attack on metallic iron.
However, the tribological action mechanismpaitassium triborate dispersiam a

steel substrate was described in the works of Morizur and Td@€détas adhesive
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film formation on a mechanicalgbradedurface. The study describledundary film
formedby potassium borate dispersiassconsisting of some elements in the organic

phase, and others in oxidized state during film formation.

On the other hand, lubricating efferzeness of organoborate ester composition was
attributed to the ability of boron to act as electron carrier due to its vacahbital in

the study of Guangbin et §lL.98. The study suggests that during the friction pssce
boron atoms can captustectrons of dor f- orbital and free eletrons onmetallic
sliding surfacesTheseforms anegatively charged B species and positively charged
metallic species. The strong attraction between borate ester and metallic sliding
surface facilitates the formatimf dense adsorbed filnj498 225 to prevent direct

contact of the rubbing surfaces to greatly reduce wear.

Another study of nanopatrticle dispenssoof lanthanum, zinc and titanium borate by
Hu et al.[124, 125 226 used a fouball tribometer to genemraborate tribofilms.
Surface characterization using Transmission Electron Microscopy, XPS and XRD

noted thateactiors took place as shown fFigure2-22.

Dispersing agent

. o Rubbing surface
Nandparticl

lanthanum borate

Wear resistance
film Tribochemical
reaction

Deposition

resistance film

Shear effect
—_—

Tribochemical reaction
product film

Figure2-22 Antiwear mechanism of dispersed nanoparticle lanthanum Hdr2ée

The antiwear mechanism firstly requires a deposition of nanopabickte and
dispersing agerteposited on the friction zone, after which boron oxide is formed due
to shear and extremeressure effects. Tribochemical reaction between boron oxide
and substrate produced a wear resistant film consisting of iron boriB¢. (Has

mechanism was also suggested to apply to other inorganic nanoparticle borate
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dispersiongnvolving metalslike; magnesium, aluminium, potassium and titanium.
Another antiwear mechanism was suggested for tribofilms from organoboron
additives basedn Hard Soft Acid Base principle (or chemical hardness concept)
[106. The principle states that hard acids (electron acceptor) prefer to coordinate with
hard baes (electron donor) to produce ionic compounds, and symmetrically soft acids
prefer to coordinate with soft bases to give more covalent species as shown in
[48, 106 as shown inFigure2-23 (a) and (b).

Aad Base

Hard H', Fe** B(OR), R«CT H,0, OH™, 0%, PO,

Borderline  Fe?*, Cu’* B0~ N,
] _
Soft Fe', Cu™, metal atoms I, CO, RS
@)
Acid Base
Hard HT, Fe't, Mof*, Nat,  H;0, OH™, COI~, 07—,

RPOT, RSOT, €O, Poj‘, ROH, RO™, $0;~

Bordetline ~ Fe**, NOT, 80, Zn?* B0, N, Ny, 02~

Soft Cut, Fe’, RH;, ROT,  RsS, 82—, RNC, C;H.,
metal atoms, bulk metals SQO%_
(b)

Figure 2-23 Classification of different species by HSAB principle; (a) borates and
iron oxide [15§ and (b) B, Zn, Mo, P, S and 48§

In theproposed antiwear mechanism using XPS and AES, mechandzal shermal
degradation oborate ester resulted into the formation of methyl groupss)@hid
boroxide groups B®[158 165. However,Figure2-23 (a) indicated that boroxide
groups as a borderline basl react preferentially with borderline acid #g This

mechanism suggested that hard and less protective iron oxides responsible for
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abrasive wear are trapped in the borate fililnoduring the friction process to limit

wear effect as shown rigure2-24.

3/ BO> + CH,*

Friction cxices
Fe 5 »: Fe

\
Acid-base reaction
Adsorbed TMB between BO,> and

iron oxide

1 Oxides /
¢ “digested” by /
J the borates

| Native

p: pipipi ol bY ; oxides

ol Fe O_ Fe Fe Fe O | layer
o o o o o o J

Figure2-24 Schematioof borate antiwear mechanigib§

This mechanism assumed that no hydrolysis of the borate ester oddb8din
addition, assumption was made that boron do mai Hirectly with metallic iron
which did not support the proposition of Hu ef &R4, 125 226 on tribofilms formed

by nanoparticle borataedispesions. However, in real tribaexidative systems
involving borate ester, a certain degree of hydrolysis could occur as shown in
Figure2-8 to yield alcohol (ROH) and boric acid. By applying the HSAB principle of
Figure 2-23 (b), products of borate ester hydrolysis (ROH an®Hare both hard
base that will react preferentially with hard acid such a¥: fFex03) [48] and K
(KO2 and K0). In establishing thantiwear mechanissof organoboron additives
based on hardness concept as showagare2-24, further assumptiomade involves
protection of tribofilmfrom oxidationby the oil In this study, borate tribofilms will
be subjected to thermal and tribgidative conditions in order to elucidatereon

borate antiwear mechanison ferrous surfaces.

2.6 Summary

A large amount of research halseady been conducted on borate tribochemistry as

explored in the thesis chapter. These studies have been able to establish key
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mechanisms associated with friction and antiwear behaviour of borate tribofilm on
metallic surfaces. The tribological perforncanof borate tribofilms ashewn in the
literature review coulthe greatly influenced by concentration, temperature and water
content of the surrounding. In addition, borate tribochemistry is also dependent on the
type of borate additives; organoboron woriganic borate dispersionghe proposed
friction reductionand antiwear mechanisms for tribofilms from borate ester on
metallic surfaces respectively have boric acid and boron oxide. Subjttibgrate
tribofilms to varying extrinsic testonditions ould provide a better understanding of

these mechanisms.
2.6.1 Knowledge gaps

In the current understanding of borate tribochemistry, thersoane knowledge gaps

that exiss which requirsinvestigating These are discussed below and fohebasis

of thisPh.D. researchit is known that borate ester can hydrolyse to form boric acid
and ROH (alcoholas shown irFigure2-8. However, boric acid islsoknown to be
responsible for friction coefficient reduction. This sag that boric acid formation
from high concentration of borate ester that is susceptible to hydrolysis could produce

lower friction @efficient with better resistande hydrolytic attack.

The currenunderstanding of boric acid couhdt explain howolatility with steam

and thermal decomposition at high temperatw@sld affect its friction reducing
mechanisms. In addition, poor antiwear performance from borate ester as lubricant
additives had been attributed to boric acid; described as abrasivie dsdpiw shear
strength that is comparable to MoShere has been no study tre effects of
hydrolysis byproducts induced biyibo-oxidative conditionsto show hat boric acid

was directly responsible fahe catastrophic wegprovided by tribofilms érmed on

ferrous surfaces

Hence, physical and chemical analysis of tribofilms formethbgeloils containing
different concentrations afynthetic and nosynthetic borates could elucidate) {he
relative hardness of borate tribofilmsthvrespect tahe substrate, {iimorphology
and tribofilm thickness, and (jiif boric acid is directly responsible for poor antiwear
performance ofribofilms from borate ester additiveghich are prone hydrolysis as

previously understood in the literature.
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The influence of temperature dhe antiwear behaviour and durability of borate
tribofilms have mainly been studied with oils containing boron and ZDibése
studies are able to identify changes in structural units of boron oxide using XANES.
Hence, the effect afthanges in temperature on antiwparformanceand durability

of tribofilms from organoborate and alkali boratentaining oils in comparison to
ZDDP will elucidate their independegifects on tribofilms containing both additives.
However, changes in sictural units of boron oxide due to changes in physical
properties in alkali borate glass systems is yet to be investigated on borate tribofilms.
Hence, the effect of teperaturenduced changes istructural units of boron oxide

will elucidate its influene on their antiwear performance and durabilityadidition
mechanical propertgharacterization of borate tribofilms from different tribotests
temperatures is yet be investigat@tlis is expected to etidate on how changes in
temperaturaffects thehardnesof borate tribofilmsn comparison to ZDDPRand its

relative effect orantiwear performance and durability.

The currentinderstanding on humidity effeas borate tribofilms has been primarily
onthose formed on boron coated systefigese resultsuggest a positive synergy
between borate tribofilms and humidity. However, there had been no study yet on the
effect of humidity on the tribochemistry of bagdboundary films due to changes in
humidity of the surrounding environment and added wateilsocontaining boron on
ferrous surfaces. In addition, water adsorption rates of oils containing boron additives
is yet to be assessed and compared to ZDDP. The tribological behaviour of ZDDP and
boroncontaining oils in dry and wateich environmentsauld be affected due to the
presence of hard and less protective iron oxides and hydroxides. In order to further
understand the limibf this synergy between wateich environment and borate
tribofilms, tribological test under free water contamination dittons could
accelerate trib@xidative conditions where the antiwear functions of borate tribofilms

is noticed to falil
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Chapter 3
Research MethodologyMaterials and Surface Analysis

Techniques

3.1 Introduction

This chapter ouithes information on research methodglpgaterials andurface
andysis techniquesised in achieving result¥hese are an integral part this PhD

research

3.2 Methodology

This PhDresearch will adopt two broad experimanmethodology as shown in

Figure3-1.

Experiment A Experiment B
Bulk Analysis of Qils and Tribological tests using steel/steel contact on
Crystalline Compounds pin-on-reciprocating plate test rig
)

¥ Lubricant types; boron-based and

Hydrolytic and A8 ZDDP additives in PAO base oll
Thermo-oxidative Water | ‘lr
stability tests Absorption tests To form boundary films at varying:

I
: » Concentration
I| » Temperature/sliding process
: » Free and dissolved water
1 contamination

; I

Physical | l
I
I
I
I
I
I

h 4

. . A 4
Characterization: )
» Focused lon Chemlcal_ o Wear
Beam/Scanning 9haracterlzatlon. m.easure.me.nts \.I .
Electron Microscopy » X-ray Photoelectron using white light Friction
% Atomic Force . Spectroscopy . optical coefficient
Microscopy » Raman , _ _ _ _ __ ¥ |nterferqmetry measurements
» Nanoindentation Spectroscopy technique

Figure3-1 Experimental methodology overview

In Figure 3-1, experiment Ainvolvesbulk analysis obils andsome keycrystalline
boron compoundsThe first part of this experimemiill provide information on the
physicochemical behaviour @fdditives in tle base oil in terms of resistante

55



hydrolysis under thermal and therromidative test conditionsThis is based on
literature studies earlier carried out in chapteh@t borate estecould besusceptible
to hydrolysis due to the vacant valersteell of boron atomwhich could easily be
attacked by nucleophiles, such as water.

Hence the study of susceptibility of borate additives to hydrolysier thermal and
thermoeoxidative condibns is necessary in order to understand the difference
betweersynthetic borate additives andn-synthetic borate additives using ZDDP as
referenceln addition, this is to provide a better understandin¢hefbehaviour of
synthetic and nosynthetic lnron compoundsn corrosive and tribaxidative

conditions

The second padf experiment Aas shown irFigure3-1 involves carrying out water
absorption testof oils that are hydrolytically stable under thermal and
thermoeoxidaive stability. Thisis to provide information on theelative moisture
absorptionof additives inoils. In the literature review, some borbased additives
were described to perform their tribological functions by the reaction of boron oxide
with moistureof the surrounding environmerithe oils that are not hydlytically
stable in theifst part of experiment Are not onsidered for moisture absorptitast

due to the unstability as lubricant additivem engine oil§119.

The third part oftis test will undertake wat adgorptionpotentialsof key crystalline
boron compounds the absence of tribological proce3$is is to understankdow
certain crystalline boron compounasponsible for friction coefficient reduction and

antiwear performancateracts with the smounding aifin ambient conditions

In generatingtribofilms from additivecontaining oils,experiment B will involve
tribological testsat different test conditions. During these tribological tests, friction
coefficients are obtainedAt the end of thee tribological tess, various surface
analytical technigess are carried out to assess wear rates of worn sarppiesical

and chemical characterization dfibofilms. Theseresults are used toprovide
information on how the chemistry and physical propedfdsorate tribofilms affect

their friction reduction, antiwear performance and durability. In addition, these results
will provide a better understanding of the friction reducing and antiwear mechanism

of borate additives.
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3.3 Information on lubricants

In this research programme, model oils containing four different typastiovear/EP

lubricant additives have been evaluatedase oil Threeof these additives are boron

based andZDDP is the fouth. One out of the three bordnased additives is
nonsyntheic; boric acid trimethyl estgfBTE). The remaining two borate additives

are synthetic borate additiveBethanolamine borate es(&BE) or Vanlube 28%nd

hydrated potassium borate disperged-substituted long chain alkenyl succinimides

(KBE). Theer m 6syntheticd in this studyyr i mpli
takenby the manufacturesf these additigs to prevenhydrolysis This is unlike
nonsynthetic borate additives that istipwotected against hydrolysis.

Hence, this study will natonsider the nosynthetic boratesterasan additiveto be

used in the lubricating oils of internal combustion engihEsvever, its usén this
studywill be limited asa referencéo other additiveand also a major source of boric
acidsupply. In addtion, tribofilms and thermal filmsrdm non-synthetic borate could
elucidate the effect diydrolysis ontribofilms that could be rich in boric acidom
varying concentrationtests. This is to elucidate on whether boric acid is directly
responsible for por antiwear performance of borate additives that are susceptible to
hydrolysis and its effect ofriction reducing and antiwear mechanisms of borate
tribofilms.

Each of theseadditivesare based in a high performancgnthetic basestock that
allows highquality lubricants to be formulateth this research, polyalphaolephene
(PAO) from ExxonMobi] SpectraSyn 6 will be used. This i$Saoup VM base stock
with molecular structure as showrfAigure3-2. This is cosidered based on itesgher
viscosity index,better oxidative stabilitylower pour point and volatility than the
corresponding mineral oils. The physical propemiethe PAO used in this study was

obtained from it€hemical data sheg227 are highlighted imrable3-1.

The molecular structure dfi¢ borate additives are showrHigure3-3 (a) to (d). One

of the two synthetic borenontaining lubricant additives is a commercial organic
borate ester with 1 % boron content and no metal in the moleculaustruath a
trade called Vanlube 28228 from R.T.Vanderbilt Holding Company, Inc.
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Figure3-2 Molecular structure of PACR29

The molecular structure as shown figure 3-3 (c) andphysical properties of as
shown inTable3-1 as obtainedrom the chemical technical data shig3(.

[ =] 1
HO\K +/OH N7
B N—Alk—(N—Al—NR'R’
PN
O O R?
| | 0
B B
HO// \O/ \\ H R! = alkynyl radical (30 < C atoms < 100)
- -1 R? to R* = alkyl or alkoxy

Alk = alkylene radical with 2 to 6 Carbon

(@) (b)
0 OCH,

. |
ko/ B\OR] /B\

R1 = alkyl hydrocarbon (CoHom+1) H3 CO 0CH3
Y = glycerol esters of fatty acid

(©) (d)

Figure 3-3 Molecular structure of; (a)syntheic hydrated potassium borate
nanoparticle (KBE]128 231], (b) dispersant for KBBanoparticld 128 231],
(c) syntheticorganoborate composition (ABE)122, 22§, (d) nonsynthetic
boric acid trimethyl ester (BTE)
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The second synthetic bordrased additive is hydrated potassium borate dispersed in
N-substitutedong chain alkenyl succinimidesith the product name AR9100 oil
additive supplied by ARCHOIL Inc.The general formula fopotassium borate
dispersionNKBE) in terms of ratio ohumber of moles of hydroxyl groups attached to
each molef boron in KBE isK200B20s.0H20 [128 231]. Where the ratio of y to x
is from 1.3:1to 2.1: 1); with specific ratmf potassium to boron limited to between
1: 2.75 and 13.25[12§. In addition, KBE composition hals10wt. % of potassium
tetra borate with nanopatrticle size of aboutl®0 pm in an organic matr[429 157.
The molecular structure of potassium borate dispersion and dispersahbarein
Figure 3-3 (a) and (b)respectively.The physical properties of KBE are shown in
Table3-1 based on the informatiarbtained fronchemical data sheef832].

It shouldbe noted tht the temperature at whigmematicviscosity of KBEadditive
presented by the manufacturedifferent to ABE, ZDDP and PAO. This is as a result
of the older methods okinematic viscosity measurement in Saybolt Universal
Seconds (SB)usedin USA that requires theneasuremerdt 100F andbr 210F. In
Europe, the older unit of KV measurement is the Redwood second ‘&t d8d/or
21CF. Presently, most countries haswitched over to the metric system that uses
Centistokes (cSt.) or mits which measures KV at 40 and/or 10€C.

The third boon additives is trimethyl borate or boric acid trimethyl ester (BTE) with
chemical formula €HeBO3z and molecular structure as showrFigure3-3 (d). This
compound is used as an additive in some polyrf#89 and precursor reagent for
the organic synthesis of boronic acids used in Suzuki coudl2®8s%. In addition,
gaseous BTE is known to exftilantioxidant properties ibrazing and soler flux
metal joining procesg235. The physical properties of BTE are showrileble3-1
based on information obtad from the material safety data sheet (MS[23¥. The
viscosity of BTE was not availabées it was ot providedon the MSDS.

Howeve, the molecular formula f@econdarylkyl ZDDP used for this resech has
beenshown in Chapter Anformation a the physical properties of the ZDDP used
for this researclare shown inrable3-1 based on the works of Jun, Q., et[2B7].
The use of ZDDP in this research is to enabt®@mparison ahe hydrolytic sability

and water absorption taorate additives in engine ails should be noted that PAO,
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KBE and ZDDP are commercially available, but ABE is a proprietary isddiat

was provided by R.T. Vanlube for the purpose of this resedrchaddition,
tribological properties and physical atfacteriation comparison to ZDDP of the
borate tribofilms will elucidate how these extrinsic test conditions could affect their

aniwear performance and durability.

Table3-1 Physical properties of base oil and additiueed in this study as obtained
from theirchemical data she#tnaterial safety data sheetr the literature
(i) ABE- [230Q, (ii) KBE- [238, (iii) ZDDP-[237] and (iv) PAQ [227]

Oil Type/ ABE KBE ZDDP BTE PAO
Property (Only) (Only) (Only) (Only) (Only)
Description
KV at 40°C | 4580 N.A. 407.6 N.A 31.0
in (mnv/s)
KV at 38°C - 32.0 - N.A. -
in (mmné/s)
KV at 100°C | 22.3 N.A. 13.5 N.A. 5.9
in (mmné/s)
Density 0.990 1.0 1.2 0.932 0.83
(g/cr) at at at at at
15.6C 25°C 15.6°C 20°C 15.6C

It is assumed thatheinclusion of these adkives in PAO at different concentrations

did not result in significant changes to thiscosity of PAO This is based on the
assumptions made by similar tribological studi239. For the hydrated potassium
borate nanoparticles dispersed insbbstituted long chain alkenyl succinimides
dispersant additives, and this dispersion was blended@ The assumption is that
nanoparticles are stable in the dispersant solution and by changing the concentration

of dispersed KBEN base oil, dase oil withvariablenanoparticle concentratiaa
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obtained Hence, every concentration of KBE will therefapresent dispersed

hydrated potassium borate nanoparticles.

3.4 Tribological test

3.4.1 Introduction

The objective of thistudy is to provide further understandingtloé behaviour and
mechanisms oborate tribofilms formed from synthetic and reynthetic bora
additives in comparison to ZDDP on a ferrous surflcerder for this to be possible,
borate and ZDDP containing oils are to be used on a ferrous surface in a tribometer to
form tribofilms under boundary lubrication conditions similar to that founthén

cam/follower ofvalve train asembly inC engines.
3.4.2 Materials

In order for tribofilms to be produced, a Biceri fmn-reciprocating plate triboner

is utilized The pin and plate materials chosen for this study are both made of hardened
steel AISI 5200 (HRC 5862) as shown irFigure 3-4. Cylindrical pins of 20 mm
lengths and 6 mm diameters are machined on the slglirfgceto hemisphere of

40 mm radius of curvature widnsurfaces roughnessa®f about 003-0.05 pm.

End Radius of Curvature =40mm

w — < Surface Roughness of pin end =0.03-0.05pm

Surface Roughness of steel Plate = 0.04-0.06pm
o

20.0mm “ 15mm

_3mm
[
2,

Plate Material=Hardened Steel (AISI 52100)

=,

® 6.0mm ’j;

Pin Material Types: Hardened Steel(AISI52100) and
Grey Cast Iron (BS 1452 Grade 250)

(@) (b)

Figure3-4 Schematis and dimensions of hardendgd) steel pins an¢b) steelplates
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On the other hangblates are of rectangular shape machined to speliifiensionf

15 x 3 x 6 mm® and pdished to R of 0.030.06 pm. Nanoindentation hardsse
measurements of the harderstelelpins and platsamples gavelastic modulus and
hardness o224.7 13 GPa andl0.8 0.6 GParespectively. Theribofilms are
formed in pure sliding point contastunder boundary lubrication condition
Tribologicaltess samplegpins and platesgre cleaned in acetone for 15 minutes and
thoroughly dried before use in a tribometer where the hemispdral is held rigidly

overreciprocating platéhat iscovered withmodel oil containing the additives.
3.4.3 Tribometer

The test rig consists of a multipurpose adjustablehpider with the pin rigidly held
against a reciprocating rectangular flat plate that is also rigidly held down on a plate
holding base upon which the ludant is collected in the small bath as shown in
Figure3-5.

A force-post assembly on the test rig is equipped witdit@ctional load cell in the
range 58.8 N and combined error €1.0037 N. The combined errdreing a
combination of temperature effect, nlimearity, hysteresis and load cell sensitivity
[21]. Frictional force is measured by the load cell, where a data acquisition card
(DAQ) converts analogue signal to digital. The acquired digital data is processed and

stored in a LABVIEW Windowbased software program in a computer.

By using a stroke lengtbf 10 mm and frequency of 1 Hz, frictional force readings
are taken every 10 min. for 2 s (120 points); which corresponds to two stroke cycles.
The average of 120 data points indicates average frictional force that was used by the

software program to caltate friction coefficient.

Steady state friction coefficient is obtainedlas aveage of the last one hour feach
experiment This is plotted as a function of time for the test duration. On the
tribometer, sliding motion is made by reciprocating ptgainst a loaded stationary
pins surrounded by lubricating oiln order to provideheating for the oiland to
maintain set temperatures themo-couple heater is installed ¢ime aluminium base
plate of reciprocating plate holdefThe first stage of tbological test involves

investigating the effect of increase in additive concentration in PAO on friction
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coefficient and antiwear performance at a fixed temperabdfiréd0C°C. At this
temperatee, boric acid dehydration as shown in the literafi@ could affectthe
friction reducing and antiwear characteristics of borate tribofiiros the boron
additives The relative tribological performances of these tribofilms are compared to

results obtainedhen the samples are lubricated with only PAO.

The effect of temperature on tribofilms is investigated on adédibrgaining oils.
These are ABE, KBE and ZDDP additives blended in PAO with molecular structure
as described iRigure3-2 andFigure3-3. The oils containin@TE was not considered

for thesdests due to its boiling point that was estimated a838 from the material
safety data sheet provided by the chemmagbplier[236]. This is due tosafety
concerns at thiest temperature of 135, which isfar above th&oiling pointof BTE.
Hence, BTE additivevas cansidered unsuitable for this test due to safety reasons.

Load

Pin ——>
Lubricant Plate

N\
NIMNNDIMiunnonm

<€ >

Oscillation of plate

Figure3-5 Schematic diagram of pian-reciprocating plate test rig for; (a) variable

concentratiorand temperature tegt09

Previous studies ro durabilty of tribofilms had used the changingl lubricant
approach with only thdriction coefficient resultsusedfor durability assessment
[89, 111]]. A literature study of this procedure for evaluating tribofilm stability had
indicated that no significant discontinuity in the friction trace could possibly occur
due to changing lubricant process in order to ensurastarbance of the tribofilms
during the friction proced21, 111].
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Similarly, this study will use the sge approach, but will ab consider wear rates of
worn samplesalongside friction coefficient behaviour in tribofilm durability

assessment.

The approach to be adopted in this study in investigating tribofilm durability involves
an initial friction test orthe tribometer at 1.0 wt. % additive concentration in PAO for
3 hrs (designated as 3 h) and 6 hrs (designated as 6 h) after which weaemeatu
was carried out usingptical interferometry techniquénother friction test is carried

out onfresh pair 6 samples (pin and plate), witidditive-containingoils for 3 hrs

This isbriefly stopped without replacing the samplasdallowed to cool downBy
usinga pipette, theil-containing additives isiphoned outand wiped clean using
tissuepapermwithout touching the wear scar before adding fresh base oil (PAO 6).

The discontinued test re-initiated to run for another three howrgh only the base
oil under variable temperature conditiodssignatedis 3r3 testsAt the end of this
test, friction codficient and wear measurement werarried out with the results

compared to those obtained from the initial traed sixhourstests.

In orderto understand the effects of water contamination on tribofitms sets of
experiments involving free (or addlewater in tle oil and the other involves humidity
effecton tribofilms behaviow. The first part of this teswill require the additives in
the base oilmaintained at 1.0 wt. %Subsequently, distilled water d&nown
concentration (0, 0.5, 1.0, 1.5 an@.0 wt. %) were addedto the oil containing
additivesand properly blended on a magnetic stirrer at abdi@ &ir about one hour.
Tribological tests are carried out at®8bulk oil temperaturdor 6 hours. This i$o
ensure that water in the oil fully sfiolves and that thermal and trbxidative

condition for6 hr test duratioilmavea full impact on the tribofilm§d3].

In the second part of water contamination testsisture effecton thetribological
performance ofribofilms are studied by having the tribometer enclosed in a chamber
produced from perspexaterial (68 x 20 x 26 mf. On the sides of the humidity
chamber, there are inlet hols ultrasonic humidifier and dehumidifiefhese are

to allow for the chamber environment to be varied from fdhy to fully-wet

conditions as shown iRigure3-6.
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The humidity chamber has variable speed fan (461600 rpm) which ensures that
humid or dry air are not only circulated evenly throughout the chamber, but also
provides a means of humidity control. In additiorctday calibrated temperature and
humidity probe (97 % RH) with a standard deviation of £ 2 % along with the fan
areconnected to a LabVIEW programme on a computer fotimaous monitoring

and control.

Hence, the humidity control chamber over the tribmn@rovides a good level of
humidity monitoring and contrdor this study This isto enable the tribological effect

of moisture conditions of the surrounding air on tribofilfemation to be
investigated appropriately. The relative tribological perfamges otribofilms from
ABE, KBE and ZDDPadditivesin PAOcan be assessed. This was carriedibfixed
additive concentration of 1.0 wt. % and different relative humidity conditions of; 5,
35, 65 and 994 relative humidityfor 3 hrs test durations undieoundary lubrication

regime

Temperature and
Humidity sensor

4 /
Connecting bar for R ',)m-on ; // Counter Perspex
rotary to sliding P ec1prpcat| ¥ weight humidity Thermocouple
motion conversion ate Tribom T Chamber

Ultrasonic
humidifier used
to increase
humidity only

Load cell 2
- Reciprocating -

plate sample

Dry air Inlet -

port used for

only 5% RH ..

test q

Figure3-6 Tribometer enclosed in humidity controlled chamber
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Similar tests on the effects of humidity on boron coated systeas carried out at
room temperaturgl45 184, 185. Henceexperimens on the effect of humidity on
tribological performance dforate tribofilms atoom temperature of about®® This
will elucidate on how dry air and moistureh environment affect the tribological

performance of borate tribofilms from oils containing borate additives

In additionto tribological tests at varying humidity conditions, water absorption
potentials of oils containing each atides will be assessed. This wearried out by
filling a 20 ml open bottles witadditive-containirg oils. Thesareexposed toarying
humidity environmentsn thehumidity chambelenclosing théribometeras shown in
Figure3-6. In this experiment 3 bottldsr each additives are exposed in the humidity
chamber to make a total of nine bottl€kis is to ensure thaheaured water content
level in the oilsare reproducible.

At the end of eacltribological testsunder varying humidity conditionghe water
content ofoils are measured and compatedhatexistingprior tothe time of placing
them inthe humidity dambeduring tribological testHence, this result will not only
investigate the effect of humidity on the tribochemistry of some additive containing

oils, but alsamntheir water absorption potentials
3.4.4 Test conditions for pin-on-reciprocating plate tribotests

Following the description of lubricants, tribometer and mateinasections 3.2 and
3.3.3, tribotests are carried out at test condition$able3-2. In addition, Table3-3
shows the chart for experiments carried out in the course of this studgder to
simulate he contact configuration ofalve trainsystemunder boundary lubrication
condition, this study will consider a contact pressiimat is similar to cam/fldwer
which wasestimated as 0.6 MH&4(. For this to be possible on the tribometer, a
normal load of 172 Nwith effective modulus E* ofteel sampless 247 GPa,
Poi s s on 0 sand4® tmm pin radfius of cur8atuise the pns togive a contact

pressure 0f0.68 GPa.

This was possible usirthe onlinesoftwarefor initial point contact Hertzianontact
pressure calculatof24]]. In determining the boundary lubrication regime under
which each test was performed, the Hamrock and DowW2dd equation for

elastehydrodynamic pait contact as shown Bquation A.3: 1 to Equation A.3: 8
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with the entrainment speetken a€.02 m/sare usedHence, a contact pressure of
0.68 GPa wilbe used throughout the tribological tefisthis study For each tests,
about 3 ml of lubricating oil will be usei cover the reciprocating plate and pin
contacts. Eaclestwasreplicated three times withverage friction coefficient and
standard dé@ation ofaboutt 0.003 in the last hour of the six hotests wasecorded.

It is assumed that changes in test conditions did not significantly affect the viscosity

of oils as to prevenubrication regimdrom leaving the boundary region

Table3-2 Test conditions during pton-reciprocating plate tridogical tests

Type of Tribologica

Par ame

Variall I nflu{({ Humi dji Wat er
addi ti of test s test s
concent temper
T e mpteurrae 100 1980 19 80
Bul k o« 100 an
(°C)
Cont ac 0. 68 0. 68 0. 68 0. 68

Pressur

Sl idir 6 hr [3 hr/ 6 3 hr 6 hr

dur at i

Lambda 0.04 | 0. 20450 0. 201.13| 0. 003.70
()

Addi ti v 0,0 .5 1.0%wi{ 1.0 wi{ 1.0 wif

(wt. ¢ 1.0 an

Humi di 4 5 2 4%8 |5, 35, -
(% RH)

Added - - - 0, 0.5
(wt . O 1.5 an
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Tribological tests at low, medium and very high additive concentration are chosen to
enable tribofilms formed to be assessed underdmyrubrication at a fixed bulk oll
temperature of 10C for a sliding duration of 6 hr under the prevailing humidity
condition of the environmenthe test temperature of 1Wwas chosen in order to
also investigate howthe volatility of boric acidwith steam[35] will affect the

tribological performance of borate tribofilms.

In addition, this temperature falls within the region where baod is unstable
[163 224. Hence, a studgf reacted layers formed lsynthetic and nosynthetic
borate additives at different concentration 4A°C is necessaryrThisis to elicidate
through the use of different surface characterization technigiether boric acid is
directly responsible for poaantiwearperformance otribofilms from nonsynthetic
borate additives or notwo of the syntheti additives contain borates (ABE and KBE)
and the third is the commercial ZDDP. The +symtheticborate additive (BTE)
contains a high concentration of bowrd boric acidompared to the synthetic borate
additives(ABE and KBE) This is to enablehe tibological behaviour of different
borateadditives to be assessed in order to understand how the presence of rich and
lean blendof these additives affects boratédochemistry. Another set of test was
carried out with fixed concentration of the syntheiitditives in the 0i(1.0 wt. %),
but at different bulk oil temperature of 19, 80, 100 and°@36nder boundary

lubrication condition.

There are few literatures on the effect of temperature on the antiwear and durability
of borate tribofilms. Some of tke tribological tests at variabtemperature were

carried out when ZDDP and borate additives are used together in the additive package.

The concluding results of these tests could not distinguish the role played by borates
in the chemistry of the tribofihs formed81, 82]. Another literature study on borate
tribofilms without ZDDP stopped the temperature variation at@1031]. However,

at this highest test temperature, boric acid is yet to fully decomposedo txide

due to its stepvise decomposition behaviour in forming boron oxide
[163 224. Hence, this research will investigate the influence of temperature
tribofilms up to 138C bulk oil temperatureon the antiwear perfmance and
durability oftribofilms from synthetic borate additives (ABE and KBE) in comparison

to ZDDP.
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Table3-3 Chart for tribological experiments

Experimental Details

SIN

Tribological tests

Test

Duration

Surface Analysis

(1)

Friction coefficient measuremen
of ABE, BTE, KBE and ZDDP in
PAO at different concentrations

and fixed temperature compare
to only PAO

6 hr.

Wear measurement,
FIB-SEM, AFM,
Nanoindentation, XPS an

Raman Spectroscopy

)

Tribological tests involving
tribofilms formed by the borate
additives at fixed concentration

and variable temperature

3hr, 6 hr
and 3r3

Wear measurements,
AFM, Nanoindentation,
XPS and/ or Raman

Spectroscopy

Tribological tests involving
tribofilms formed by ZDDP
additive at fked concentration

and variable temperature

3hr,6hr
and 3r3

Wear measurements,

AFM, Nanoindentation

3)

Tribological tests on the effects

water contamination on tribofilm

(a) Humidity tests
(b) Expose oil samples t

humid atmosphere

3hr

Wear measurements,
AFM, XPS and Raman
Spectroscopy

(c) Free water in oil test

6 hr

Wear measurements,
AFM, and Raman

Spectroscopy

However, oils containing BTE was not considered for this test. The highest test

temperature of 13® is far above the boiling point of BTthat was estimated as

68-69°C in the material safety data sheet provided by the chemical suf#8i@r

Hence, BTE was considered unsuitable for this test due to safety reasons. This test

will enable the tribofilms drmed at differentemperature and sliding process to be
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studied in order to provide a better insight to their chemical and physical bahaviou

under these conditions.

In order to understand how triblofis formed by borate in oils anefluenced by
dissolved water contamination, the experimental methodology was designed to
compare tribological performance in watedh environment tomoisturefree
atmosphere for 3 hr test duratidn. moisturefree atmospheredry air supply line

from a dehumidifier was connected to the air inlet of the humidity chamber to provide
dry air, after which tribological test is carried out for 3 hr and relative hiynidi
measured and recorded. At the end of dry air tests, the dry air hose is disconnected
and the valve connecting this line closed, before commencing experiments in
moisturerich atmosphere.The tribological test in moistumech environments
requires andter hose to link the moist air from the outlet of ultrasonic humidifier to
the moist air inlet of the humidity chamber at 35, 65 and 95%TRI8.test is carried

out at room temperature without heating the oil. Tdilesamples exposed to
waterrich envirmmments provides a means of measuring the increase of water content

of the oil with respect to the initial water content.

In the freewater contamination in oil, spdic amount of distilled water wasdended

with the oil to form either an emulsion or freater in oil. The additives used for this
test are both synttie and nomsynthetic boratesin order to investigate the
tribological effects of fresvater tribofilms formed by oils containing borate additives,
this study will utilize the technique usdy Cen et al[83] to study the effecof
dissolved and freewater onZDDP tribofilms In thesdests, tribological experimesnt
was carried ouwith oils containing freavaterwas carried out for 6 het 80°C where
most of the freavaterwas observed to have dissolved. Tribological tests are carried
out at 8GC anda sliding time of 6 hr. This is to ensure that water in the oil fully
dissolves and that thermal and trbxidative conditions have a full impact on the

tribofilms. This was based on increase in saturation level with tempef2de

There is yet to be a study on the effects of-tkeg¢er on the formation of borate
tribofilms. Hence, tribological experiments on the effects of-fvager on tribofilms
from oils containing some borate additives using ZDDP as reference. Ttheniable
surface analysis othe formedtribofilms provide a betterunderstanchg on the
tribochemistryof boratetribofilms synergy with wate(free or dissolved)
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3.5 Bulk oil analysis

3.5.1 Tendency for hydrolysis

The tendency foborate esters or esters in geal to breakdown intalcohol and acid

is a measure of thenesistance to hydrolysis. As a potential substitute for ZDDP
additive in oilstheyare required to be hydrolytically stable when exposed to humid
air or when in contact with appreciable quaesitof moistureThe experimental defai

of physicochemical assessment of oils and some boron compounds are shown in
Table3-4.

Table3-4 Physicochemical analysis of oils and sormeoln compounds

S/IN Tendency for hydrolysis Physicochemical analysis of the
tests bulk oil
(1) | Hydrolytic stability of additives U Changes in Kinematic
in oils using saledtube tests Viscosity

U Changes in Total Acid
Number

i Changes in Copper Weight
Loss

U Copper appearance after the

tests

(2) | Thermooxidative stability tests ThermaeGravimetric Analysis of
Additives in Oils Under Different
Gas Test Conditions:

(a) Air

(b) Nitrogen

3) (a) Moisture absorption Changes in water content of the oil

potentials

of additivecontaining oils | Weight gain using the micro analys
(b) Moistureadsorption of and Raman Spectroscopy
boron oxide and boric acid
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The test method employed is a more rigorous version of ASTM D@g8l@st
standard for petroleum or synthdbiased hydraulic fluids in terms of test temperature

and duration as proposed [[dy86. This test method differentiates the relative #itgb

of petroleum or synthefibased hydraulic fluids in the presence of wateder the
conditions of likely usagelhe test method requires a certain quantity of water to be
added in a sealebottle containing copper couporihis is heated to a particular
temperature in an oven for a specific amount of time, such asu48 or mae. At

the end of thisest, changes in viscosity, total acid number, copper weight loss or gain
and copper colour appearance are used to assess the degree of hydrolytic stability of

the oil.

In this study,hydrolysis was accelerated by adopting thet heting treatment
method whichrequires adjusting 100 ml of lubricant to have a water content of
2000 ppm in a borosilicate glass botiixing is possible by using a magnetic stirrer

at a temperature of 50 for about40 minutes to form water in oil mixture. Each of

the copper coupons (Cu C106) is dropped into the sealed borosilicate glass bottles
which areplaced in the closed oveiihe consideration of steel coupons for this test
could have provided a bettinformation on the rust inhibition potential of the aifs

the steel samples for tribological tesits terms of weight loss or gain. However,
copper coupons will not only provide weight loss or gain, but also colour changes due
to oxidation effect othe additivebased oil on coppeHeating of the oils was carried

out at 138C set temperature for 10 day$e degree of hydrolysis was determined by
changes in viscosity, total acid number, weight loss and coupons (copper) appearance

before and after thieeating process.

Preand post heating values of the total acid number (TAN) that conftorASTM
D664 or Institute of Petroleum (IP)/Energy Institute (El) 177 test procedenmoted
In determining TAN changes that took place for the mixture duringdbte the
onsite fuel and lube oil analysis test kit is utilizgtt4]. This hasan accuracy of
0.2 TAN as shownn Figure3-8. Theresuls are compared taoydraulic fluids and
oils (HFO)test limits.Changes in kinematic viscosity additivescontaining oilsare
obtained from measured values of dynamic viscosity dividethégorresponding
measured values of density before and after the heating processes. Dynamic viscosity

measurement was possible by making use of a rotational rheometer with cone and

72



plate gap loading geometnging a Newtonian model fit, under controlléakarstress

mode based on ASTM D2983 test standard. This test method uses rotational
viscometers within a torque range and specific spindle speed for the determination of
the low shear rate viscosity of some lubricants, automatic transmission fluids and
hydraulic fluids.The protocols used for this tests are; (i) minimum shear stress of 0.06
Pa., (i) maximum shear stress of 50 Pa., total time of 750 sec (delay time of 5 sec.
and maximum time out of 5 sec.), gap setting of 150hgtweerplates of 4%40mm
diametergeometry

In order to obtain kinematic viscosity of oils containing each of the additives, the
densitieof oils are determinedt 40C using instrumented pycnometric mettoom
Micromeritics (Accupyc 1330)This has aneasurement error of abouf01 g/cni.

The kinematic viscosityof eachtest oilsare determineat 40C by dividing the
measured viscosity with the corresponding derisfpre and after heatintbese oils

in the oven.Results from these tests were compared with 1ISO Viscosity Grade
standard 22Q(ISO VG 220). In addition, theveights of copper coupons was
determined using a micro analyser that can measure weight changes up to five decimal
places before and after heating in the gwshile their colour changes was also

obtained beforand after heating in the oven at 20 x magnification.
3.5.2 Thermo-oxidative stability tests

The thermeoxidative stability of known weights of test oilgas evaluated using a

SHIMADZU TGA-50 thermegravimetric analyser as shownkigure3-7.

Figure 3-7 Thermogravimetric analyser (TGAused for thermal and oxidative

decomposition of oils
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By using PAO alone and each of the antiwear additive blends in the base oil at
2.5wt. %. TGA tess were carried out separately in static atmospheres of nitrogen
(thermal) and air (oxidativegt 50 cn¥/min flow rate. Each sample was heated under

a linearly increased temperature programme 8f/b@in to 60@ for one hour. Under

these conditions, weight changes with time measurements was possible on the TGA
analyser at the beginning (onset temperature) anderdbet temperatureyf the
experiment to provide an insight on their dynarmdecomposibn behaviour in

thermal and oxidativatmospheres
3.5.3 Moisture effects onoils and somecrystalline boron compounds

In order to understand how borate #igids in the base oil interaetith humid air to
influence friction and wear performance, a quantitaigeessment ahcrease in
water content of synthetic boradbasedilsis necessary inomparisorto ZDDPoil.

This can either be a physical or chemical process in which moisture enters the bulk
phaseof the absorbent. In this experiment, the absorbetiteisadditive containing
oils, as it distributes thabsorbed moisture throughout the bulk phase of the additive
containing oils.This is possible by determining thecrease in concentration of
dissolved water irsampleoils containing eactadditives (ABE KBE and ZDDP)
when exposetb different humidity conditions for 3 hcompared to unexposed il
The various methods of determining the water content of oils Guackle test,
Calcium hydride test, Karl Fischer and Fourier Transform {Rfed. In this
experiment lube oil analysis was carried out using test kit from KITTIWAKE Parker
[244) to determinewater in oil This method employs thecalcium hydride test

techniqueas shown irFigure3-8.

The calcium hydride test water in oil tegtrks on the principle that oils reacting with
calcium hydride reagent in a pressuriseecoihtaining cell forms hydrogen gas. This
reaction is accelerated by shaking the test cell vigorously. A change in pressure due
to hydrogen builelp is detected by a pressure sensor which converts the pressure
build-up to water content in % or ppm of waiar9 oil samples. Three of these
samples are foraeh additive in order to ensure experimental reproducibllitis test
conforms with IP386/ASTME D4928 standard with an error limits 6f1 %[244].

The differences between water concentration in oil samples exposed to moisture
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contamination is compared to corresponding water content in oils unexposed to
moisture contaminain, gives an indication of water adsorption potentials of the

additives in the base oil.

In order to determine the moisture adsorption potentials of crystalline boron oxide and
boric acid, commercialkavailable laboratory grades boric acid having an Yssa
greater than 99.5% and boron oxide with 99% are obtained. The adsorption of
moisture on the surface of crystalline boron oxide or boric acid is assessed by using
the micreanalyser for weight change determinatiomile initial weights of eight
samples ofsome quantities of these crystalline boron compounds are placed in a
petridish are determined @ktri-dish each for boron oxide and boric acid). With open
lids to the moisture of the surrounding air, the weights of thesedpgitricontaining

boron oxde and boric acid are subsequently determined every one hour up to 9 hrs
exposure time. Another sets eight samples ofcrystalline boron compounds are
exposedto the surrounding environmefdr 24 hrs. Thesesets of experimenare
repeated four times, ®i the three sets of samples weighed, and the fourth set of
samples taken for Raman spectroscopy analysis.

Oil-containing test cells

Reagents for TAN

And Water 1n O1l Tests

1 Console

Figure3-8 Lubricating oilanalysigtest kit[245
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3.6 Posttest surface analytical techniques

3.6.1 Wear measurements; Norcontact profilometry

In order to @illy characterizethe material loss due to tribological processes,
posttest wear analysis are carried out using scanning white light interferometry on a
Brucker NP FLEXMi nt er f er ometry. For datdeisanal y:
used to determineclumelossesandother surface parameterswbrn samples after

removing surface bias such as; curvature and tilt. All measurements are made using
vertical scanning interferometry mod@¥Sl), scan speed of 8 magnification of

x 2.5. The profilometry datare converted to dimensional wear coefficients using
Archardds wear e Bquaioni3d;nwveaa \wlunse lolotained fronm

white light interferometry divided by sliding distance (m) and multiplied by thie u

load (N)

) M O inNw T O O Equation 31
Wherexw ®£& @ in m®are measured wear volumes for both the plates and pins;
0 andQ in m¥N-m are dimensionless wear coefficients for plates and ins)

Newton is normal load and L in metres is sliding distance.
3.6.2 Focused lon Bean({FIB)

In order to estimate tribofilms thickness of worn samples from tribological test, a
focused iorbeam for milling a trench isaupled with scanning electron microscopy
will be employed. This enables a cressction of worn area to be milled and imaged
with appropriate optical techniques to not only give an estimate of the tribofilm
thickness, but alsanaindication of its heterogeneity.

In order for this to be possible, a high resolution FEI Nova2tihoLAB field
electron gun scanning microscope (FEGSEM) with precise focused ion beam (FIB)
was utilized to image ahetch into the wear scar séimplesPrior to milling, the area

of interest on the tribofilms is protected from destructive ion beam with an initial
protective layer of platinumg(0.2° m) using an electron beam. Another bulk layer

of platinum € 1.5° m) is laid over the first layer.

Nanomachining was used to sputter a rectangular trench of about 8 x 20sjng
Gallium ion beam at 30 kV on worn samples from thewit.® additivecontaining
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oils. The tibofilm thickness wagstimated from a secondary electron image of the

trench at an agle relative to the surface that wasnilar to that used in the literature

(54°) [246], and 405(° [247.
3.6.3 Atomic Force Microscopy (AFM)

In order to obtairhigh resolution topography imagestbe tribolayer of worn plate
samples, the #®amic ForceMicroscopy(AFM) is utilized as shown ifigure3-9 (a).

The basic principle of AFM operation involves bringing a sharp pobisdy to a
sample surface which saibsequently moved relative to each other in a raster scanning

pattern ofapre-defined area.
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Figure3-9 AFM techniques for morphology imagi; (a) schematic diagram and (b)

cantileverforce curveoperated in Peakorce tapping248§
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Height profiling is possible based on the deflectof the tip due to repulsive van der
Waals forces experienced from the sample surface. High resolution AFM images were
obtained using Bruker Inc. (Dimension icon) under the peak {gueatitative

nanomechanical tapping mode withcoh nitride cantileer.

The cantilever resonance frequency is 0.977 Hz with spring constant of 40 N/m. This
method avoids lateral forces due to intermittent contacts with the sample as it operates
in a nonrresonance mode at the tearound points; position is modulated by sine

wave as shown ifrigure 3-9 (b) and not a triangular type. On the other hand, this
method is also more advantageous than the contact mode which is relatively easy to

operate, but with the inherent drawbadkigh lateral force exerted on the sample.

This can result into sample damage or the movement of relatively loose objects
attaded to the tip. Tribofilms anaft thermal films formed by each antiwear additive

on plate samples were imaged over scan ar8aof 5.0 pm and 50 x 50 prhat six
positions on the wear scars for a representative image to be selectedtd bissisre

that morphology imagare captured on small and larger scales in order to obtain a
good representation of the tribolayer.

In chamcterising the images obtained from the AFM, surface roughness and height
sensor scale bar attached to the images are used to give an indication of deviations of
the wear scar regions from the original unworn surfaces. The height sensor is the step
height differences between the brightest and darkest regions of the images over

scanned area as a signal frofpiezo position sensor.

3.6.4 Nano-mechanical properties measurements

A mechanical property characterization of the tribofilms formed from tribological
testswas caried out using instrumented nandentation technique. This is used to
obtain accurate hardness (H), reduced modulpsgtifness and fracture toughness
of thin films formed on the wear scar of surfaces from tribological sesshown in
Figure3-10.

The test instrument used for this purpose is Nan®té$tX platform system with

NanoTest NTX series controller, as shownFigure 3-10 (a) is manufactured by
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Micromaterials Ltd. UK. This equipment is a mitisked, flexible nanmechanical

property measurement system that has thmegependentmodules (indentation,
scanning andlynamic impagt In addition, the test equipment have two loading
regimes; low load hels (035 0 0 mN) and hi gh | e2aNj with 6 Mi c r

high resolution microscope (4x, 10x, 20x and 40x).
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Figure3-10 Nanoindentation schemes; (a) Nano Test platform syi2d6j,

(b) Nanotespendulum[250 and (c) hdentation loadlisplacement curvi25]]
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It is enclosed in a temperature regulated box to prevent the influence of external
thermal fluctuations from the surrounding. The dynamic displacement respbnse
thin films to various loaithgs can be measuredrough capacitor plates positioned
directly behind the indenter tip during indentation events on NanoTest pendulum is
shown inFigure3-10 (b).

This consists of &tiff, ceramic pendulum which is balanced on a frictionless leaf
spring pivot. A permanent magnet and electromagnetic coil enable variable loads to
be appliedIn order to obtain, analyse and interpret data, the nuapture camera

and NanoTest platformsoftware suite is used.

The instrument is equipped witiptical microscope for sample imaging before test in
order to locate a flat indent area on top of the tribofilms. In addition, the indenter used
for this instrument was equipped with a Berkovich diaohtip with hominal radius

of curvature in the range of 50 nBy using high strength adhesives, all samples can

be mounted to the sample holder.

After mounting the samplea series of sequentiaanoindentations around the same
location were made at06 uN indentation loads which are 50 um apart on various
worn samplesThis was based on the approximate film thickness measurements from
FIB-SEM in order to ensure that penetration depth into the film is within 10 % of film
thicknessThe hardness measurentmethods suggested IB3liver and Pharf257

and ISO 145741 protocol This involvesexperimental algorithm of loading and
unloading time of 10 s with each at 0.5 pum/s velocity and 0.5 mN/s sequential loading
rates The test control procedure can be either displaceswnitolled or force
controlled. In the forceontrolled procedure to be adogtior this test the test load

is constant for a designated period while recording measurements of the changes in
the indentation depth as a function of time. The {dsglacement curves as shown

in Figure3-10 (c) enables the reduced elastic moduldg (o be measured.

In order to avoid the effect ;fubstrate on the mechanical properties of fhms,

some literature adopted certain percentage of the estimated film thickness as the rule
of thumbfor the ndenter penetration depths into the fijf6%[253, 10%[254, 255

and 25%[256, 257]. In this study efforts W be made to maitain the indentation

within 10% of tribofilm thicknessThe elastic modulus of testedecimen is obtained
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fromEquation32, i f t he K s ®)danthesspecimen anal smdenter
are taken as 0.3 and 0.07 respectively and the elastic modulus of in@8ntetaken
as 1140 GPa. The hardness and/ or elastic modulus of worn samples lubricated by

additivecontaining oils areompared with the base oil

Equation 32

3.6.5 X-ray Photoelectron $ectroscopy (XPS)

The XPS technique also referred to, as electron spectroscopyefoiceth analysis
(ESCA), is used to investigate the chemistry at the surface of a sample. These could
be; element composition, chemical information about the local environment and
valence bond electronic structure of sample surface. This technique works by
irradiating a specimen with morenergetic soft Xay beam such that photons of
specific energy are used to excite the electronic states of atoms below the sample
surface in a high vacuum environment. Hence, photoelectrons are ejected from the
sample surfee, which are energy filtered through a hemispheric analyser (HAS)
before a detector identifies the intensity for a defined energy. The resulting energy
spectra exhibits resonance peaks characteristics of the electronic structure of atoms
on the sample stace due to quantization of the core level electrons in stditk

atoms.

The elemental analysis of worn surfaces was quantitatively analysed by using XPS to
obtain more information about the tribochemical reaction products due to different
tribologicalprocesses. XPS was performed at NEXUS facility nanoLAB with a Theta
Probe MK (Il). This instrument employs a higlower monochromatic Al| X-ray

source at 1486.68 awhich was focused on the wear scars in #80 area of worn

plate samples surfade a vacuum of about 1milli bar. A low resolution scan was
obtained to identify the elements present at pass energy of 200 eV, 5 mm slit size and
1.0 eV step interval; after which long scans at 40 eV and pass energy of 0.1 eV of

selected peaks were anged in spatial mode.

XPS depth profiling experiment was performed on worn samples using ion gun
monatomic bombardment at 1.03 nm/msjputtering rate; where energy was set at 40

eV and step interval of 0.1 eV frofhis was based on results from similests used
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in the literature for XPS depth profiling of borate tribofilm that used sputtering rates
between 1.5 and 3.0 nm/mjf93. In this testcare was made by choosing lower

sputtering rate in order to avoid damage to the tribofilms.

Depth profilingwas specifically chosen in order to investigate the chemical species
formed deep downhe tribolayer. Peaks obtained were analysed using CasaXPS
software for curve fitting after calibration of C1ls peak for contaminated carbon as
reference at 284.8 €\25§. In order to display dat&riginPro 9.4 software was used

The acquired spectra weecompared with standard spectra from XPS handbooks and
tabulated spectra from various referenfdek9, 158 198. The background used for
curve fitting is the moreommonly used Shirley background. This type of background
goes up in proportion to the total number of photoelectrons below its binding energy
postion [259. It is unlike linearbackground whichsuffers from large peak area
changes that depends on the choseth points. On the other handougaard
background is impracticable for use when there are numerous peak overlaps
[260, 261].

3.6.6 Raman Soectroscopy

In order to complement results from XBfectroscopy, the Raman spectroscopy is
considered for further chemical analysis of the tribofila®ve other vibrational
spectroscopyOne type of vibrations spectroscopy is itfeared spectroscopy that is
based on what is termed miifrared (4000 cm' to 400 cm'), whereregioncovers

the fundamental vibrations ahost organic compound®62. The other type of
vibrations spectroscopy is known as nedrared (NIR) with spectral region around
4000cm which falls between the frared and the visible spectrum. A description of
these vibration transition processae shownin Figure 3-11 (a). Third type of
vibrational spectroscopyis Raman spectroscopy. Thistype of vibrational
spectroscpy provides information about the molecular structure and interactions
within the sample. It measures vibrational energylsewhich are associated with;
chemical energyto identify bonds structure characterization and reaction
monitoring. Thistechniqee involves illuminating a sample with an intense single
frequency light source (i.e. laser) and detecting the scattered light as shown in
Figure3-11 (b).
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Most of the scattered light could have same frequency as the excitation source, but
sometimes are not. This could be related to the force exerted by electromagnetic field
on charged particles to form induced dipoles. When the induced dipole oscillates at

angular frequency equal to that of incident light, Rayleigh or elastic scattering occurs.

On the other hand, stok&aman scattering occur wharduced dipoles osddte at
lower frequency thamcident light and antistokes Raman scattering at oscillating

frequency higher than that of incident ligiit. comparison of different vibration

83



transiton processes are shownHRigure3-11 (b). A requirement for a vibration to be
Ramanactive is for such molecules to have change inrjalhility (i.e. a change in
shape, size or orientation of the electron clthat surrounds the molecule). This is

a molecular vector quantity which describes the ease with which electrons can move
by the electromagnetic radiation relative to the nuclear frameworkkRahmanactive

boron compounds that could be found on tribodilare; boron oxide, boric acahd

boron nitride. In order to study structural changes and properties of different borate
groups within the tribofilms, we applied room temperature Raman spectroscopy to
infer the vibration transitions of the wegsistantborate glass network. This was
based on KrogiMoe hypothesis that by comparing the Raman spectra of glasses with
those of borate compounds whose crystal structure is known, it is possible to obtain
information on the presence of certain structural unitglasseq264, 265. This
hypothesis assumed that structural units or groups present in oxide liquids and oxide
glasses resemble the units or groups present in the camcesp crystalline
compound$264, 264].

In this study, the RenishaimVia Raman spectroscopy was used to analyse worn
surfaces of plate samplds.addition,Raman spectgzopy ofsome crystalline boron
compoundgould provide a better understandingbofate tribofilmsformed during
tribo-oxidative interacton with moisture of the surrounding The key boron
compoundsare boric acid and boron oxidall Raman measurementsere made
using NdYAG laser with 488 nm wavelength excitati@md10 mW laser power on

the sample surfaces. The laser beam was focused on worn samples tetdsgpbt
mapping of25 x 25 un% area with intensity integrated in 10 sec. of detector exposur
time with one accumulation. Spectral analysis was performed using WIRE 3.4

software (inVia) to cdéct data.

Band fitting was carried outsing aLorentzGauss crosproduct function with the
minimum number of component bands for the fitting procesprdiecible fitting
was carried out until squared correlations %isrgreater than 0.995; OriginPro 9.4
software was used to display ddtamost of the test results, the spectra will be plotted
on the same scale and shifted vertically for clarity. is Way, changes of difference

in the Raman spectra can be identified due to different test conditions.
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Chapter 4
Tendency for Hydrolysis and Water Absorption of Oils and

Key Crystalline Boron Compounds

4.1 Introduction

The first part of this chaptgresentsesultsof hydrolytic stability assessmeaot oils
containing borates (ABE, KBE and BTE) and ZDDP additives in PR results
focuses orhow their breakdowrunder thermal and/or oxidative conditions using
various techniqueaffects copper coupon$he second pareportsresults of thermal

and oxidative stability of oils containing about 2.5 wt. % additives in PAO using a

thermoagravimetric analyser.

The third partpresentsresults of moisture adsorption by oils containing some
additives. Fnally, the result of moisture aborption bymajor crystalline boron
compounds such as boron oxide and boric a@gresented.his results are expected
to elucidateon the susceptibility of the additives in base oil to corrosion risk under
thermoeoxidative conditions. In adition, the results will enable moisture adsorption
potentials of these additives in the badenith the understanding of whichoron

compoundss responsible for this interactien

4.2 Results

4.2.1 Hydrolytic stability

A summary of results from hydrolyticatiility measurements are showigure4-1.

The aged additiviree PAO and BTE were observed to have increased kinematic
viscosity (KV) indicated as (+ve), that was higher than the maximum value of 6%
recommended by IS@104 or ASTM D445. For the agéested sample oil containing
ABE, KBE and ZDDP additives, a decrease in KVeg) wereobserved which was
lower than preaged KV values. Above all, aged BTE additive in PAO gave the
highest KV change than all otheil-contaning additives that is indicative of the

adverse effect of ageing on its rheology.
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Changes in total acid number (TAN) of test oils were below the recommended
4 mg KOHY/g limits for hydraulic fluids and oils (H®) standard. However, ageds
containingBTE additives had TAN values of about four times higher than aged base
oil. This is an indication of the adverse effects of the formed acid on copper coupons
by certain boron compounds present in BTE agigsiwhen compared to aged PAO

and oils contaiing other additives based oesults shown ifrigure4-1.

Poorestorrosion resistant

40 -
35 - ® Mass change in mg/cm”2 \ I
30 - m Changes in KV (%)

TAN Changes (x 0.1) mg KOH/g

PAO KBE + PAO ABE + PAO ZDDP + BTE + PAO
PAO

Figure4-1 Artificial aging of oils test resultsising seabottle containing oils and

copper coupons in the oven &51C for 10 days

In addition, copper coupons in aged ABE, KBE and ZBidRtaining oils gave mass
gain values that were beldWwerecommended limit§.3 mg/cn for mass los§137,

but BTE qave mass loss that was higher than the recommended Tihiét.is an
indication that oils containing ABE and KBE additives have better hydrolytic stability
than BTE.The oxidation and subsequent corrosion risk to machinery and metallic

surfaces with regastto lubricant degradation in service, indicated that BTE possesses
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the highest corrosion risk conmea tootherborateadditives(ABE and KBE) and
ZDDP.

4.2.2 Corrosion resistant of additive-containing oils

Hydrolytic stability test results based orpper corosion resistance of other synthetic
antiwear additives are shownkigure4-2. The colour appearance of copper coupons
in aged oilsafter 3 repeated tests wetempared to a new coupon and standard
reference char[267]. Based on ASTM D130the copper appeararcef oils
containing ABE additives and only PA®ave grade4b (dark orangeps shown in
Figure 4-2 (b) and (c) respectivelyOn the other hand, copper coupons in oils
containingK BE additives have gradia (light orangeas shown irFigure4-2 (d) that
was similar to that of a frestoppercoupon.

lcm

Grades la 1b 1b la 4a 2e

(@) (b) () (d) (€) (f)

Figure4-2 Copper couponsolour changérom sealeetube tests in(a) New coupons
with no oil, (b) Aged PAO, (c) Aged ABE, (d) Aged KBE, (e) Aged ZDDP, (f)
Aged BTE
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Hence, thaesistance to corrosion aebppercouponsby KBE-containing oilswith
grade A is considered highedbllowed by ABE and PAO withgrade 1bPrevious
studies on hydrolytic stality of boron-containing oils hadoratebased oilswith
grades la and 1b represemigre stable and stable resistance to hydro]§&i8 134).

The sealedube testesuts with copper coupons IBDDP-containing oilggave colour
grade 4as shown irFigure4-2 (e). This is an indicatiof poor chemical reaction

on copper by wateattack on ZDDP due teeactive sulphuin ZDDP-containing oil

to form deposits on copper caups This was a similar result obtainbg Jayne et al.

[65] and GarciaAnton et al[66]. The copper colour changes in aged Bldataining
oilsis 2eas shown irFigure4-2 (f); moderate tarnish darassy goldhatcould be an
indication of poor corrosion compared to coupons from oils containing ABE and
KBE. Hence, this test was able to show that ABE and KBE additives are not only

more hydrolyticdly stable than BTE, but also have better corrosion resistance.
4.2.3 Thermo-oxidative stability

A representative thermgravimetric analysis (TGA) curve obtained for KBE additive
in PAO is shown irFigure4-3.
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Figure4-3 A typical TGA plot of KBE additive in oils showing thermal and oxidative

degradation in nitrogen and air environments
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The TGA curves dr all the oils tested indicatethat a twestage thermal
decomposibn took place when the experiment was performed in air, unlike the
singlestage thermal decomposition that was observed for all the oils tested in a
nitrogen atmosphereTable 4-1 summarizes the average onset aeddset
decomposition temperatures in air and nitrogen atmosphere respectively for all the
antiwear additivesThe onset and end set decomposition tempesaaurgthe vertical

lines through the point of imtrsection of the tangents ¢arves at both the set and

end set region#t the onset regias both evaporation of hydrocarbon present in the
low end of the molecular weight distribution, and degradation of base oil component
occurs[268. The endset region wadso attributed to decomposition of long chain
hydrocarbondy the sam study Results shown iTable4-1 indicated thathermal

and oxidativedecomposition of ABE and KBE are higher than BTE and ZDDP when
compared to PAO.

Table4-1 Thermal and oxidative decomposition temperature of additives

Type of Ol Onset Temperature(°C) | Endset Temperaure (°C)

Sample Air Nitrogen Air Nitrogen
PAO 302.7 316.6 550.1 413.3
ABE + PAO 308.8 327.3 505.9 408.0
KBE + PAO 316.0 324.0 506.6 398.2
ZDDP + PAO 249.4 263.5 506.5 361.2
BTE + PAO 223.1 241.5 527.7 358.1

4.2.4 Moisture absorption of oils containing syntheic additives

The effecs of dissolved water contamination on exposed additiv@aining oilghat
were placed irhumidity controlled chamber weresedas samples for this analysis.
These are used to investigatater content irthe oil samplesising the a-site fuel
and lube oil analysis test kit as described in ChapféEne3initial concentration of

dissolvedwaterin the oilsbefore placing them in the humidity chambereused as
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reference This isto obtain the relative inease of water in the oilseasuredwith
initial water content in oils measurad ABE (0.040.03 %), KBE (0.06).07 %) and
(0.040.05 %).Oils containing BTE additive was not consieléfor these test due to
its immediagé hydrolysis as specified in #SDS.This is due t@wontinuais moisture
adsorptionf not properly sealed in its containgat will likely affect the accuracy of

its results.

The difference between water coné in the oils at the end dfumidity tests and
initial water content are shown iaigure 4-1. This resultprovides a quantitative
analyss of howborate adiives in the base oil interactvith humid air. Previous
studies in thditerature onthe effect ofhumidity effect on the tribochemistry of
additives have comdered humidity as an extrinsic factor that can influence friction
and wear performance surfaces in tribocontdbie resultsshown inFigure 4-4
indicatal the relative increase in water contentasfditivecontainingoils due to

changes in relative humiditf the surrounding environment

—o—ABE -#-KBE ZDDP
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Figure4-4 Averageincrease in water content aflditive-containingoils due to
exposure to differerttumidity conditionsof the surrounding esronment Error is

measured as standard deviation of results from three repeated samples
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The increase in relative humidity between 5 and 95 %, indicated thatbantaining

oils gave water content increase that are higher than ZDibRased water coent

of the boratecontaining oils was about 3 times higher than ZB#2Bed oils and
could have played a role in their friction response and antiwear performance in
comparison to ZDDP. This is an indication that certain boron compounds in the oils
could beresponsible for water absorption. These could either be boron oxide or boric

acid.
4.2.5 Moisture adsorption analysis of crystalline boron compounds

Figure4-5 andFigure4-6 shows the results @feight gain r cnt of crystalline boron
oxide and boric acid exposéd high humidity environment &3 + 1.3 % RH and
20°C of thesurrounding air for a periodf 24 hrs Weight gain measuremenigere

determined usingnalytical balancwith a resolution of 0.01/0.1mg
0.03
0.025
0.02

0.015

Mass gain (g/cm2)

0 —
Boron oxide Boric acid
Type of boron compound

Figure4-5 Effect of moisture ondng duration exposure bbron oxide and boric acid
in open airin 24 hrs exposure periodrror in these tests ameasured as
standard deviations of the averages t#® samples at 6.2% for boron oxide

and+ 2% for boric acid
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Weight changes were taken every one hour of exposing samples of boron oxide to the
surrourding air for a total of 10 hoyseriod. In addition, weight changesexposed
crystalline samples dforon oxide and boric acid to surrounding air for 24 houanse
recorded as shown ifigure 4-5. The result indicated that boron oxide gave
significantly more weight gain per &than boric acid within 24 hrs exposure period

as fiown inFigure4-5.

However, the result of hourly weight gain perZcof boron oxideas shown in
Figure4-6 is comparable to results from similar studies in the literd26¢. This is

an indication that weight gain by exposed boron oxide to atmospheric air is indicative
of its moisture adsorption potential, unlike boric acid. In order to further understand
the chemical e#ct of boron oxide exposure to air of the surrounding environment,

chemical characterization of crystalline boron oxide and boric acid is necessary.
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0.008
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Figure4-6 Hourly weight gain oexposedoron oxide Error bars shown are within

statistical limits of standard deviation for average of three samples
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4.2.6 Raman spectroscopy of crystalline boron compounds

The resuls of changes inroom temperaturd&Raman vibrational spgroscopy of
crystalline boric acid and bom oxide exposed tenoisturerich environment at
different time interva are shown irFigure4-7. The results indicasthat within the
first one hour of boron oxide exposure to humidaignges in its crystallenstructure
commences, but there was little changes in boric acid crystalline strudteraalout
24 hrs exposure, most of the boron oxidalgehave changed boric acidpeaks

The results indicate that when boron oxide with Raman shift of aroundrgfés
exposed to moisturgch environment for long duration, boric acid is formed with its
characteristic Raman peaks at 499'camd 867 crt [138 207, 221]. This result
suggests that when oils caiting borates are exposed atmospherg with some
appreciable quantitiesf moisture, boron oxidim the oilreact with moistureto form

boric acid.
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Figure4-7 Raman of crystalline boron oxide and boric aaidlifferent test duration
Reproducible fittings of analysed area was carried out unitgregl correlations
of r? is greater than 0.999 he spectra are plotted on the same scale and have

been shifted vertically for clarity
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On the other hand, the Raman shift for boric acid remained unchanged throughout the
exposure duration both in terms obisture adsorption and chemical structexeept

for some little peaks of-BN after longer duration above 1 fiihis could be as a result

of manufacturing process as the pudfyboric acid used for this experimastabout

99.5%o0r due tocontaminatiorby some nitbgencontaining compounds ir.

In air, Nitrogen constitutes about 78.084% by volume, 0.5 ppm of nitrous 0x@@ (N
and 0.02 ppm of N&Y270Q. Any of these sources nitrogen and its compounds could
have been responsible for boron nitride formation. The behaviour of boric acid when
exposed to moisturech environment to form boron nitride could likely affect its
tribological behaviour in terms ofemrrate but not significantly in terms of friction
coefficient reduction.This is due to the layered structure oBN as show in

Figurel-6.

4.3 Summary

The following key points can be made on the thermal and oxidative effects of
boroncontaining additives and ZDDP in PAO on thegsistance to hydrolyssnd
thermoeoxidative stabilitiesIn addition, water absorption of oils and adsorption by
certain crystalline boron compounds potentials are presented

1 The synthetic borate adilies (ABE and KBE) havéeen shown to possess
better hydrolytic stability than nesynthetic borate additives (BTE)

1 The resitance to copper corrosion Bynthetic borate additivegas shown to
be significantly higher than ZDDP and Bid&ntaining oils

1 Higher onsetdecomposition temperature synthetic borate additives than
ZDDP and BTE is indicative of their higher theroridative stability

1 Lower hydrolytic and therm@xidative performance of BTE compared to
ABE, KBE and ZDDP raised the possibiliof likely adverseeffect on its

tribological performance

1 The result of moisture absorbing potentialodé containing boromndicates

thatmore moisturas absorbed by oils containing boron additives thRiDP
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Increased water gbrption byboronbased oils werobserved to bas a result

of boron oxidein the oilthan boric acid

The presence of boron nitrida exposed crystalline boric acid is an indication
that BN could form on oils or tribolayer containingrystalline boric acid
without necessarily havingitrogen in the molecular structuiof theborate
additive This is possible if the borate additive have high concentration of boric

acid as in the case of BTE used in this study.

95



Chapter 5

Tribological Resultsat Variable Extrinsic Test Conditions

5.1 Introduction

Boron compounds as antiwear additives in lubricants used in IC engines have been
consicered as potential substitutes foonventional ZDDP and other- Rand
S-containing additives due to tinelassification as zer8AP additivesStudies of the
existing literature onboronbased additivesn Chapter 2, suggest that there are
deficiencies in the understanding of friction, wear and durability of bdaded

tribofilms.

Hence, a tribochemistry study of borate additives under different extrinsic conditions
is essential in understanding the use of borates in lubricant formulation. The
conditions to be considered in this study are; concentration of the additives, bulk oil
temperatur@nd sliding process, humidity effects dadel of wateiin additivebased

oils. In this chapter, tribalgical results obtained fromubricated sliding

steel pin-on+ reciprocating steel plate by antiwear additives in PAO6 base oil are
presented.

The first part of this experiment IMnvestigate the effect of differebbrate adiives

in oils on the friction reduction and antiwear performan€éribofilms at different
concentrations. Using the ZDDP as a reference, a comparison of friction and wear
results oftribofilms from synthetic and noynthetic borates can elucidat®reon

their differenttribological behaviour.

A literature survey of the existing work on the effect of hydrolysis tha
tribochemistry of tribofilms fronborate additives as shown in chapter 2 is limited to
friction reduction. In this section off@pter 5the effect of hydrolytic stability on the
antiwear performance of certain borate additives will be investigated. The second part
of this chapter will investigate tteffects oftemperatur@nd sliding processfluence

on the antiwear performance and dility of wearresistant metallic oxidboric

oxide glass from the synthetic laves. The literature survey ih@pter2, showed that
changes in metallic oxide composition and structural transformation in boric oxide

anions as practiced in borosilicate sgamanufacture, could affethe physical
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properties ofjlases There is yet tde a tribological study ohow transformation in
boron anions andhanges in boron oxide anuktallic oxide compositisaffects the

wearresistant ad durability ofborate tibofilms.

This test is suddlivided into two stages. The first stage involves carrying out friction
and wear tests on addithe®ntaining oils for 3 hr and 6 hr in order to provide an
understanding of tribological response of borate tribofilms to temperahanges.

The nex stageinvolves carrying out tribofth durability experiments using the
changing oil lubricant procedure experiment at different temperatures as described in
chapter 3Thetribofilm is formedwith the additive preseffior 3 hr and stopgd. The

oil is replaced witradditivefree base oiand the test continued for another 3 hr. This

is designated a&r3tests

The third part of this chapter investigates the friction and wear performance of
boratebased tribofilms with respect to ZDDP dilces under different levels of
dissolved and frewvater in the oil at roorand elevatetemperature. In the dissolved
water experiments, the friction test rig was enclosed in a chamber fabricated from
Perspex. An air circulation fan and humidity sensaswonnected to the chamber.
The combination of ultrasonic humidifier and air drier ensured that moist air at
varying levels of dryness ensgghe chamberThis isto provide controlledchamber
environmentfrom fully-dry to fully-wet conditions.The conditons for the friction
experiments and humidity conditions are as described in Chaptéiricion
coefficient and vwear measurements of worn plate samples frosetk&periments are

to elucidate the antiwear behaviour afréite additives in dry amnd moisurerich

atmospheres.

5.2 Friction and wear results due tochanges in concentration

The tribological results of variable additive concentration at°@O0Bulk oil
temperature as described in section 3.43 and section 3.44 are shogurab-1 (a).

In addition, the iluence ofbase oil on thentiwear performance of oddditives
containing oilson both plates and pins are includedrigure5-1 (b). The friction
coefficient results indicated thdt the baate additives gave lower friction coefficient
than ZDDP at0.5 wt. % as shown iRigure5-1 (a).
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Figure 5-1 Average tibological results of different additigeand concentrations at
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At 1.0 wt. %, this switched complégeand ZDDP gave the lowest friction coefficient
values. However, ZDDP is well known to give relatively higher friction coefficient
values due to the pdike structure of its tribofilms. At the highest concentration of
2.5 wt. %, only BTE gave higher ¢tion coefficient values than ZDDP.

An investigation of the friction coefficient performancetiabofiims formed by oils
containing KBE additivat 3.5 wt. %concentrationn neutral base oil showed friction
coefficient values of 0.03%157]. The lower friction coefficient obtainedin the
literature could be attributed to the higheoncentrationof KBE additive used
compared to that udein this research. Howeveincreased friction coefficient
perfomance of KBE with increasing additive concentration vedsibuted to

KBE-nanoparticles not being sufficieeboughwithin thefriction zone[129, 157].

In addition, friction coefficient performance of AB&as in the range of 0.1 to 0.12.
Thiswas observed to be congist with results from similar studies in the literature
[152 228. The friction mefficient trace with time at 1.0 and 2.5 wtc#ncentrations

of the all theadditive are shown ifrigure5-2 (a) and (b) respectively.he friction
trace results shown iRigure 5-2, indicated that dung the first 1 hr, of tribofilm
formation, oils containing ABE and KBE gave lower friction coefficient than BTE. A
similar friction coefficient behaviour of BTE tribofilms @t5 wt. % concentration
was obtainedas shownin Figure 5-2 (b). This could be related to the quicker
formation of certain lubricious bon compound oMABE and KBEtribofilms than
BTE.

However, high friction coefficient was not observed on BTE tribofilms within the first
one hour of the friction test, but wasmparable to that provided by ABE and KBE

at 0.5 wt. % concentratiaas shown irFigure5-2 (a). The high and unsteady friction
coefficient behaviour of BTE during the runniimgperiod could considerably affect

its antiwear pdormance at 1.0 and 2.5 wt. % additive concentrafldis is unlike

KBE tribofilms where significant friction coefficient reduction occurred. Hence, the
friction coefficient performance of the borate additives could be related to the
formation and alignma of platelike crystallites of certain low shear strength boron
compounds along the sliding direction on the wear tracks of worn steel samples
[27,222 271]].
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However, results shown iRigure5-2 (a) and (b) suggests that boric acid formation
rate on tribofilms formed by synthetic borate additives (ABE and KBE) are different
to that on nofrsynthetic borates ester (BTHesults fromFigure5-2 indicated that
thisoccurred ortribofilms formed by BTE when the additive concentration was raised
above 0.5wt. %.

The antiwear performance of nsgnthetic borate additives (BTE) on the plates
distinctly different fromthat of other additives as shown kigure 5-1 (b). The
antiwear performance of BTE tribofilms on the plates was very. gdigher wear
rateswith increasing concentratioof BTE additive occurredHowever, wear rate

results of BTE on the pins gave comparable performanciaéo additives.

The poor antiwear pesfmance by BTE tribofilms on worn stqahtes compared to
wear rates of the pins could be related to different tribochemistry of the reacted layers
on both surfacesThis antiwear performance of ABE tribofilms in mgarison to
ZDDP on the plates and pins are similar to antiwear performance results from previous
studieq 119 169, 272 on hydrolytically stable borate additives

However,tribofilms on samples lubricated by KBfontaining oil was observed to
give comparable plate wear performarioeABE tribofilms at all concentrations

except at 1.0wt. %. This could be due ttemperature under wth the test was
performed orchemistry of the tribofilmawvhich could not providethe necessary

antiwear protection.

5.3 Effect of temperature and wear process

The fricion coefficient performance o$ynthetic borates and ZDDP tribofilms for a
range oftemperature and wear processdescribed in section 3.43 and section 3.44
areshown inFigure5-3 (a)and (b).The results shown iRigure5-3 (a) indicated that
friction coefficient performance by tribofilms from ABE and ZD{gBntaining oils
are not too different from one anoth&r3(3 %) at 19C when the sliding distance was
doubled from 3 hto 6 h). However, the friction coeffiam increased when the sliding
time was double on tribofilms formed by oils containing KBE additives 4 b@ilk

oil temperatureoseto about 13.0 %.
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In addition, tribofilms formed by each of the additives in basgaike significantly
higher friction coefficient when the sliding process was changed from 3h to 3r3; ABE
(20%), KBE (13.0 %) and ZDDP (20%). This behaviour could partly be attributed to
the effect of PAO or partly due to the effect of certain abrasive asode that
adversely affects friction reduction. At ®D bulk oil test temperature, the friction
coefficient results was higher than at°@9 In addition, there was no significant
changes in friction coefficient when the sliding distance was doubled @rbrto

6 h) on tribofilms formed by oils containing KBE 2.0 %) and ZDDP (6.0 %); but
was considerably higher for ABE (24.0 %). However, when the sliding process was
changed from 3 hr to 3r3 at ®D), there was no significant increase in the friction
codficient performance of tribofilms from oils containing ABE and KBE additives.

On the other hand, ZDDP tribofilms gave considerable increase in friction coefficient
performance at 8€C when thesliding process was changed to 8@npared to 3 h

tests A similar friction coefficient response increase was observed from ZDDP
tribofilms at different temperaturd®1, 89]. The friction coefficient behaviour of
tribofilms formed by ABE and KBE increased at 30@vhen the sliding process was
doublad (from 3 hto 6 h), unlike that of ZDDP that remained unaffected by this
increase. A similar situation occurred when the sliding process was changed to 3r3 at
10C°C. This is an indication that friction coefficient of ZDDP tribofilms is not

significantly dfected by sliding process at thest temperature of 100.

At 135°C triboteststemperature, the friction coefficient performance of tribofilms
from all the antiwear additives increased when the sliding distance was increased from
3 hto 6 h. However, wimethe sliding process was chandexn 3 hrto 3r3, tribofilms
formed by the borates gave reduction in friction coeffigi&BE (11.0 %) and KBE
(23%). On the other hand, ZDDP tribofilm gave increased friction coefficient
(57.0 %)at 1H°C tribotesttemperature This is an indication that durability of borate
tribofilms in terms of friction coefficient is better than ZDDP at A3%ribological
test temperaturedence, the different friction coefficient results from the antiwear
films subjected to differdrtemperatures and sliding distance coulddated tothe
chemistry oftheir formation. Thesappears to depend on temgueire andhe sliding
processas previously observed in the literature for ZDDP tribofit, 47, 48].

The wear coefficient resudtshown inFigure5-3 (b) indicated hat all the antiwear
additives gave higher wear rates with increasing temperature. Howeartates of

tribofilms from borate tribofilmncreased up to 100 temperature before decreasing
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at 135C to wear rate valudbat issimilar tothatone obtaineat 19°C. Thiscould be

related to the physical and chemical nature of their tribofilms.

This bénaviour was quite different timat of ZDDPtribofilm which gave decreasing
antiwear performance that was consistent with results from similar stusiypbya

et al.[2]]. At 100°C tribotests temperature, the bommntaining tribofilms both gave
higher antivear performance irrespective of the sliding distance. This behaviour could
be related to the chemistry of the reacted layers at this temper&wrehe
boratecontaining tribofilms, there were no significant changes in their antiwear
performance when éhsliding distance was doubled; unlike the antiwear performance
of ZDDP antiwear films that variesith temperature and sliding distance. However,
the antiwear behaviour ofobatebased tribofilms at 3 hr and 6 hest durations
appeared to be sensitiveteamperature rather than sliding process.

Durability performance in terms of wear rates during3it#test conditions as shown

in Figure5-3 (b) indicated that boratbased tribofilng are more durable than ZDDP
at 19C. As tempeatureincreasesto 13%3C, ZDDP tribofilms gave better durability
performance than ABEand KBE-based tribofilms within thigest temperatures;
except at 13%, where KBEbased tribofilms gave comparable antiwear performance
to ZDDP.

In addition,durability of the borate tribofilms at 100 was very poor when compared

to ZDDP. This could be related to changes in the physical and chemical structure of
the borates at this terapature. A tribological study dforoncontaining oil at 100C

had observedveaknesse in the wear resistangaotential of the borates at this
temperaturg¢273. The result from this study coultk used t@lucidate the influence

of boratesand ZDDP in geaand lubricsing engine oilsas described by Kim et.al

[81] and Komvopoulos et al82] respectivelyBased on the results from this spud
ZDDP in fully formulated oilscontaining borategplays a major role in providing
better antiwear protection and durability than the borate additives ¥€.100 the

other hand, antiwear performance and durability at ambient temperature and boundary
lubrication regime couldhave beerenhanced byorates in lubricating oils oiC

enginegduring coldstarting operations
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5.4 Effect of water-based contaminants onrfction and wear

The average friction and wear performance of all the antiwear additives under the
influence of dissolved and free watege shownn Figure5-4 (a) and (b) respectively.

In Figure5-4 (a), friction reduction by ABE and KB{€ontaining tribofilms when the
relative humidity (RH) was varieldetween 5 and 95% RH indicated that both borate
tribofilms gave friction coefficient performance that was lower th@ofilms formed
without free- or added-water. Howeverfriction coefficient performance of ZDDP
tribofilms was not significantly different tibs friction response without added water.
This frictional behaviour of ZDDP tribofilms with water contamination was similar

to thatobsewvedin theworks of Cen et a[83].

The performance of borate tribafis between 65 % and 95 % RH suggests an
interaction with moisture to form certain borate compounds with low shear strength
and lubricious tribolayer. The decreasing coefficient of friction trends are similar to
that from boron permeated surfa¢éd5, 184]. The literatures studies in Chapter 2
had shown that friction reduction performance of borate additives is due to the
formation of certain low shear strength boron compounds within ittefr zone.
Friction results shown ifigure5-4 (b) indicated that changes in free water content
in oils containing ABE was lower than KBE and ZDDP up to 1.5 wt. % before

drastically increasing by about 28 %.

In addition, ZDDP fiction response at different added water concentrations was
observed to be comparable to KBBRsed tribofilms; except at 2.5 wt. % water
content. Literature studies in chapter 2, had attributed friction reduction performance
to the presence of low shearemgth magnetite film (R©4) and the protective oxide
film formed by oxygen could reduce metatmetal contact under boundary
lubrication[274, 275. The relatve antiwear performances of tribofilms from all the
additivescontaining oils and contaminated with freater will be assessed and
compared to the wear rates of tribofilms when there was neniagsr added to the

oil as shown inFigure 5-4 (b). The results indicated that tribofilms from all the
additives gave increased antiwear performances up to 1.0 wt. %vdtee in oil.
However, when the freater in the oil rose to 1.5 wt. %, the antiwear performance
of ABE-containing trilofilms reduced, unlike KBE and ZDDP.
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As the level ofree-water contamination afils containing the additives was increased

to 2.0 wt. %, the antiwear performance of ZDDP tribofilms was reduced, unlike the
enhancement provided ®ABE and KBE. These results are consistence with similar
work in the literatur@n the interaction of humidity with tribofilms from boron coated
systemg 145 184, 185. However, wear rates of ZDDBPased tribofilms at 0.5 wt. %

was observed to increase with increasing water content that was consistence with
increasing wear trends with respect to increasing\iraer content of the oil in the

work of Cen et al[83]. This is an indication that tribofilmf®rmed byoils containing

KBE additives contaminated I2/0 wt. %free water formed a more effective antiwear

film ABE and ZDDP.

5.5 Summary

Tribological test results areunmarized as follows:

1 At 0.5 wt. % additive concentration, tribofilms formed by oils containing
boron gave better tiological performance than ZDDP

1 The tribofilms formed 82.5 wt. % concentration kgynthetic borate additives
(ABE and KBE) gave comparabigbological performance to ZDDP, unlike
BTE that gave catastrophic wear rates

1 The tribofilms formed by ZDDRontaining oils had been shown in the
literature to be influenced by bulk oil test temperature and wear process. In
this study, borate tribofilms as also shown to be influenced not only by
temperature, but also by the sliding process

1 The durability of borate tribofilms in terms of friction coefficient performance
was found to be comparable to ZDDP at 19, 80 and’QQ®@ibotest
temperature, but weggnificantly better than ZDDP at 135

1 The antiwear performance of tribofilms from ZD&Bntaining oils was found
to increase with increasing temperature. This is unlike tribofilms from oils
containing boron additives that gave decreasing antiwear penicerat 80
and 100C. However, at 13% tribotest temperaturdribofiims from oils
containing ABE and ZDDP gave decreased antiwear performance

1 The durabilityof tribofilms from oils containing ABE and KBE in terms of

wear rates were observed to be battat ZDDP at 19C. However, tribofilms
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from oils containing ZDDRjave better durability thamoratecontaining oils
at 80 and 10®. In additon, enhancediurability in terms of wear rates was
provided bytribofilms from oils containing KBE compared to Z[Bat 135C

1 Tribological tests results indicatdkat in dry air, tribofilms formed by
ZDDP-based oils gave better antiwear parfance than oils containing borate
additives. However, lubrious boron compoundas formed on the borate
tribofilms that proviled better friction reduction than ZDD moisturerich
environment

1 Ashumidity of the surronding environment increasesjtiwear performances
of tribofilms formed by the borates increases, but that of ZDDP decreases.
Thisresult confirmed thearlierresults from the literature thdtssolved water
contaminatiordid not enhancthe antiwear functions of tribofilms formed by
ZDDP, unlike those formed by oils containing synthetic borate additives

1 Tribological test results on the effects of free water gomtation on the
antiwear functions of borate tribofilms indicated a positive synergy. This is
unlike tribofilms formed by oils containing ZDDP additives that gave adverse
antiwear performance when the fn@ateradded into the oiexceedsabout

1.5 wt. % oncentration.

In order tofully understand the tribochemisttizat tookplace at variable; additive
concentrationfemperature and sliding time/procesgjucedtribo-oxidation due to
humidity and freewvater in the oil, further surface characterizatioring tribofilms

are necessarylhe results of physical and chemical characterization of tribofilms
formed under variable test conditions are preseintsdbsequent chaptemiBhysical
characterization of tribofilms is to provide answers on lebanges in rphology,
thickness and hardness of the tribofilms affibelr tribological behaviourOn the
other hand, chemical analysis of the borate tribofilms walilicidate on howthe
friction reducingand antiwear mechanisms of borate tribofilms are influenged b

differentextrinsictest conditions.
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Chapter 6

Results of Tribofilm Physical Characterization

6.1 Introduction

In this chapter, the physical natuoé tribofilms generated from tribological tests
resultswere presented from the preceding chapter are assessgdarsous surface
analytical techniques described in chapter Bar@cterization of tribofilmsare
necessary in order to understand fehanges in the physical nature of the tribofilms
affects tribological performance. These physical parameters(a@yeariation in
thicknesses of different tribolayer from one additive type to the other,
(b) changes irtribofilm morphology with additive concentration, temperature and
sliding time/process, andater contaminatign(c) changes in th@anomechanical
respone of tribofiimsformedat, (a) different caoncentrations of additives wils, and

(b) temperature and slidirtgne/process

6.2 FIB-SEM experiment results

Figure 6-1 shows thehigh magnificationfocused ion beam argkcondary electron
(FIB-SEM) images ofthe tribofilm crosssecton formed by oils containing BTE
additives at 1.0 wt% concentrationn PAO, 100C test temperature ar@lhr test
duration aslescribed inChapter 3.The cross section 06EM imageof the milled
tribofilm atx 1000 magnification is shown Figure6-1 (a). In order to determine the
thickness of the tribofilms, SEM image of the trench aelbjlerelative to the surface
and x 15000 magnification shown in Figure 6-1 (b). The difference between
contrasting layerdue to electron densities of different materalstaken as tribofilm
film thicknessat four points on the milled sectiohhis same technique was used in
estimatingtribofilm thickness from oils containing ABE, KBE and ZDDP. The
thicknesses of the antiwear films were averaged along the cut as observed in the
literature[188 276. The summary ofFIB-SEM results for tribofilm thicknesses of
all the antiwear additives arghown inTable 6-1. Figure 6-1 (b) indicates that
built-up tribofilms are heterogeneobssed on diffeent thickness results measured

along the milled sections as showrFigure6-1(a) to (d).Similar heterogeneity was
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observed on tribofilms containing other additiv@ssults from samples lubricated by

ZDDP-contaning oils gave tribofilm average thickness of abé8thm.

[ —

Tribofilm e
o

227 nm 338nm
Substrate

(b)

Figure 6-1 FIB-SEM imageof the trench at 34angle relative to the surfaamn
tribofilm milled onthe wear scaof steel plate saple lubricated by oil containing 1
wt.% concentration oBTE additives at 10 and6 hrs test duration df) milled
section at x 1000 magnificatiof) milled section at x 15000 magnification
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Results shown iffable6-1 indicates that the thickness bbratecontaining tribofilms
vary from about 66 nm to about 230 nirhis is in good agreeemt with literature
studies whiclestimated brate tribofilms thicknestm the range 0100 nm to 200 nm
[10, 80, 117]. Tribofilms from BTE gave the highest film thickness, but withogpo
artiwear performance as shown iection 5.2 ofchapter 5The results of tribofilms
thickness of the small section ¢ime wear trackss shown irFigure6-1 and Table

6-1 may not represent their thicknesses across the entire subiacegave an
indication of their variabilityand heterogetiy. This is due to ta likely differences
betweerthicknesses of thermal films formed outside the friction zone and tribofilms

formed to protect the contacting asperities.

Table 6-1 FIB-SEM tribofilm thickness of worn samples lubricated by 1.0 wt. %

additive concentrations at 1Wtribotest temperature

Additive | Tribofilm thickness at different points Average
Type on milled sactions(nm) tribofilm
1 5 3 2 thickness (nm)
ABE 45 55 55 111 66 + 26
KBE 57 96 102 128 96+ 25
BTE 117 229 227 338 228 +78
ZDDP 55 106 66 86 78 £19

Unlike thicker BTE-based tribofilm thicknesghinner ABE-containing tribofilms
provided adequate wear protecticm sliding surfacesdespite its low tribofilm
thickness as shown inFigure 5-1 (b). This could be relted to the chemical
compositionof its wear resistant glassr its metanical propertiesHowever,
KBE-based tribofilms gavethicker films than ABE, but with poomntiwear
performancecompared to ABEat 1.0 wt. % additive concentration as shown in
Figure5-1 (b). Hence, results from this study g@gts that thick tribofilms do not
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necessarilyconfer better antiwear performee, but rathethe chemical nature of

reacted layeralso playsarole.

6.3 AFM topography results

An approach foradopton in this investigation is to use the AFM as described in
Chapter 3to obtain morphology image of the tribofilm&FM measurements were
acquired in two sizes. One is to have a qualitative assessment of the tribofilms image
over a larger area omorn plate sample surface over a scan aréaDof 50 um in

order to lave a better overview of the surface. The other approach is to have a
guantitative evaluation of a smallscarareaof 5 x 5 umin order toassess tribofilm

in terms of surface roughness and distance between dark and bright.regions

By measuring the swuate roughness and distance between dark and bright regions
(in form of image height sensoohn plate samplefor six AFM image scans of the
small areaa comparison of tribofilms morphology and thickness will be possible.
This is to provide a better ingiginto the morphology of tribofilms formed by
organoborate, metal borate dispersions and ZRDHMEifferent test conditionas
comprehensively described in chapter 3. These test conditionsasedle; additive
concentration, temperatyrgiding time ard process, humidity and fregater in olil

contamination.

The tribofilms formed by borateontaining oils on ferrous surfaces are known to
contain boric acid and boron oxide due to tiseif-replenishing andelf-lubrication
propertieg221]. On systems containing only these compounds, the morphology of
tribolayer formed was described as plbite crystallites[22(. However, on ferrous
surfaces, zinc borate containingsoivereshown to form small and patchy pieces of
tribofilms with irregular and stretchetiaped that was scattered over the worn surface
[153. The description of this morphology the studycould neither be linked to
borates in the oil or presence of zinc.

In addiion, the morphology of tribofilms formed by organoborate in oils could be
significantly different to metal borate dispersions. Hence, it is necessary to investigate
how borates irthe oil affect tribofilm morphology compared to ZDDP at different
concentrabns, water contaminationtemperaturg sliding distance and sliding

process
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6.3.1 AFM results for varying additive concentrations

The AFM morphologyat 50 x 50um? of tribofilms formedon worn platéoy different
antiwear additives at 1.0 wt. % concentrationthe base oilat 100°C tribotest
temperaturare showrfigure6-2 (a) to (d) This was particularly considerecsed
on the tribological test results in section 5 which indicatesttitetfilms containing
KBE ard BTE gave por antiwear performance at 1test temperatureompared
to ABE and ZDDPcontaining tribofilms.

Imagesshown inFigure 6-2 are assumed teepresenthe entireworn surface.The
morphologies oABE and ZDDP as shown iRigure6-2 (a) and (d) appears to form
smoother surfaces than KBE and BTE as showiigaore6-2 (b) and (c).

208.7 nm 524.8nm

291.1 nm 137.6 nm

Figure6-2 Representative AFM imagetsix points orthetribofilms formed at 108C
tribotesttemperaturéor 6 hr duratiorand1.0 wt. %additive concentratioaver
a 50 x 5Qum area; (a) ABE, (b) KBE, (c) BT&nd (d) ZDDP
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Tribofilms formed by the organoborate (ABE and BTE) are similar toathaDDP,

but different to metal borate nanoparticle dispersion. The white regions on AFM
morphology of ZDDP tribofilms have been described in the literature to represent the
top of the triboilm that consisted of polyphosphates and dark regions represent the
unreacted layers of additij&9, 49, 111]. This could alsde a physical mixture of
boron oxide and iron oxide as described in the liter4fiird. The whitish appearance

on borate tribofilms was describen the literaturg40] as boric acid crystallites

formed when boron oxide interacts with moisture of the surroundings.

1.0 ym 1.0 ym

() (b)

\ 180.7 nm \ 134.0 nm

1.0 um 1.0 um

(©) (d)

Figure 6-3 RepresentativdFM images atpoints onthe tribofilms formed at 100C
for 6 hr test duratiorevolution of antiwear additivesat 0.5 wt. %additive
concentratiorand 100C; (a) ABE, (b) KBE, (c) BTEand (d)ZDDP
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Figure 6-3 (a) to (d) shows the topographic image of the tribofilms formed at
0.5 wt. % concentration by all the additives over an area of{Ew5The morphology

of BTE-containingtribofilms imagesformed by at 0.5 wt. % additive was shown in
order toelucidate on its physical characteristics that provided better tribological
performance than tribofilms formed at 1.0 and &t5%. A quantitative assessment

of tribofilms formed at different concentrations in terms of surface roughness and
distance betweernpeaks (bright reigns) and valleydark regionspn tribofilmsfor
ABE, KBE and ZDDP are presentgdFigure6-4 (a)and (b) The image heght sensor

is the verticadistance between the bright and deelgions on the imag&hese were
deduced from the morphology of images formed over Sumbscan area owear
tracks of worn samples at different additive concentratibhs. distances araulger

on BTEbased tribofilms compared to those from other additives at all concentrations.
Hence, these results supported the-BEBM tribofilm thickness measurements in
section 6.2, where tribofilmormed by BTE wereshown to have the highest film

thickness.

At low concentration; up to 1.0 wt.%, the buig of KBE-containing tribofilms was
observed to contain some nanddes that was estimatearound 100 nm size
[129 157]. The thicker tribofilms formedy BTE overother additives does not
translate to better amtear performance. In order to further elucidate on how thick
tribofilms formed by BTE additives at 1.0 and 2.5 wt. % concentration in tharel

a combination ofmage height sensor results and surface roughness chasditteriz
of tribofilm morphology are shown inFigure 6-2 (a) and (b). Results of surface
roughness with increasirgglditive concentration indicatéisat significant variations
did not occur on ABE and ZDDP, but did occur on BTE and KBE.
Figure 6-2 indicated that tribofilms formed by oils containing BTE at 1.0 wt. %
concentration is @t only thick, but also roughThe changes on BTE tribofilms at
2.5 wt. % are observed to be higher than those from PBiaied steel samples. On
the other hand, the thicknesktribofilms formed by KBE at all concentration were
comparable, bthigher surface roughneas 1.0 wt. % than at 0.5 resulted into higher
wear rates as shown kgure5-1 (b). In addition, high tribofilm thickness formed at
1.0 and 2.5 wt. % additive concentratiohBTE additive, both gavpoor antiwear
performanced-However, the wear rates of BTE at 1.0 and 2.5 wt. % concentration in
the oil is very highcompared to PAO as shown kiigure5-1 (b). The image height
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sensor appeared to provide results that did not agree with wear and surfacessugh
trends in this instarfigure6-4 (a) and (b). Hence, tribofilm thickness measurement
using FIB/SEM method appear to be more reliable than AFM technique. However,
when the concentration of KBE was increased to 2.5 wt. %, the resulting surface

roughness and wear rates was comgarabABE and ZDDP tribofilms, unlike BTE.
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Figure6-4 Average AFMmorphologycharacterizaon of tribofilms formed at 108C
from variable concentrationdribotestsfor 6 hr durationat, (a) image height
sensof (b) surface roughnesghe error bar indicates the standard deviation of

six points on the tribofilm
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This suggests that inased concentration of KBE rase oil could affect its tsofilm
morphology to giveeomparable antiwear perfoemce to ABE and ZDDP as shown
in Figure5-1 (b), and as obtained in the literat(it9, 157).

6.3.2 AFM images for a range of temperatures and test durations

Figure6-5 (a) to (c)represent changes in morpbgy of tribofilms formed by all the
additivecontaining oils at 1% and sliding distances except for BTEhis was
excluded because of its poor thermadative stability performance and antiwear

performance as shown in Chapter 4 and Chapter 5 respgctive

The choice of images from 4@ tribotest was considered duemosttribological test
resultsat room temperaturesdicated that tribofilms formed by borates at this
temperature gave enhanced antiwear performance and durability compared to ZDDP
[152 153 277]. In addition, boron oxide is known to reaspontaneouslywith
moisture of the surrounding environment to form boric §tk#, 220, which was

also confirmed byhis study insection 4.2.5. Hence, it will be interestitgypresent

the morphology of boratéilms formed under tribexidative condition due to
frictional flash temperatureThe images of morphologies of tribofiims from all the

additives at 19C are sbwn inFigure6-5.

Theseimages indicated that morphology of all ttndbofilms formed aredifferent.
Tribolayer formed by ZDDP appeared to form thin and rough patches stretched along
the sliding directions. Howey, the tribolayer formed by ABE appeared to not only

be thicker, but also was smoother than KBE and ZDDie. AFM results as shown

in Figure6-5 (a) and (b) suggests differences in morphology of tribofilms between
both organoborate additives and metal borate dispersions. A summary of the average
peak to valley heights are shownkigure6-6 (a). In addition, the average surface
roughness of the 5 x 5 umz2 at different spmghe tribofilms is shown iRigure6-6

(b). The reacted layers formed by KBE have patchy and irregularly shaped tribofilms
protecting the asperities. AFM morphology results of borate tribofilms suggest that
different borates as additives in lubricating oils have different morphology response
to concentration changes in oils. In this case, quantitative analysis of these tribofilms

will provide a better understanding of these changes. Representative average peak to
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valleys heights of antiwear films from all the additives at different temperature and

sliding time are shown iRigure6-6 (a).
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Figure6-5 RepresentativAFM imagesat six points on th&ibofilms formedat 19C
tribotest temperature ardd0 wt. %additive concentration in the dor 3 hr test
durationsover a 50 x 50 péarea; (a) ABE(b) KBE and (¢ ZDDP
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Height differences between thdite and dark regions on ZDDP tribofilms between
3 hr and 6 hr are in agreement with the film thickness under similar condition for
secondary ZDDFn the literaturdg91, 92].
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Figure6-6 ChangeAFM topographycharacterization at six poings thetribofilms
at different temperatures amtiding time and temperaturéa) image height
sensor, (b) surface roughneske variability of the measurements are indicated

by the error bies associated with the average of repeated values
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The thicknes®or image heighof ZDDP tribofilms is believed to result from rapid
formation of a reaction product that promotes film remoj@il, 92). Hence the
thicknes=of the tribofilmsformed by oils containing ZDDP were observed to depend
on temperatureand slidingdistance At lower temperaturege.g.19, 80 and 10T),

the height differences between the white and dark regiodsB&nbased tribolayer
followed similar trend as tharom ZDDP; increased temperature and sliding rates
resulted into increasetibofilm thickness On the other hand, significant change in
height difference between white and darioas on KBE tribofilmsoccurredonly at

80°C; when the slidingime was doubled

Figure 6-6 (b) shows that no significant changesni surface roughnessccurred
between 3and 6 hr on ABE tribofilms at all temperaturéRwever,the significant
changeshatoccurred in surface roughness<k@BE tribofilms between 3and 6 hwas
mainly at 100C. Similar changs in surface roughnessas also observeoh ZDDP
tribofilms at 135C. Hence, he roughnessf borate tribofilmsappears to be more
stable than ZDDRt 135C tribotests temperatutbat couldoe attributedo different
chemistry of the reacted layers.

6.3.3 AFM Image of pre-formed tribofilm after 3r3 tests

In these tests, the morphology of tribofilms formed duthedurability experiment

at different temperatures weassessed using the AFM. HBeeare tribofilms formed

by additivecontaining oils for 3 hrs test durat®rand briefly stoppedvithout
disturbing the preformed tribofilm to allow for the replacement of the oil with PAO
only for another 3 hr testdn this way, changes in the morphojogf preformed
tribofilms can be assessed and linked to tribological performances shown in
Figure 5-3. The morphaobgy of preformed tribofilms forall tribofiims from the
additives after lubrication with PAO at 1®5shown inFigure6-7 (a-f) revealed how

the stabilities of thestribofilms are affected by sliding process. In this instance, there
are more white regions on preformed antiwear films of ABE and ZDDP than KBE at
the end oBr3tests This is an indication that under these test conditimosereacted
layersareformed on preformed tribofilms of ABE and ZDDP than KBE due to the

effect of added base oil.
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Figure6-7 Representative siopographidmages ab x 5um size ontribofilms
formedat 13%C and different sliding proces&) ABE (3hrs), (b) ABE (3r3),
(c) KBE (3hr), (d) KBE (3r3), (e) ZDDP (3hr) and (f) ZDDP 33r
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In addition, adsorption mechanisms of ABE and ZDDP tribofilms compared to the
adhesion and electrophoresis mechanisms of nanoparticle metal borate$Z68BE)

could have played a role in this morpholdzghaviour.
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Figure6-8 Average éects of temperature and sliding processAétM morphology
parameteron tribofilms formed by the antiwear additivega) image height
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average of six experimental points on the tribofilms
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The effect of PAO on preformed KBE resulted in tribofilm builal with less visible
nanoparticles potassium borates as showrignre6-7 (c) and (d). At 3 hr sliding
process, antiwear films formed by ABE had less dotted spots on the surface than at
3r3 tests Figure 6-8 shows the effects of PAO on preformed tribog at different
sliding process based on image heidtesults indicated that distances between the
white and dark regions on pfermed ZDDP and ABE tribofilms were not greatly
affected by PAO at all temperatures, except aP@Q@hd 135C respectivelyOn the
other hangdheight difference between the white and dark regions efopmeed KBE
tribofilms was greatly affected at all temperature duthéoeffect of added PAQOIN
addition, danges in the surface roughness of preformed tribofilms at different
temperatures are shownkigure6-8 (b). The surface roughness of gegmed ZDDP

and KBE tribofilms were greatly affected at 80 and°@by PAO addition.

On the other hand, the surface roughness of preform@B &ibofilms was
significantly affected at 13&. This is an indication that surface roughness of
differert borate tribofilms are considerakdyfected between 80 and 135. This is

unlike ZDDPat 135°C which was not significantly affectedhe errors o surface
roughness measurements appeared to be higher than image height sensor reading.
Hence, comiming the two parameters enabt®rphology assessnt of tribofilms to
bequalitatively andjuantitativelyanalysedn order tdink their effectdo tribological

performance.
6.3.4 AFM morphology changes due to humidity contamination

Representative AFM topographic imagef wear scars of worn sargs from
dissolved water arshown inFigure6-9. AFM results inFigure6-9 (a), (b) and (c)
indicate thatn dry air, there armore tribofilmpatcheon ZDDP tharABE and KBE
This is an indication that chemical reactions due to tribological presesslving
borate containing t8 in dy air was les than ZDDPas there are mamggions of
unreacted surface exposed for AFM detection. Howdvigure6-10 (d), (e) and (f)
shows thain moistue-rich environmentsthere are less dark patches oe borate
tribofilms than in dryair. Thisindicates that more chemical reactions took place

moisturerich environmenthan in dry air.
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The average changes in heights of AFM topographic images of tribofilms from oils
lubricated by ABE, KBE and ZDDP dung dissolved water contamination for all
relative humidity conditions are showigure6-10 (a) and (b).

i

1.0 yum 1.0 ym

(e) ®

Figure 6-9 Representative BM morplology of six points ontribofilms formed at
extremerelativehumidity conditions (a) ABE-5%, (b) ABE-95%, (c) KBE-5%,
(d) KBE-95%, (e) ZDDP5%, and (f) ZDDP95%
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In this instant, banges in morphology of tribofilms for all the atilekts took place
within the range of humidityestconditions under which the test was carried out as
described in chapter 3. Figure6-10 (a), there was no significant difference on the
image height sensor of ABtribofilms with increasing humidity, unlike KBE that was
significantly affected.
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Figure 6-10 Average AFM parameters ofmages ontribofilms from six different
points formed bydditives atlifferent levels of dissolved water contaminations
on the wear scars; (a) peak to valley heights and (b) surface rougbrress
bars represents the standard deviation of the average of six data points on the
tribofilms
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However, height differences beten white and dark regions on tribofilms formed by
ZDDP are greatly affected in dry air and moisttioch environments. AFM surface
roughness results shownHRigure6-10 (b) of the tribofilms formed by all the anear
additives at dferent humidity level indicatedecreasig roughnessvith increasing
humidity. The lowest height sensor and surface roughness was given by KBE
tribofilms at 65 % RH. Results of decreasing surface roughness with increasing
humidity from this study are consistent with results from similar studies in the
literature which attributed this behaviour to tribochemical surface polishing
[184, 185. Previous studies on the morphology of tribofilms containing borates was
shown to consist certain boron compounds with giagecrystallites of boric acid
[27,138 27§.

The morphology bborate tribofilm formed offerrous substrate in this study revealed
how reacted layers change with dissolved watetaznmation, but did not identify
any platelike crystallites of boric acid. This is an indication that some ratieeon
compounds that consisisotherpolyboratecould be present on these tribofilms apart
from boric acidSome oftheresults on roughnessuld be due to thiatrinsic nature

of thetribofilm, representing the cheaail reactivity. However, it could aldme due
toworn tip effecs during thescan. The tip was changed evarp samplesiue to the
time and work load If the tip was worn, theoughnas can be less than what

presented on the graphs
6.3.5 Nanoindentation results for varying concentration tests

The nanoindentation results of tribofilms lubricated by different additives and
concentrations are shown kigure 6-11. In this test, hardness measurement were
carried out to elucidate on therdness oborate tribofilmsin comparison to the
ferrous substrate as suggested by Kreuz eflal7] or not as invesgated by
Zhao et al[153. In this depthsensing nanoindentaion test resulBE tribofilms
gave the lowest average hardness re$udta about 100 indentsn a flat section of

the central part of the wear scars. Bvwerage hardness valfge KBE tribofilms was

2.9 + 0.17 GPa. Micrindentation test of tribofilms formed bynz borate ultreine
powderyielded hardness values of 5.8.8 GPa that was lower than the ferrous
substratg153. The average hardness toibofilms formed by oils withABE and
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ZDDP additives at 1.0 wt. % concentratioere 6.74 + 0.8 GPa add29 + 0.3 GPa
respectivelyPrevious nanoindentation experiments on ZDDP wear scar had yielded
hardness values 0.7 GPa and 3.6 GRA7, 279, while hardness results for amine
phosphate wear scar that was similar to amine borate gave wear resistance results of
6.0 GPa[280. The nanohardness response of A&ttl KBE tribofiims are not
significantly differentat different concentratian unlikeBTE that was considerably

different at all concentration.
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Figure 6-11 Average lardnessof tribofims formed at 1.0 wt. % additive
concentration, 6 hr test duration and AD@ribotest temperature amorn plate
samples lubricated bglifferent additives and plain steel samples before the
tribological experimentsError bars represents the standard deviations of the

average of 580 data points on the tribofilms

On the other handKBE-containing tribofilms gave hardness results thate a
comparable to ZDDP as shownkigure6-11. This could be an indication that KBE
tribofilms possess a certain degree of plastic flow which was able to accommodate
frictional energy through easily sheared layers formed betwkencontacting

asperities by the nanopatrticles as suggested in the litefagije
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6.3.6 Nanoindentation for a range of temperaturesand time

The results of hardness and reduced elastic modulus of wear scars of worn samples at
varying bulk oil temperatures and sliding distances are showigure6-12 (a) and
(b) respectively
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Figure6-12 Average mnomechanical properties wibofilms by different additives
at different temperatureand sliding distange(a) hardness and (b) reduced
elastic modulusError bars eépresents the standard deviations of the average of
50-80 data points on the tribofilms
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At 3 hr sliding durations, the hardness of tribofilms from all the antiwear additives
used in this study decreased with increasing temperature as sheigore6-12 (a).
However, therewere no significant changein reduced elastic modulus with
temperature, except for ZDDRhich occurred betwee8&C to 135C duringthe

3 hr test duration as shown kigure6-12 (b). When the test duration was doubled,
changes in hardness with temperature occurred more for KBE and ABEGtthah
ZDDP tribofilms as indicated iRigure6-12 (a).

In addition, variion in temperature affectededuced elastic modulus of KBE more
than ABE and ZDDP as shown iRigure 6-12 (b). This is an indication that
mechanical properties of ABE tribofilms are different to that of KBE irrespective of
test temperature. However, the mechanical properties of tribofilms containing KBE
are not only affected by temperature, but also the sliding distance.

In addition, the elastic modulus and hardness of ZidBMaining tribofilms was
found to decrease with irgasng temperature at the end ®fhr tests. This is an
indication that decreased nanomechanical propetigBDP tribofiimsoccured due

to increased tribotesémperature. This behaviour was attributethesusceptibility

of certainantiwear filmsto plastic flow or asacrificial behaviour of the tribolayan

place of harder underlying substrg2&1, 287.

The hardnessand elastic modulus of ABBased tribofilms wa highcompared to

KBE and ZDDP based tribofilms irrespective of changes in temperature and sliding
duration. This was typical of hardness results of tribofilms from amine phosphate in
the works of Komvopoulost al.[280. The minor differencgin hardness and elastic
modulus of ABEand ZDDPtribofilms formed diring the3 hr and 6 hr tests is an
indication that its tribofilms are moriickly formed than KBE

However, when the sliding duration was doubled, the bbased tribofilms became
harder at 13% than at 88C and 100C. At 19C, the hardass responseppeared
insignificantly influenced by increased sliding distance. This is an indication that
temperature and sliding process could affect not only tribofilm formation as
previously observed in the literati&l, 89, 93], but also hee considerable effect on
nanomechanical propertiedf tribofilms. The 50 to 80 datagnts out of 100
indentations madeised to obtain the average values and error bars are due to

eliminated data that are as a result of -pjie and pogns. Thesecan lead to
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underestimation of the true area of contact and overestimation of the hardokss res

if not eliminated.

6.4 Summary

Physical property characterization ofbwfilms formed by tribofiims formed by
borate antiwear adies indicates that they fortribofilms with average thicknesses
around 76225 nm. The buildup of borate tribofilms basedn AFM images are
greatly influenced by concentration, temperature, slidinge/forocess and water
contamination. AFM morphologies are all in agreement with sm&thgepieces of
polyborateantiwear filmswith irregular and stretched shapes scattered tbreeworn
surfaces[153. Results from this chapter waable to confirmthat changes in
temperature and wear processouldaffect the antiwear performance and durability
of tribofilms formed by oils containingDDP and borateadditives In addition,
changes irthe rardnessand elastic modulusf aribofilms formed by oils containing
alkali bordae nanoparticle dispersions is differémthat oforganic borateand ZDDP.

This could be relaté to differences in thehemistry oftheirreacted layers
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Chapter 7

Results of Tribofilms Chemical Characterization

7.1 Introduction

This chaptefocuseson the chemidébehaviourassessmermf boronrbasedribofilms
formed adifferent test conditionas described i€@hapter 3This is necessy in order
to elucidatehow the tribological behaviour of borate additivase affected by
extrinsic test conditionsAn investgation into the chemistry of tribofilnfermed by
oils containing alkali metadt differenttribotesttemperaturesould elucidate more on
their antiwear and durability behaviour. In addition, chemical analydisbofilms
from oils containing alkali mat could elucidate on whethéboric oxide anomalfy
[174, 283 284 have significant #ect on its durability.lt is well known that metal
oxide modifierat low concentration indudeansformation of boron coordination with
three oxygen atomstructural groupgBOs)2 in boron oxideto boron coordination
with four oxygen atoms (B£y [285, 286]. However, if the metal oxide modifier is an
alkali oxide, increased alkali oxide ratio to boron oxide beyond certain limit (16:84)
could lead to changes in maximum and mumm values of theglass physical

propertied172.Thi s i s t amn ommdribydr omomxi de anomal

The physical properties ajlass mek that could be affected are; viscosity, density,
thermal expansion, heat content and hardasstiscussed in Chaptef35]. Hence
chemicalanalysisin this studycould elucidate on how structural changes in borate
anionsaffects antiweaperformancedurability and hardness afibofilms contaning

ABE and KBE due to temperatuedfects. In addition, the chemistry dfibofilms
formed at differentribo-oxidative conditiondy borate additives could elucidate the
limits of passivation of ferrous substrate by built borate reacted layers. The XPS
and Rama spectroscopy as described inapter 3 are utilized to analyse tribofilms
from borate additives at different test conditions in order to provide a better
understanding of tribological results andypical surface analysis fromprevious

sectiondn this study
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7.2 Chemistry of tribofilms from variable concentrations tests

In this sectio, theresults of tribofilm chemistry as measured by XPS and Raman
spectroscopy are presented fabolayer derived from 6 hr tribotestat 100°C
tribotest temperature ardifferent corwentration ofadditives. XPS spectroscopy was
used to determine thguantity, state and species of elements and compounds on
tribofilms formed on the wear scar of worn plate samples. Raman spectroscopy was
utilized to identify the interactions of iron oxides ang-hydroxides with some other
Ramansensitive boron compoundsuch ashoric acid and boroxol groups in boron
oxide. In additon, the presence of othRamansensitive boron compounds such as
boron @rbide and boron nitride could be identified

7.2.1 XPS resultsof tribofilm species at varying concentration

Forinvestigatirg chemical reactions that took place during the tribological process, a
top layer quantification of the XPS spectra of O 1s, B 1s, C 1s, Re1%p and K 2p
peaksat three different spots was carried outtahofilms formed bythe boron
additives (ABE, KBE and BTE). This was used to detemmitheir elemental
compositions, where average values ah®wn in Figure 7-1 (a). The atomic
concentration of C 1s and O 1s spectra are presented separately as shown in
Figure 7-1(b) for clarity and scaling constraints when compared to the spectra of
B 1s, Fe 2p, K2p and N 1s.

Theamaunt and species of Bs peakson borate tribofilmgs of key interesin this
study On tribofilms famed by oils containing BTE additives at increasing additive
concentration, B 1peaks increasesignificantly compared to tribofilms containing
ABE and KBE However B 1s atomic concentration increasetribofilms formed by
BTE additiveat 1.0 and B wt % concentratiorwere respectively about 14 and 19
times higher than at 0.5 wt. % additive concentratidre low B 1s peaks on BTE
tribofilms at 0.5 wt. %compared to 1.0 and 2.5 wt. Slaggests a reason for bstter
antiwear performancéhis study obsrved thathigh atomic concentration B 1s on
BTE tribofilm as shown irrigure7-1(a) resultednto poorantiwear performanceat
1.0 and 2.5 wt. %eoncentrations of BTE in the oil as shownFigure 5-1 (b). In
addition, Figure 7-1 (a) shows thahigh B 1s atomic concentratiomn tribofilms

formed by KBE at 1.0 wt. % additive concentratioves about 7.&tm. % that was
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about twice as much as that formed & wt. % additive concentratiorin addition,

this was also about three times as much as that formed at 2.5 wt. % additive

concentration.
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However, this @l not result into better antiwear performance of tribofilms from oils
containing KBE additives at 1.0 wt % than at 0.5 wt. % concentration. Another
important observation iRigure7-1 (a)is KBE tribofilms thatgave thelowest atomic
concentration of B 1s and K 2p speotra KBE-containing tribofilmsat 2.5 wt. %
additive concentration compared@d wt. % and 1.0 wt. %. These are respectively,
2.5 and 2.3 atm. % which resulted into KBE tribofilms providing bedteiwear
protection that at 0.5 and 1.0 wt. %0n the other hand, changesXi®S atomic
concentration ofB 1s on tribofiims formed by ABE with increasing additive
concentration was not more than 5.8 atm. %. In addition changes in B 1s atomic
concentratio with increasingABE additive concentratiorin oil as shown in
Figure 7-1(a) was not significant compared to tribofilms formed by otherate
additives(KBE and BTE)

The XPS peaks of N 1s on ABE and KBE tribofilms at all cotegions gave noisy
signals; butwere detectable on tribofilms containiBYE, despié the absence of
nitrogen on itsmolecular structure. This is an indication that trdbodative
degradation of BTE could have promoted the interaction of either nit@g@aining
compounds or nitrogen in the air with other surface species such as carbon, hydrogen,
oxygen and bororieven though the concentration of nitrogen in the air is about 78 %,
there is not enough energy to break thBl [donds. Hence there is a higtobability

that nitrogen containing compounds are responsible for these interactions. Higher
nitrogen content at the surface of thin films are known to activate phase segregation

that could lead to increase in midnardnes$287).

This appeare to support the high tribofilm thickness of BTE as shownhaygier 6,

but was not the case with ABEased tribofilms. The highest level of Fe 2p was
obtained on thofilms from oils containing BTE at 0.5 wt. % concentrations when
compared to 1.0 and 2.5 wt. %. This could have interacted with certain borate glass
former for better antiwear performance at 0.5 wt. % compared to 1.0 and 2.5 wt. %
concentrationsThe XPSspectra of O 1en BTE tribofiimsshown inFigure7-1 (b)

were observed to be higher than ABE and K&Eall concentrationThis is an
indication that more oxygecontaining compoundwere formedon BTE tribofilms

than ABE and KBERepresentativiXPS long scanof major elements within wear
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scars of samples lubricated by BTBntaining oil at 2.5 wt. % are shown in
Figure7-2 (a) and (b)A summary of the XPS long scan rdswif B 1s and C 1s peaks
for tribofilms formed by ABE, KBE and BTHontaining oils at different additives
concentrations are shown kigure7-2 (a) and (b). The full width atalf maximum
(FWHM) used in thesanalysis for Bls and C 1s was taken at 1113 and 1.41.6

respectively.
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Figure 7-2 RepresentativeKPS peaksat three different spots on BTE tribofilms
formed by BTE at 2.5 wt. % additive concentratiand.00C and 6 hr sliding
time;(a) B 1s and (b) C 1s

Table 7-1 (a) shows position peaks foBls on the wear scars containing ABE at
1.0 wt. % and 2.5 wt.%oncentrations, whetgothtribofilms hasboron oxide in oil
with binding energy 091.7 eV 152 158 and BOs at aboutl92eV [288. This was
found to bedifferentwhen compared to tribofilmat 0.5 wt. %; whichhasB2O3 or
FeBOz at 192 eM 156, 19(. Hence, an increase inramentration of ABE leads tie
formation of boron oxide in oias shown in the literature studies in Chapter 2
[152 158. This couldhave played a significant role in the antiwear performance of
ABE-based tribofilmsHowever, the B 1s position peaks for KIB&sed tribolayer at
0.5and 1.0 wt. %gave @milar boron compounds in form &-O in boron oxide or
boric acid and BO3 [152 158. On the other hand, tribofilms from oils containing
BTE in the base oil af.5 wt. % concentration amainly composed of orthoboric
acid at 193.6 ey289.
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Table 7-1 XPS binding energies, atomic concentastiand chemical stat@ three

different spot®n the borate tribofilmrmedat different concentrationp(’C

tribotest temperaturand6 hr diding distance(a) B 1sand (b) C 1s

Additive Binding Energies (eV)/ Compounds or Bond Types

Type Molecular wt. %

0.5 wt. % 1.0wt 25wt. % | 0.5 wt. % 10wt. % | 25wt. %

ABE | 192.0/100.0 191.7/65.5| 191.8/63.0f B-O B20sin oil B20sin

oil
- 192.4/34.5| 192.5/37.0 - B-O B-O
KBE 192.0/64.3 | 192.0/59.7| 191.5/100| B»Osor B2Os or B>Osin
FeBG FeBG oil
192.7/35.7 | 192.7/40.3 - H3sBOs or H3BOs -
B2Os B20Os
BTE 193.6/100 | 191.3/96.3| 192.3/13.9| HsBOs B(OCi2H25)3 B-O
- 189.3/3.7 | 191.658.8 - O-FeB B20sin
oil
- - 190.9/25.0 - - BN
- - 189.6/2.3 - - O-FeB
(a)

ABE 284.6/77.7| 285.3/77.1| 285.3/84.6| C-H/C-C C-C c-C
286.0/12.4| 286.8/12.4| 287.0/9.0 C-O Ads. ABE | Ads. ABE
288.4/9.9 | 289.0/10.5| 288.4/6.4 C=0 Carbonates C=0

KBE 285.4B1.2 | 285.5/86.5| 284.8/89.6 C-C cC C-H/C-C
286.8/10.0| 287.6/8.3 | 286.4/7.6 | Ads. KBE| Ads. KBE C-O
288.8/8.7 | 289.1/5.2 | 288.2/2.8 C=0 Carbonates C=0

BTE 284.6/51.0| 282.9/3.9 | 282.7/2.1 C-H/ Carbides Carbides

C-C
285.8/24.3 | 284.6/77.8| 284.4/76.6 C-C C-H/IC-C C-H/C-C
286.9/10.9| 286.1/10.6| 286.0/11.1| Ads. BTE C-O C-O
288.2/9.0 | 287.6/4.8 | 287.4/5.1 C=0 Ads. BTE | Ads. BTE
289.4/4.8 | 288.7/2.9 | 288.6/5.1 | Carbonate C=0 C=0
(b)
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On the other hand, BFhBased tribofilms at 1.0 and 2.5 wt. % concentration has
trialkyl borate at 192.3 eY158], boron oxide in 0i[152 158, boron nitride (BN)

[158 290, 291] and nomrstoichiometric GFe-B at about 189.7 eY192 193. XPS
results of Cls peaksf borate tribofilms at different concentrations are summarized
in Table 7-1(b). The presence ofarbidesand BN on BTE tribofilms at.0 and

2.5 wt. % additive concentratiscould have made the antiwear perfamme poorer
than the 0.5 wt. %ribofilms as shwn in Chapterb. The results indicatabree najor
peaks of C 1en the tribofilms of ABE and KBE; {€/C-H (chemical state of carbon
chain of borate esters or adsorbed carbon) at 284.8 eV, adsorbed ABE2a&\287
and C=0 bonds a289.5 eV (carbonates) [31, H®B]. However, Cls peaks on
BTE-containing tribofilms gave more than three peaks that are indicative of higher
interaction of bororwith carbon compared tABE and KBEtribofilms. The C 1s
peals at 2827-282.9 eV is an indication of the presence of carbidés. The
presence of carbonyl groups (C=0) at about@288.9 eV[292 293 occurredon

all the wear scars of the borate additives except at 1.0 wt. % of ABE and KBE
tribofilms. Instead of the presence of carbonyl functional group on ABEK&td
tribofilms, carbonates were found at 28280.5 eV[158 294-296]. The presence of
carbonates on ABE arBE tribofilms could have contributed to its weasistant

behaviour as suggested in the litera{®@.

The antiwear performance of ABEased tribofilms was ngignificantlyaffected but
hasconsiderableffecton KBE. In addition, BTE tribofilms havearbonates on the
wear scar at 0.5 wt. % as supported in the literdtls§, but was not present at 1.0
and 2.5wt. % additive concentrationgsteadBN andcarbides were formed.he
presence of carbide on tribofilms formed by BTE is indicative ofots gorrosion
potential. This corrosive effect of BTE on ferrous surface could é&gvese carbides
formedwithin the microstructure of thierrous surface durinthe hardeningorocess
of plain carbon steelThis could have been responsible for fheor antiwear
performance of BTE &.0 and 2.5 wt. % compared @b wt. %. Thesummaries of
XPS peaks of O 1s, Fe 2p, alown inTable7-2 (a) and (b. The FWHM used in the
analysis of the peaks are respectively; 1.4, 2.5. The chemicpbcmais and bonding
states of O 1s peaksn tribofilms formed by ABEcontaining oils at different

concentratioras shown irFigure7-1 are simiar.
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However, increased molecular concentration €8 at 532.6 eM[158 191] and

B-O at 533.7 e\[19( were observed to rise as additive concentration of ABE in the
oil increases. The presence of eitheD@ or B-O appeared to be very important in
the antiwear performance of boratentaining tribofilmsin addition, O 1s peaks with
binding energy between 531.9 eV &18D.4 eV can be assigned to oxygen atoms in
the borate and iron oxides respectivgl®3. However, the absence of@ on
tribofilms derived from KBEcontaining oil atl.0 wt. % is an indication that a very
low amount of BO3z was formed that affected the formation of adequasar
resistance borate glass. This eventually resulted in increased wear rates as shown in
chapter 5. At additive concentrations of 1.0 ah& wt. %, tribofilms from
BTE-containing oilsalso gave lowconcentration of BOs at 1.3and 2.7atm. %
respectivly. This could have been responsible for therpantiwear performance of
BTE tribofilms at these concentratipanlike B-O bonds of about1.2atm % from

tribofilms formed by BTE at 0.5 wt. % additive concentration.

A summary ofFe 2p peaks for all theoratebased tribofilms formed at 0.5, 1.0 and
2.5 wt. % concentrati@areshown inTable7-2 (b). The result indicated that different
phases of iron oxides and iron eRydroxides were present within the borate
tri bofil ms. The®Os(baematite) hfdl el 196 197, FeOOH at
712.9 eV[198. However,the various phases of FeOOH gresent on all the nine
borate tribofilms, except fotwo tribolayer; one on ABE tribolayer at 2.5 wt. %
concentration and the other on BTE tribofilmd. & wt. %. The established antiwear
mechanism of borate tribofilm{458 did not consider the influence of FeOOH, but
took into consideration Eeonly. XPS peaks of Fe 2p shown in (b) indicated that the
presencd-eOOH in addition to E©3 within borate tribolayer played a role in their
antiwear performanceThe peaks of K 2p aR93.3 eV ontribofilms from oll
containing KBE af.5 wt. % and D wt. %can be attributed to K{corresponding
to O 1s peakat 530.3 ¥) [199 200. The presence of potassium oxide and awide
indicatesthe possible fusionf B2Os not only withthe abrasive iron oxidebut also
with KOz to forma two-phasedvear resistance borate giaystem. However, based
onantiwear performance results@hapter 5, the twgphased glass system formed by
KBE-based tribofilms at.0 wt. % did not result intbetter antiwear performance than
0.5 wt. % concentration of KBE.
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Table7-2 XPS binding energies, atomic concentration and chemical state at three

different spots on the borate tribofilms formed at different concentration’C 100

tribotest temperature and 6 hr sliding distance; (a) O 1s and (b) Fe 2p

Additive | Binding Energies (eV)/Molecular wt. ¢ Bond Types
Type 0.5 wt. % 1.0wt 25wt.% | 0.5wt.% | 1.0wt. % | 2.5 wt. %
ABE 530.4/43.2| 530.6/38.2| 530.5/36.5 FeOs FeOs FeOs
531.9/29.9| 531.7/33.5| 531.6/24.4| FeO-B FeO-B FeO-B
532.7/17.6| 532.5/16.9| 532.6/21.7| C-O-B C-O-B C-O-B
533.7/9.3 | 533.5/11.4| 533.7/17.4 B-O B-O B-O
KBE 530.5/37.3| 530.6/32.1| 530.0/56.7 | FeOs/KO: | F&0/KO: FeO
531.9/44.9| 531.8/46.2| 531.2/16.3| FeO-B Fe-O-B Oxides
533.0/17.8| 532.8/21.6| 532.1/22.4 B-O C-O-B Fe-OH
- - 533.6/46 - - B-O
BTE 529.6/36.5| 527.7/4.5 | 529.9/21.3 Oxides Oxides FeO
531.1/24.4| 529.5/26.5| 530.3/25.6 Oxides UFeOs FeOs
532.0/20.9| 530.6/43.3| 531.0/32.2 Fe-OH FeO3 Oxides
533.0/11.2| 531.8/24.4| 531.7/18.2 B-O Fe-O-B Fe-O-B
534.2/5.1 | 533.1/1.3 | 533.22.7 Oxides B-O B-O
535.5/2.1 - - Oxides - -
(a)
ABE | 711.0/76.0| 710.9/71.7| 711.0/66.3| UFeOs | UFeOs; | UFeO;
712.9/24 | 712.9/28.3| 713.4/19.4| FeOOH FeOOH | Non-Stoic
Fe oxides
- - 708.4/14.3 - - FeOq
KBE 710.6/50.4 | 711.1/76.7| 710.4/74.9| Fe Oxides| UFeOs; | o-FeOOH
711.6/30.5| 712.9/23.3| 712.5/25.1| UFeOOH | FeOOH FeOOH
713.0/19.1 - - FeOOH - -
BTE 709.7/54.3| 710.6/86.1| 708.5/10.7 FeO Oxides FesOq
711.4/31.9| 714.0/13.9| 710.3/52.4| UFeOOH | Sate. Fe | >-FeOOH
712.6/13.8 - 711.8/22.0| FeOOH - U-FeOOH
- - 713.6/11.3 - - Fe oxides
- - 715.3/3.6 - - Sate. Fe

(b)
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On the other hand, the near absence of E®the tribofilms formed at 2.5 wt. %
concentration of KBEcontaining oil is an indication that a certain level of Xabe
required on the KB#basedtribofilms for better antiwear performance. The peak
position of N 1s on ABE and KBE tribofilms at all test concentrations gave noisy
signals.However, tribofilms containing BTE gave different N 1s peak positions at
different test concentrations even thbugitrogen was absent in the molecular
structure of BTEThe presence of N X 399.9, 399.5 and 390 eV corresponding to
additive concentration of 0.5, 1.0 and 2.5 wt. % on the tribofilms containing BTE was
attributed to CONHor -NH>, nitrogen in orgai matrix[297, 298 and ionic bonding

of boron atom to nitrogemespectively[119. The tribofiims of KBE at all
concentrabn had potassium dioxide on its tribofilms with a binding energy of
293.3 eV.XPS results from this study indicatdst nitrogerrcontaining compounds

in the aircould have interacted with very high concentration of boron to form BN.
However, this did ot enhance thantiwear performanaef tribofilms formed by BTE
thatcould be attributed to lack of nitrogen coordination from the surrounding air with
the electron deficient borgri19 121]. The chemistry of reacted layers formed by

different borates in the oils anddifferent concentration are samarized below

1 Syntheticborate containing tribofilms has veliftle amount ofnitrogen on
the tribofilm surfaceunlike ron-synthetic borate with no nitrogen in their
molecular structuréhathas considerable N 1s peaks

1 The composition of tribofilms foned byKBE is different to ABE and BTE
due to the presence oxides ofpotassiunor otherpotassium compounds

1 The amount of B 1s on tribofiims containing ABE doest change
significantly with increasing concentratiaimlike KBE and BTE. Thisould
havebeen responsible for tinalifferent tribological performance

1 Under certain additive concentrat®nribofilms fomed by KBE and BTE
could havecarbonates, carbides and tonitrides, unlike ABE that isainly
composed ofhe fusion oboron oxidewith metallic oxidesand carbonates

1 At different additive concentrations, BTE tribofilm had nitrogen mainly as
organic matrix, but formed boron nitride at 2.5 wiw¥tenB 1sconcentration

rose above0 atm.%.
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9 Theboron nitride anatarbidesformedon BTE triboflms at higher additive

concentratioracted as third body abrasives
7.2.2 Raman of tribofilms at varying additive concentration tests

Raman spectroscopy analysis results of mapped area on tribofilms of wosrapthte
pins samples lubricated by ABE are showrFigure7-3 (a) and (b) respectively.
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Figure 7-3 Representative Raman spectra obtainedAB&-basel tribofilms from

6 hrs tribotests, 10Q at different additive concentration®) plateand (b)pins
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The objectives of analysing the tribofilms formed was to determine the changes that
took place on some Raman active boron compounds, iron oxides and oxyhydroxides
on worn plates and pins from tribolegl tests. This is to elucidate on how boric acid,
and its ratio to boron oxide affects friction and antiwear performance of the borate
tribofilms. In addition, ratios of iron oxides could be used to elucidate howgesa

in oxidesof iron could affect frction and antiwear performance of borate tribofilms.
Similar results for tribofilms lubricated by KBE and BTE are showRigure7-4 and
Figure7-5 respectively.
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Figure 7-4 Representative &nan spectrabtained on KBEbased tribofilms from

6 hrs tribotests, 10C at different additive concentrations; (a) plate and (b) pins
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The results were based on Ramancspeneter measurement and analysis as
described in Chapter 3 (Depth of analysis compared to XPS). The key features of
Raman analysis are: decreasing intensities of haematite bands at 226, 294 and
410 cm!, and magnetite bands at 309, 534, 614 and 665[286 with increasing
concentrationRaman sensitive boron compounds are; bands around 495 and 879 cm

! identified as boric acifi138, 160, boroxol groups in BOs with peaks at 809 crh
[171,210, 300 301 and boroxol linked to at least one B®trahedral located around
769785 cm! [208, 213, 302].
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Figure 7-5 Representative Raman spectfatained on BTEbased tribofilms from

6 hrs tribotests, 10C at different additive concentrations; (a) plate and (b) pins
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The presence of cashates was identified at 1060 10 cm! bands[191, 213. In
addition, Raman peaks near 130a0 cm™ could either be any one of the followings:
in-phase wagging and deformation-&Hz - and- CHz - groups[206], BOslinked to
BO4 units[178 208 213 307 or FeO3[303 304 that were relativgl unaffected by
changes in additive concentration.

The behaviour of distinct borate groups, iron oxides and irorhgdyoxides could

have great influence on the tribological performance of tribofilms from the borate
additives.In fresh borate ester addiéis trigonal boron structural units (BPis
predominanin the oil [16§. However, transformation from boroxol to tetrahedral
species can occur when changes in physical properties such as viscosity| therma
expansion, density, etc. takes plddg, 174, 305. On tribofilms formed by ABE,
changes in additive concentration as showirigure 7-3 (a) resulted into various
types of borate structuralnits and boric acid. However, hard and less protective
haematite decreased with increasing additive concentration on the plates, but

increased on the pins as showrrigure7-3 (b).

The tribofilms formed by KBEt 1.0 wt. % concentration had haematdeive poor
antiwear per f or-ReO0OH33 304%ahpradditevetonteatratipns
as shown irrigure7-6 (a) and Chapter 5. In addition, reduced Raman intensity shown
in Figure7-5 (a) of magnetite on BTE tribofilms on the plates can be related to poor

antiwear performance at 0.5 and 2.5 wt.@diive concentrations.

The iesults from this study indicatésat changes in concentration of borate additives
not only affect boric acid formation and boric oxigtructural units, but alsaixides

of iron to give diffeent antiwear performancRaman sift of tribofilms from BTE at

0.5 wt. % for the pins and plates as showRigure7-7 (b) had boroxol and boroxol

linked to tetrahedral Bfunits to give bedr antiwear performance than wqates.

The formationof carbide spectrf306-309 from Raman analysis hereby confirmed
the earlier XPS results irigure7-3 (a) and (b)However, the situation was different

on the pins, where reduction in the intensity of magnetite on tribofilms formed at
1.0 wt. % and 2.5 wt. % was not substantial compared to 0.5 wh &gdition, FeO

was found on the triddms on the pins from 0.8nd 2.5 wt. %of KBE-containing

oils, but not on tribofilms formed by KBE at 1.0 wt. % concentration in the base oil.

The presence of boron nitrifl205, 310 ontribofilms containing KBEon pins could
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have been responsible for comparable antiwear peafccento ABE ad ZDDP as

shown in section 5.2.

mO05wt. % m1.0wt % m25wt %

£)

3 300

©

‘5 250

IS

L2 200

3

« 150

o

>

£ 100

o

S o B -
E ABE KBE BTE
o . ) .

Additive type at different concentration
(a)
mO05wt. % m1.0wt. % m25wt %

5 8 0.9
e} 308

© s 0.7
_?g 0.6

qC) 9 0.5

25 04
'c 203

IS

g 002

2o Hllm m

£50 B

) ]
ABE KBE BTE

Additive type and concentration

(b)

Figure7-6 AverageRaman intensitpn borate tribofilmst different concentration of
additives 100°C and 6 hr sliding durations fp(a) boricacid and (b) ratio of

boric acid to boron oxidderror is measured over four analysis points

An important feature of the entire Raman spectra of the boyotaining tribofilms
in this study are the presence oflB as confirmed by the XPS results. Owe plates,
B2Os exist in form of boroxol groups. However, the pins had boroxol groups and
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boroxol linked to tetrahedral BQunits. On ABEcontaining tribofilms, the presence
of eitherstructural units enhanced antiwear performance at different concamratio

as shown irFigure7-3 (a) and (b).

This results confirm similar results on borate tribofilm using XPS fos( and

Fe0s, FeOOH and carbonates as showTale 7-1 and Table 7-2 for the plates.
However, XPSanalysis was not able to distinguisbric acidfrom boron oxideon

borate tribofilmsmorecompared to results froRaman spectroscopy. The tribofilms
containing BTE had boxol formed on worn plates and pins at 0.5 wt. %, but formed
only BGs linked to BQ structural units at higher concentrations on both plates and
pins. On the tribofilms formed by KBE aitigles, few structural changes B.Os took

place except at.@ wt. %on the plates wish gavepoorantiwear performancélence

further studies on the effect of structural changes DsBre expected to provide
better understanding of the established borate antiwear mechanism based on HSAB

principle[15§.

A summary of the composition of boric acid and boron oxide on the tritw&f worn
plates samples by all the boron additives are showigure7-6. The result gives an
indication of how the major boron compounds responsible for friction coefficient and
wear on the tribofilms of worsamples behave at different concentrations.

In Figure7-6 (a), tribofilms contaimg ABE gavehigh boric acid an@dlsosufficient
amount of boron oxide to form wear resistant glassshown inFigure 7-6 (b),
irrespective of additiveconcentration.This was able to provide better antiwear
performance at all conceation as shown ikigure5-1 (b).

In addition, boric acid level on tribofilms comiang BTE was not as high as that on
ABE-based tribofilms. Hence, the high XPS atomic concentration of B 1s on BTE
tribofilms suggest that most of the compounds and bonds formed have considerable
amount of othe compound presenffhese were shown to be Bahd carbidesin
Table7-1 thatadversty effecedthe antiwear performance of tribofilms from BTE
additives in the oil at 1.0 and2wt. % concentratian

However, tribofilms containing BE and KBE appeared to have higheric acidto
boron oxide ratio at 1.0 and 2.5 wt. % additive concentratidms enhanced antiwear
performance on KBE tribofilm at 2.5 wt. &dditive concentratignbut didnot on
tribofilms formed at 1.0 and 2.5 wt. % concentration of BTE additive in the oil
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In addition, this did not also provide better friction coefficient reduction on BTE
tribofilms compared to ABE and KBRs shown inFigure 5-1 (a) andFigure 5-2.
Hence, aistinct balance of boric aci&hd boron oxide appeared to be neceskary
borate tribofilmsto provide better friction coefficient reduction anentiwear

performance

7.3 Chemistry of tribofilms for a range of temperatures and times

This section is divided into two stdectionsOne segbn involvedXPS analysis of
concentration of elements and their chemical states at the top layer of the tribofilms.
Another section nvolved chemical analysis ofribofiims formed at varying
temperature at different slidirtgne andprocessfrom 3 hrsto 6 hrs testandfrom

3 hr to 3r3 tests In addition, depth profile analysis was carried out to investigate
tribofilms on samples from the 18D test temperatur®r 3 hr test durationThis is

due to the fact that depth profiling XPS analysis of spudteilofiims can provide a
more accurate information of compounds and bond species within the boundary films
as a function of deptf21, 193.

7.3.1 XPS analysis of tribofilms species (3hr)

XPS data acquired weresed to analyse the tribochemical reacpooduct involved
during the friction process at different tribotests temperatures. XHt& atomic
concentration of major elements on ABE and K&ihtaining tribofilms are shown

in Figure 7-7. The atomic concentrath of C 1s and O 1s spectra are presented
separately as shown iRigure 7-7 (b) for clarity and scaling constraints when
compared to the spectra of B 1s, Fe 2p, K 2p and N 1s. By considering the tribotests
at different temperature up to 1%5 BTE-containing tribofilms was not formed due

to safety reasondow boiling temperature range of the additiveR)e key point of

XPS elemental composition analysis of AB&ntaining tribofilms from the 3 hr test

at differenttribotests temperature are; lower atomic concentration of Ols and Fe 2p
at 100C than at all other temperatures as showRigure7-7 (a) and (b). This is an
indication that less oxides of iron are formed at’@an at other temperatures, but

gave increased carbdrased compounds as showrFigure7-7 (b).
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In addition, a sudden increase in atomic concentration of B 1s occurred®a@t 135
compared to all other temperaturékghis is an indication thakasier release of
adsorbed boron from the substrate due to increase in tempe@tureedcas observed

in the literaturg311].
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Figure 7-7 XPS top layer atomic concentratiomst ABE- and KBEcontaining
tribofilms at different temperatures, 3 hr test duratmal 1.0 wt. % addive
concentrationsf; (a) B 1s Fe 2p, N 1eand K 2p (b) O 1s and C 1€rror bar

is measured as standard deviation aheee analysis points
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This could have been responsible for the better antiwear performance of ABE
tribofilms at 138C than 108C duing the 3 hr and 6 hr tests as shown in section 5. A
major observation on KBlBased tribofilm is the higher atomic concentration of
Fe 2p peaks at ?@ and 108C than at 88C and 138C. The higher atomic
concentration of Fe 2p on KBlased tribofilms fagurs the antiwear performance of
KBE at 19C more than 13%. In addition,XPS peaks oN 1s was present only at
19°C tribotests temperature on both ABE and K&htaining tribofilms, but gave
noisy signals on tribofilms at all other tribest temperatuse Onthe tribofilms
containing ABEadditive significant change in the atomic concentration of C 1s peaks
as shown irFigure7-7 (b) did not take place except at 2GQribotess temperature.
However there are nsignificant changes on the atomic concentratiol© dfs on

KBE-containing tribofilms at all tribotests temperatures.

This is an indication that increased carbon based compounds orc@Ba&ning
tribofilms formedat 100C test temperature must have plhye positive role in its
antiwear performancéhis was not the situation with KBEased tribofilms, as it
appearshat fewercarbon based compounds within the KBE tribofilaneformed at

10C°C. This could be responsible for its poor antiwear performaagEeshown in
Chapter 5This is an indication that the response of¢hemistry oftribofilms from

certain bororcontaining additives in the base oil at 300Gribotests temperature
could form boundary films thatoald either enhance or be detemal to heir
antiwear performance. A previous study had attributed the poor antiwear performance

of tribofilms from someborate additives at 100 to unreacted borat¢$67].

However, results from this study had indicated that certaiate additives could form
carbonbased compounds on borate tribofilms in order to resist wear & frilibtest
temperatureThis behaviour did not exclude the possible effects of other borate and
iron-based compounds that could be affectda insignificant changes in the atomic
concentration of C 1s peaks all tribotests temperatures &n indication that
carbonbased compounds on KBE triidos are more stable than ABIh order to
understand thactivity of oxygencontaining compounds doorate tribofilms, long

scan XPS spectra of different element are necessary. A comparison of long scan XPS
resuls of B 1s peaks on thieoratetribofilms at 100°C and135°C for the3 hrs test
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durations areshown inFigure7-8 (a) to (d) andrable7-5 for O 1s,C 1s and Fe 2p.
This is necesary, since major changes in the formation eOBfrom H:BO3
dehydration are known to take place betweéit&hd 133C [35, 163 224.
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Figure7-8 RepresentativiPS speata of B 1s peaks at 3 spots on the tribofilms from
the 3 hr tribological testat 1.0 wt. % additive concentratidar; (a) ABE at
10C°C, (b) ABE at 138C, (c) KBE at 108C and (d) KBE at 13%

The key changes iRigure 7-8 (a) and (b) on ABE tribofilms between T and

135°C showsadditional formation of trialkyl borate at 191.2 15§ at 135C along

with boron oxiden oil at 191.8 eV that is also fourmh tribofilms formed at 10C.

The reverse was the case on KBE tribofilms formed between these tamge i

the presencef boron oxide from the oil could be attributed to agdeeantiwear
performance. The summary of XPS peaks of O 1s, C 1s and Fe 2p on tribofilms
containing ABE and KBE at 106G and 133C are shown iTable7-3 (a) to (c).
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Table7-3 XPS peak®n tribofilms by additives at 1.0 wt. %concentration in oil at
100 and 13%C for 3 hrs testsdurations foy(a) O 1s, (bC 1s,(c)i Fe2p and

Additi Binding Energies (eV) Compounds or Bond Types
ve 100C 1353C 100°C 135C
Type
ABE 533 533.6 B-O B-O
531.8 531.7 C-O-B C-O-B
530.9 530.4 Oxides Fe0s
529.5 532.8 FeO C-OH
KBE 5334 5334 B-O B-O
532.1 5324 C-OH C-OH
531.2 5314 C-O-B C-O-B
529.8 530.4 FeO 0. in KO:
(a)
ABE 288.3 286.9 C=0 coO
286.6 285.9 C-O C-O
284.9 284.7 C-C/C-H C-C/CH
KBE 288.2 288.3 C=0 C=0
286.0 286.1 C-O C-O
284.7 284.8 C-C/CH C-C/CH
(b)
ABE 710.6 712.8 Fe oxides FeOOH
710.9 - FeOs
709.5 - FeO
KBE 711.8 709.9 FeOOH Oxides
709.7 - Oxides -
(€)
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Figure7-8 (c) gave a summary of XPS peaks of Fe 2p on ABE tribofilms frorfCL35
tribotests temperatures which gave FeOOH at 712.9189, FeOs at 710.9 eV
[196 197 and Fe O at 709.5 ej96 197]; but gave only iron oxides that were
presat at 100C. Table 7-3 (c) gave a summary of XPS peaks of Fe 2p on ABE
tribofilms from 1335C tribotests temperatures gave FeOOH at 712.p18Y, FeOs

at 710.9 e\[196,197] and FeO at 709.5 eM 96, 197], but gave only iron oxides that
were present at 100. Hence, the presence 0i®in the oiland FeOOH could have
played a role in the better antiwear performance of ABE atCl3®&an 10€C. In
addition, there was the presence of FeOOH and other oxides &€ 1f0
KBE-containing tribofilms; but FeOOH was absent at®C39 hese results@hg with
tribological results inChapter 5 indicated thaeOOH presence on AB#based
tribofilm at 13%C enhancegs antiwear performance

On the contrary, the presence of FeOOH on KiBEtaining tribofilms at 10 could

be linked to theadverseantiwearresuls compared toFeOOH absence on KBE
tribofilm at 13%C. This is an indication that the presence or absence of FeOOH on
borate tribofilms could positively or negatively affect their antiwear performainee.
contradictory chemistry of ABbased tribafms compared to KBE between 10

and 1358C couldhavebeenrelated to the composition of their waasistant borate
glass; KBE additives contains oxides of iron and potassium; unlike ABE with only
iron oxides as shown iffable7-3 (c) and (d).

A summary of XPS results for C 1s on ABE and k8&htaining tribofilms at 10

and 138C tribotests temperatures are showi able7-3 (b). XPS peaks of C 1s for
ABE and KBE trbofilms between 10 and 138C are similar. The peaks of K 2p at
292.8 eV corresponding to O 1s at 530.4 eV as showiainle 7-3 (a) on
KBE-containing tribofilms can be attributed to KQL99, 20Q at 100C and 138C
tribological tests. This could have been due to a number of factors such as; high
temperéure, dehydration of boric acid, differencesvearresistance glass, changing
composition of metallic oxidesnd boric oxide structural units in the weasistant

glass. The noisy XPS peaks of B1s are characteristic of boron not producing intense
signal due to low atomic concentration of boron to iron. In addition, similar studies
on some borofontaining triboilm had displayed comparative noisy Bls peaks as
obtained in literature of similar studigk25 190 .
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7.4 XPS resultsof tribofilm s species from durability test{3r3)

7.4.1 Introduction

In this subsection,XPS analysis of tribofilmérom oils containing ABE and KBE
additive at 1.0 wt. % concentration in the basdil3 hr test durationwhich was
temporarily stopped. Witthe oil replaced by PAO, the test was continfieeé@nother

3 hrsto give 3r3 tests The schematic representation of the process is shown in
Figure 7-9. In this analysisthe chemistry opreformedtribofilms after tribological

tess with PAO at 100 and 13€ are analysed using XPS.

Test with O1l Containing Additives (ABE or KBE
or ZDDP) Carefully Replaced with PAO or Base
Oil Without Additives At Different Temperature

A
[ |

Test with Oil Test On Tribofilms An
containing Additives Oils With No Additives _\—]
(ABE or KBE or
ZDDP) XPS Analysis of
T Tribofilms Of Interests
Test Duration — Test Duration
(3hrs) ~.| Oilwith [ -~ (313)
no Tests

o~

Compare the XPS analysis
of 3 hr with 3r3 so that we
can see how extra rubbing
affects the tribochemistry

Figure7-9 Schematic diagram of tribofilms from 3r3 or durability tests

7.4.2 XPS results of tribofilms species due to sliding process @y

Thelong scan XPS resulfor B 1s peaks on the boratentaining tribofilms at 10T
and 135C for 3r3 tesd are shown ifFigure7-10(a) to (d).This is to elucidaten how
certain compounds on the borate afibns affects its durabilityat 100C and 133C
tribotest temperaturd.hese temperatures artkosen baskon boric acidnstability
within these temperature range discussed in Chapter & notable feature of Bls
spectra on préormed ABE tribofilm at100°C asshown inFigure 7-10 (a) is the
binding energy of B 1s at 191.6 eV corresponding to O 1s at 531a&¥ assigned
to boron oxide in oil. A comparison to Bs obtained on tribofilms from 135
tribotess at 192.2 eV gave2Bs in borate estgr158, 190.
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The peaks of Bls on KBBRased tribofilms from the 3r3 tesit 100C is different to
those at 13%C; only trialkyl borate was formed at 191.2 EN68 and 100C tribotests
compared to three boron compounds formed af@.3bhese ar®.0zat 194.1 eV
dominated by BQ@ structural unit§168 312, 191.8 eV (boron oxide in oil) and
188.6 eV (Iron borideq)313, 314]. The XPS peaks of C 1s on ABE tribofilms from
tribological tests at 10C€ and 138C as shown iTable7-4 (a) indicateshe presence
of carbonates at 28200 eV[158 296 298. On the other hand, carbides 882 eV
[158 315 316 were formed on KBE thofilms at 100 and 136.
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Figure7-10 RepresentativXPS spectra of Bs peaks on tribofiimsrmed by KBE
additives at 1.0 wt. % concentratidinem 3r3 tests at (a) 160G and(b) 135C,
and(c) 100C and (d) 13%C
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The presence of carbides on preformed KBE tribofilms could be attributed to
enhanced durability at 135 tribotests temperaturbut carbidesvas not formed at
10C°C. In addition, preformed ABE tribofilms had carbtesthat could be attributed

to its poor durability performanc&he summary of XPS peaksBé 2p andK 2p on
tribofilms of ABE and KBE at 108C and 138C are shown imable7-5 (a) and (b)
respectively. In addibin, Figure7-11 compares the top layer atomic quantifioatof

B 1s and K 2p peaks dfBE-containingtribolayer of preformedribofilms at 100C

and 138C tribotests temperatures.
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Temperature {C) and Additive Type

Figure 7-11 Average toplayer XPS atomic concentratisron ABE and KBE
tribofilms from 3r3 tests foB 1s and K 2pError is measured as the standard

deviation over three analysis points

The resul$ indicated that XPS peak intensity Bfls and K 2p on preformed KBE
tribofilm at 13%C appeared to be very high compared td’Cafibotests temperature.

This is an indication that temperature increase caused boron and potassium to be
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released from préormed KBE tribofilms to form certain ases of boron and

potassium which provided comparable durability to preformed ZDDP tribolayer.

However, preformed ABE exhibited similar increase in B 1s, but did not provide
comparable durability performance to KBE and ZDDP. The atomic concentration of
K 2p on preformed KBEbased tribofilm at 10@ as shown irFigure 7-11 gave

0.4 atm. % compared to 3 hrs (4.4 atm. %) as shovagure 7-7 (a) and 9.4% for

6 hrs continous test durations as shownTiable7-2 (a).

However, XPS peak intensity of B 1s and K 2p on preformed KBE tribofilm &C135
appeared to beevy high compared tbOC°C tribotestsThis is an indication thd 2p
atomic comcentration was affected lwpth £mperature ansliding processvhich can

be attributed to the only stable oxides of potassiump]KT®9, 200.

The XPS long scan results of ABE and kBéntainingboundary films fronthe 3r3
tribotests as shown iffable 7-5 (a) both have the binding energy of Bp at
707.3 eV andl0CC that can be attributed to metallic irgd58 317. XPS
guantfications indica¢s the presence ohetallic iron KBE and ABE tribofilms
formed during the 3r3 tests at 2@0 Thisindicated that KBE tribofilms had higher
metallic iron (8.9 + 0.6 atm. %) than ABE (3.7 + 0.3 atm, ¥)ere they both gave
poor durability compared to ZDDP

However, this was not the case at A3%est temperature where no metallic iron was
formed.Table7-4 (a) and (b) shows the XPS peaks of O 1s and C 13 alole 7-5

(a) and (b) for Fe 2and K 2p peaks respectiveljhe peaks of Fe 2p at 711.6 eV
corresponding to O 1s at 531.3 eV can be assigned to FeOOH.

In addition, O 1s at 532.1 eV and 529.9 eV are attributed@HJ193 and oxides
[158. The presence of FeOOH and boron oxide in oil were not able to enhance
durability performance of priormed ABE tribofilms at 108C and 138C based on

the antiwear performance results in Cleab.

The results indicated that increasing the bulk oil tempeFaturing the tribological
testhave metalliciron more protectedat 135C than at 108C to provide enhanced
durability. However, durability of tribofilms formed by KB&ontaining oils was
more enhanced thahBE.
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Table7-4 XPS peaks orborate tribofilmsformed at 1.0 wt % additive concentration
and sliding process @3 tessat 100 and 13%; (a) O 1s, (b) C 1s

Additive Binding EnergiegeV) Compounds or Bond Types

ABE 533.3 533.3 B-O B-O
532.0 531.6 C-OH C-O-B
531.2 529.7 C-O-B Oxides
529.8 532.8 FeO C-OH

KBE 533.3 533.9 B-O C=0
532.3 532.5 C-OH C-OH
531.5 531.4 C-O-B C-O-B
530.8 530.0 O in KO2 Oxides
529.7 - FeO -

(a)

ABE 289.2 290.4 Carbonate Carbonate
288.3 288.9 C=0 C=0
287.1 287.8 Ads. ABE Ads. ABE
286.1 286.5 C-O C-O
284.8 285.1 C-C/C-H C-C/CH

KBE 288.9 289.0 C=0 C=0
287.6 288.8 Ads. KBE C=0
286.1 286.4 C-O C-O
284.6 285.0 C-C/IC-H C-C/IC-H
282.8 283.0 Carbides Carbides

(b)
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The higher durability of preformed KBEontaining tribofilms could have been aided

by the formation of iron borides as shownHigure 7-10. Based on the antiwear
mechanisnfior inorganic nanoparticle borate estbown inFigure2-22, trapped KBE
nanoparticle irthe preformed tribofilms halsoron in boron oxide bind directly to
metallic iron due to skar and extremgressure effects. Tribochemical reaction
between boron oxide and substrate produced a wear resistant film consisting of iron
boride (FeB) to provide tenacious film for wear protectan 135C tribotest

temperature

Table7-5 XPS peaks on borate tribofilms formed by 1.0 wt. % additive concentration
and sliding process @&r3 testsat 100 and 13% (a) Fe2p and (b) K 2p

Additive Binding Energies (eV) Compounds or Bond Types
ABE Sat. Fe
711.6 710.0 FeOOH Oxides
709.9 - Oxides -
707.1 - Metallic Iron -
KBE 712.5 714.0 FeOOH Sat. Fe
710.1 710.5 Oxides Fe Oxides
707.2 - Metallic Iron -
@
KBE 292.7 292.9 KOz KO,
(b)

7.5 Depth profile analysis of tribofilms at 3 hr tests and100°C

In order to further understand the large differences in the antiwear performance of the
two borate additives at 180, XPS depth profile results of major elements on ABE
and KBE-based tribofilms are shown iRigure 7-12 (a) and (b) respectively.
Figure7-12 (a) and (b) indicated that, XR&omic concentration of B 1s peaks was
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observed to havimcreased from zero at tlseirface to a maximum of about 1.0&
on both tribofilms containing ABE and KBE
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Figure 7-12 AverageXPS depth profileof boratetribofilms formed at 108 and
3 hrs tests fron{a) ABE and (b) KBEcontaining oilsat 1.0 wt. % concentration.
The error bars are excluded for clarity
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However, KBEcontaining tribofilms gave a higher atomic concentration of B 1s than
on ABE. In addition, the atnic concentration of B 1¢ 4.03nm on KBE tribofilms

was higher than on ABE. This can be attributed to the higher concentration of boron
in KBE additive than ABE as described in Chapter 3. Atrtteximum sputtering
depth of 6.18m, the rate of decrease in B 1s on KBE tribofilmesvinigher than
ABE. The higher increase in depth of B1ls on ABE based tribofilms d&iC130
indicative of its adsorption mechanigiil9, 198, unlike BTE tribofilms that relies
more on adhesion and electrophoresis mechafusmear resistant201]. This is an
indication that on ferrous substrate more permeating films of borde were formed

on ABE tribofilms than KBE that could have played a role in its better antiwear

performance than KBBased tribofilms at this temperature.

At the surfaceof the tribofilmand up to 1.03im depth, the XPS peaks of O 1s on
KBE-based tribofins gave higher atomic concentration than A&mtaining
tribofilm, as shown inFigure 7-12 (a) and (b). However, between 4.h#h and
6.18 nm depths, tribofilms containing ABE additive gave higher B 1s atomic
concentration than KBEcontaining tribofilm.

The lower atomic concentratiorf ® 1s peaks at depths above Brth within KBE
tribofilms compared to ABE indicated that changes in certain metallic oxides took
place. The influence of atomic concentration of K 2iK&i-contaning tribofilm is
limited to 4.12nm as shown ifrigure7-12 (b). This suggests that any likely fusion

of oxides of potassium and boron to form inorganic borate gddssited to 3.0nm

depthrange.

A key component of borate wesgsistant glass on ferrous substrate is Feexks
which is indicative of iron interacn with oxygen and carbon as shown in
Figure7-12(a) and (b) The resulindicatesthat atom¢ concentration dfe 2ppeaks
on ABE-containing tribofilm is higher than KB&nly at 1.03 and 2.06m, but lower
at all other concentrations.

7.6 Raman analysis of tribofilms species at varying temperatures

Theroom temperature Raman spectroscopicating dfferent frequency range at
different temperature, sliding time and process on tribofilms containing ABE and

KBE tests are shown irigure7-13(a) to (f).In this study, bands involving different
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vibrations of theBOs and BQ species were characterized using band assignments

described in the literature from similar works

Trigonal BQ species in BOswas identified by bands around 700 and 1321',cm
while the tetragonal species was identified by Raman shifts @680, 879, 1050
and 1380 cm [181, 318-32(. The area ratios of these bands were utilised based on
changesn the glass structures of ABE and KBibntaining tribofilmas shown in
Figure7-13(a) to (f) Raman intensities of tribofilms formed at different temperatures,
sliding process had bands of varying irorides These ranged frormagnetite
(FesOq) at 309, 534, 614 arkb3 cm*[299,32]]a n d h a e-RFegOs) at 226, 294U
410 and 1320 crh[299, 304, 321, 327.

However, the focus of this section is the transformatiat takes placéen B>O3
structural units. The tribofilms containing ABE compared to KBE from different
tribotests ran adlifferent temperatures were observed to have more iron oxides and
oxyhydroxide. Their presence might have played a significant role in the antiwear
performance of ABEcontaining tribofilm at different taperatures during the 3 hr
and 6 hitests. However,tdahe end of 3r3 tests, the level of haematite and goethite on
preformed ABE tribofilms dropped significantly which could have affected its

durability performance as shown in section 5.3.

Acquired Raman spectra of different frequencies are used tofydearids involving
BOs and BQ species vibrationsThe fractions of B®@ units (N: fraction) can be
determined from the ratio of total area of different bands involving€p@cies to the
total area of bands associated with borate spé&meation7-1 as obtainedrom the
literature [181, 211, 323 324, enables the identification of borate structural unit
transformation using Nspeciatiortechnique In order to characterize the; Bpecies
formed on ABE and KBE tribofilms at a rangétemperatures for different sliding
time and process, a deconvolution of the Raman psaitsown inFigure7-13. A
summary of the resultingdon ABE and KBE tribofilms at different temperature and

wear procesare shown irFigure7-14.

B
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Figure 7-13 Changes in Raman intensity of boratiddfilms formed at different
sliding process, temperatures and 1.0 wt. % additive concentréipABE-
(3hr), (b) KBE(3h), (c) ABE(6hr), (d) KBE-(6hr), (e)ABE(3r3) and
(f) KBE-(3r3). The spectra are plotted on the same scale and have been shifted

vertically for clarity
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The proportion of B@tetrahedral in boric oxide structural units in AlBBntaning
tribofilm for 3 and 6 hrtests did not fall below 0.16 at the end of different sliding
times However, this was found teeducesignificantly when the sliding process
changed to 3r3rrespective of the test temperature. On the other hand, changes in
conversion of B@ structural units to B@on tribofilms from temperature range of
19°C to 100°C on KBEbased tribofilms did not go beyond 0.18 for all sliding

processes.

EABE_N4 (3hr) BABE_N4 (6hr) EABE_N4 (3r3)
KBE_N4 (3hr) ®BKBE_N4 (6hr) BKBE_N4 (3r3)
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Raman Band Area Ratios of Borate Species

Temperature {C)

Figure 7-14 Ramanspeciationof BOs in B2O3 on tribofilms formed by borate

additives at 1.0 wt. % concentratifor a range btemperatures and wear processes

At 135°C bulk oil temperature, Nvalue on KBEcontaining tribofilms increased
significantly to a range between 0.36 and 0.49 for all sliding conditions. This is an
indication that at the highest temperature, structuassformation of B@units to

BO4s was more significant on tribofilms containing KBE additives at’C3fhan on
ABE. The antiwear performance and durability of kB&sed tribofilm at 13% as
shown n Chapter 5 could have been positively influenced padiye to this
transformatiorand partly due to changesaikali oxide (potassium oxidend boron

oxideconcentratios, as shown ifrigure7-11.
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The antiwear performance of ABEobntaining tribofilms as shown in Chapter 5
appeareda be positively affected byrsictural transformation at 3 hr and 6tésts at
all temperaturesbut preformed ABE gave poor durabilitye to lowNs valuesat
100°C and 138C tribological test temperature.

This could be attributed to the neguand comepsition of the wearesistant borate
glass on ABEcontaining tribofilms, which had been shown to be composed of a more
stable iron oxidéboric axide glass, unlike iron oxideoron oxidealkali oxideglass
systemon KBE tribofilms. Hence, the resulf this study suggests that boromide
anomaly affect antiwear performance and durabilitytobofilms from alkali-based
nanoparticle dispersioorate esteras lubricant additivesmore thanthat with

organoboratat high temperature

7.7 Chemistry of tribofilms f rom dissolvedwater contamination

The tribochemistry of ABE and KBE tribofilms are presented in this section to provide
a better understanding of how the antiwgenformances of borate boundary films are
influenced by different levels of water contamioatsince their friction reducing and

antiwear mechanisms are known to relynomisturein thesurroundingair.
7.7.1 XPS results of tribofilm species from humidity test

The atomic concentrations of B 1s, C 1s, O 1s, Fe 2p and N 1s on the surfaces of the
borate tibofilms at different humidity condition and K 2p peaks for KBE are shown

in Figure 7-15. Changes in environmental conditions from dry air to moistigte
environment greatly affectsPS atomic concentrations & 1s, Fe 2p and O 1s on
tribofilms containing KBE andABE. In addition, changes in XP&tomic

concentration of K 2p in KBE also occurred.

These changes aredigations that reacted layeisrmed by ABE and KBEborate
additives are different due to changesiumidity conditionsThe major highlights of

long scan XPS spectra of ABE and KBE tribofilms at 5% and 95% RH were compared
to conditions of dissolved water contamination at 65% RH as shoWigume 7-16

for Fe2p peaks. In addition, the summary of XPS peaks of O 1s and B 1s are shown
in Table 7-6 (a) and (b), and’able 7-7 (a), (b) and (c) for C 1s, N 1s and K 2p
respectively. Tie peaks of Fe 2p at 5% RH on ABE tribofilms consisted of different
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phases of iron oxhydroxides, oxide of iron and unusually high concentration of
metallic iron. This was identified at a binding energy of 706.§1¥8 197, 317] as
shown in Figure 7-16 (a). However, when dissolved water contamination was
increased to a relative humidity of 95%, there was no indication of metalh

oxidation by boron oABE tribofilms as shown ifrigure7-16 (e).

m 5% m 65% 95%

(o2}
o
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&
‘ ‘ I | |
B
0 —_—— I | Ty | .._ | ii= Ii— -

B 1s % C 1s %Fe 2p %N 1s %O 1s %B 1s % C 1s %K 2p %Fe 2p %N 1s %O 1s %

N w B [
o o o o

XPS atomic concentration (%)
(=Y
(@]

ABE KBE

XPS spectra of major peaks on different borate tribofilms and humidity
levels

Figure7-15AverageXPSatomic concentration of elemguegakson tribofilmsby oils
with 1.0 wt. %borateadditive concentrations and °@® tribotest temperature
exposed to different humidity conditions for; B 1s, C 1s, NOL4s Fe 2p and

K 2p. Error is measured as standard deviation of three analysis points

On the other hand, the peaks of Fe 2p on KBBtaining tribofilms formed at 5%

and 95% RH as shown Figure7-16 (b) and (f)respectively indicatethe presence

of metallic iron on buikup KBE tribofilms along with oxides and o}ydroxides of
iron. The presence of i ron bastive adtevear h a d
agent 0 -dctiveatmommsucmas boron permeatitg the metal surface to form
protective friction and wear reducing lay@&14, 325. Hence, the formation of iron
borides on KBE tribofilms formed at 95% RH could have contribugets increasing
antiwear performance compared to ABE and ZDDP tribofilms as shown in

Figure7-16 andTable7-7. At 65% RH, no metallic iron was detected on KBE and
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ABE-containing tribofilms. This is an indication that boron binds directly with the

oxygen in iron oxide and not with the metallic ifdrb8 161].

ABE KBE
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Figure7-16 Long scan results foXPS peaks oFe 2pat different relative humidity
19°C test and 1.0 wt. % additive concentration (a) ABE5%, (b) KBE5%,
(c) ABE-65%, (d) KBE-65%, (€) ABE95%, and (f) KBE95%
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Table7-6 XPS bnding energy of compunds or bonds on tribofilms formed by oils

containing 1.0 wt. % additive concentration at@$or; (a) O 1s and (b) B 1s

Additive Binding Energies (eV) Compounds or Bond Types
TYP®  "506 RH | 65% RH| 95% RH| 5% RH 65% RH 95% RH
ABE - - 529.6 - - FeO

530.8 529.5 530.8 Oxides Fe oxides Oxides
531.7 530.9 531.8 C-0-B Oxides C-O-B
532.5 531.9 532.8 C-OH FeOOH C-OH
533.7 533.2 533.8 B-O B-O B-O
KBE 529.7 - 529.7 FeO or KQ = FeO or KQ
531.3 530.6 531.1 C-O0-B FeO or KQ C-O-B
532.1 531.6 532 FeOOH C-O0-B FeOOH
532.8 532.9 532.8 C-OH C-OH C-OH
533.9 - 533.9 B-O - B-O
@
ABE 191.4 191.6 191.6 | B(OCizHzs)s | B20sin oil B20Os in ol
191.7 191.3 | B:Osin oil B(OCizHzs)s3
KBE 192.2 | 191.9 | 1923 B20s B,Os B.Os
- - 1915 - - B.Osin oil
- - 188.7 = = FeB
193.3 B(HO);
(b)

A summary of B 1s peaks as shown kigure 7-16 (b) indicatesthat, as humidity
increases from 5% to 95%, changes in B 1s took place from organic boratewgr trial

borate[131, 158 to boronoxide or oxygen in boron oxide and iron ox{@88 326
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on ABE-based tribofiimsHoweve, changes in B 1s peaks KBE-based tribofilms
with increasing level of dissolvedater contamination was mainly from oxygen in
boron oxide and iron oxide,>Bs and iron borides &t88.7 eV[193 327].

Table7-7 XPS bnding energy of compounds or bonais tribofilms from 1.0 wt. %
amount of additive in oit 19C for; (a) C 1s, (b) N 1s and (c) K 2p

Additive Binding Energies (eV) Compounds or Bond Types
REEE 5% RH | 65% RH| 95% RH 5% RH 65% RH 95% RH
ABE 282.9 - 284.7 Carbides - C-C/CH

284.7 284.7 285.9 C-C/CH C-C/CH C-C
286.0 285.4 286.9 CO C-C C-O
287.4 286.3 287.8 Ads. ABE C-O Ads. ABE
288.6 288.1 288.8 C=0 C=0 C=0
KBE 84.9 - 283.4 C-C/CH - Carbides
286.5 284.9 285.1 C-O C-C/CH C-C
288.1 286.2 286.4 C=0 C-O C-O
289.1 288.3 288.1 Carbonates C=0 C=0

(a)
ABE 401.1 400.7 400.1 | Graphitic N | Organic N Organic N

399.5 - N-O/N-C-O - -
397.2 - Iron nitride - -
KBE 400.1 - - Organic N - -
(b)
KBE 292.9 292.9 2929 KO, KO> KO,

(€)

The major highlights of C 1s and N 1s are showmable7-7 (a) whereXPS peaks
of C 1s on tribofilms formed by ABE and KBE containing oils at different humidity
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levelsformed different compands and bondS hese are; adsorbeABE at 5% and

95% RH at 287.4287.8 eV[158, carbonates at 28389 eV[158 296 298 at all
humidity conditions for both borate additive typ8he XPS peaks of N 1s on
tribofilms formed by ABE containing oil at 5% RH gaMecontaining compounds or
bonds that were completely different to organic nitrogen (40@Q0.7 eV)[195

formed at 65% and 95% RH. These nitrogen compounds must have contributed to the
poor antiwear performance of ABE tribofilms at 5% RH compared to KBE and ZDDP
tribofilms unde this test conditions. The XPS peaks of K 2p on KBE tribofilms
existed at 292.9 eV on all the tribofilms formed at 5%, 65% and 95% RH that indicated
the presence afxides of potassium, such @05) [200.

7.7.2 Raman results of tribofilm species from humidity tests

Figure7-17 (a) and (b) showkow humidity affectedribofilms chemistry from oils
containng ABE and KBEusing Raman vibration spectroscofiyis is to provide a
betterunderstanohg of the changes that took place on tribofilms of worn plates over

a range of dissolved water contamination during tribologicdt t€he key features

of Figure7-17 (a) and (b) are: decreasing intensities of haematite bands at 226, 294
and 410 crt, and magnetite bands at 309, 534, 614 and 663[290, 321] with

increasing relative humidity.

Raman sensitive boron compounds identified are; bands around 495 and’8#8sm
identified as boric @d [138 160, boroxol groups in BDs; peaks at 809 crh
[171, 210 300, 301 and boroxol linkedo at least one Bfletrahedra located around
769785 cm! [208 213 307. The presence of carbonates was identified at
1060 10 cm?! bands[191, 213. Raman peaks near 130010 cm ™ could be
in-phase wagging and deformation-o€Hsz - and- CHs - groupg 206 or BGslinked

to BOs units [178, 208, 213 307 o r -FelDs [304, 328 329 that were relatively

unaffected by changes in humidity.

The behaviour of distinct borate groups, iron oxides and irorhgglyoxides could
have great influence on the tribologicperformance of tribofilms fronborate

additives. Changes iRaman shift of oxides and hydroxides ofon were more
significant on ABE than KBEcontaining trbofilms. Hence, humidity effect on
tribofilms containing ABE appeared to affect oxides axgthydroxides of iron more

than KBEbased tribofilms except at 65% RH. This is an indication that under certain
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moisture level in air, the chemistry bébronbased tribolayeappear to change with

respect to the prevailing moisture conditions of the surrowaiir.
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Figure 7-17 Room temperature &nan spectra of tribofilms formed by oils with
1.0 wt. % additive concentrations and®@%or; (a) ABE, and (b) KBEThe
spectra are plotted on the sastale and have been shifted vertically for clarity
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These changes in the chemistry of borate tribofilms under different humidity
conditions had been shown to promote friction redud@dh However, results from

this studyin conjunction withresults from Chapter 5 indicatéisat changes in the
chemistry of boratéribofilms under differenhumidity conditions do natnly affect

friction reduction, btialso its wear resistant performance.

7.8 Chemistry of tribofilms due to free-water contamination

Figure7-18(a) and (b) shewshow the Raman shifts dribofilms from oils containing

ABE and KBEchanges with fregvater cotaminationrespectivelyThe key features

of Figure 7-18 are: decreasing intensities of haematite bands at 226, 294 and
410 cmt, and magnetite bands at 309, 534, 614 and 663 [@89 321] with
increasing water concentration in the oil. Raman sensitive boron compounds
identified arepands around 495 and 879 ¢mas identified adoric acid[138, 160,
boroxol groups in BOs peaks aB09 cm![171, 210, 300, 301] and boroxol linked to

at least one B@tetrahedra located arou@9-785 cm' [208, 213 307.

The presence of carbonates was identified at 108® cm! bands[191, 213. In
addition, Raman peaks near 13000 cm* could either be anyone of the followings:
in-phase wagging and deformation-&Hs - and- CHs - groups[20€], BOslinked to

BO4 units [178 208 213 307 or FeOs [303 304. Raman results on water
contaninated ABEbased tribofilms wasable to provide comparable antiwear
performance to KBE up to 1.0 wt. % free water. This can be attributed tagtiner

level of haematite on ABE than KBE tribofilms. However, haematite had been shown
to be hard and less protective of the contacting asperities in the lit@t6r83(.

At free-water contamination above 1.0 wt. %, the absence of carbonate could have

contributed to poor antiwear performance.

On the other hand, the influence of fieater on tribofilms containing KBE gave
b-FeOOH at 311 cm[322 33]] at different water concentration except at 1.0 wt. %
where haematite was detected. These were able to provide wesastiproup to

1.5 wt. %.Hence,an indication that boroxol group linked to B®&tructural units
enhanced antiwear performance of the borate tribofilms contaminated with added
water in the range of-10.5 wt. % before high weartes sets in when compared to
ZDDP.
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Figure7-18 Raman spectra of tribofilnfsom freewater in oil tests at different water
concentrationformed by oils with 1.0 wt% additive concentrations, 8D
tribotesttemperature and 6 hrs test duratiéms (a) ABE, and (b) KBE. The
spectra are plotted on the same scale and have been shifted vertically for clarity

The effects of humidity on borateliofilms indicateghe presence of boric acid and
substantial amount of random thréienensional netwds of nearly flat BQ triangles
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