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Abstract

Contributions to the growing environmental concerns by internal combustion engine
(ICEs) is the impetus of this researdrerefore,the tribologicalbehavio of lubricants
formulatedwith nano/mineral, nanbio, and bio/mineral combinationgere investigatetbr
the improvements tolCE performance by reducing friction, wear, fuel consumption and
exhaust emissionsMineratbased multigrade engine oil (15W40) was chosenthas
reference oila govern the researc@oconut oil (CCO)aschosenwith 15W40as bio and
mineratbase stocks respectively forsample formulatios Graphene (G), ADs, TiO,
Al203/G, TiO/G and TiQ/reduced graphene oxide@O) were utilized as naradditives
to blend with both mineral ardo-basedormulationsldentity of the slected anomateriad
were confirmedusing X-ray powder diffraction XRD), transmissiorelectron microscopy
(TEM), X-ray photoelectron spectroscop¥RS), Fourier transform infrared KT-IR) and
Raman analyses. Identified substandard of CCO were improved and characterized us
differential scanning calorimetry (DSC), pour point, titration, viscometry, simultaneous
thermal analysis (STA), rheometric and-R analyses. Factorafluencingthe dispersion
stability of nano/mineral and nano/bio formulations weémwestigated and gtical
absorbance and stability observation tests were used to optimize the performance, with

results presented and discussed.

Friction tests wergerformedusing a linear reciprocating tribometer in 3 Phases
analyze the effeadf formulated lubricantsit elevated temperatures using piston ring and
cylinder liner segments of an ICE as test specimens. Wear scars of test specimens w
analyzed usingcanning electron microscop$EM), energy dispersive Xay spectroscopy
(EDX) and 3D norcontactoptical profilometry to investigatemorphologies, elemental
deposition, and surface texture of wear surfaespectively Specific tiel consumption and
exhaust emissions were tested usaglynamometertestrig and an exhaust analyzer.

Industrial generator was lied for used engine oil sample analysis.
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The results revealetthat, the method and time of agitation, particle concentration with
addingof nanocomposites of metal oxidasd graphene with oxygen functional groups (r
GO) haveimprovedthe dispersion stability of the formulations-dddition reduction of
coefficient of frictionby 28% specific fuel consumption b§% andreduction of CO, S©
and NQ emissions with S, P, and Zn elementse the optimum enhancements recorded by
the samfe S35 during the research. Sample S26nano/bio lubricant containing formulated
CCO with nanocomposité\l.03/G as naneadditives whichis a new contribution to the

knowledgeof nano/bielubricant formulation.
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1. Chapter 1: Introduction

1.1 Overview

It is a known fact that the internal combustenygines (ICES), especially dieseadriven
engines are the foremost power generators for all purposlkesling transport marine or
industries worldwiddor the foreseeable futyreausing environmental pollution,-addition
to depletion of fossifuel reservesBecause the production of automobiles was 92 million
worldwide in 2019 of which 91%werewith ICEs (9%electricvehicles.! In 2018 world
released 33 gigatons (Gt) of €@ the environmenhoted International Energy Agency
(2019) From tis total CQ emissions 24%vasfrom global transport sector, which is an
increase 00.6% compared to the previous year statisticsln Europe,out of total CQ
emissions releasedpproximately 30%s from transport sectoof which 72% is from road
transportsegment (including cars, light and heavy trucks, buses\dB wheelers)with
referenceto a report published by the European Parlianfefihus, reduction of emissions
and improvement of fuel consumption of an IREreducing friction and wear with enhanc

lubricationis the focus of this research.

ICE is a heat engine, which converts chemical energy via a thermal or combustion proce
to mechanical or kinetic energy wiipproximatehermalefficiencyof 207 30%for gasoline
and diesel engines respectivel¥his is because of energy losses through fseandand
frictional dissipations” & 7 With reference to Ali, et af ° it is estimated thal7-19% of
power generated by an engine vi# lost througHriction, perhaps giston ringassembly
and cylinder liner interface will accoufar 40-50% of frictional power losses within an ICE.

This was confirmed by Jjat al.1°as illustrated in Figure 1.1.

Therefore, researchers are continually searching for new technologies to enhance IC

lubrication. Nonetheless, contemporary diesel engine lubricanés constitutedwith 3
different packages; base stock, performance packagé viscosity modifiers with
approximate compositions of 78%, 12%, and 10%, respectiVBlgcausehe contemporary
commercial lubricants required to keep the engine clean while preventingshae
formation, with oxidative and thermal stabilityn addition, needseduction of fiction and
wea losseswith controlled exhaust emissioksBesides in 2018 world consumed 36.4
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million metric tons of lubricants of which, 50% been used as engine lubrié&mtsn that
50%, one third of engine oil was lost during engine running farymeasonsthus 65 to 68%
was end up as waste crank case"diVaste crankcase oil is highly hazardauith many
toxic materials including metals and heavy metals; Pb, Zn, Cu, Cr, Ni, Cd, Mo, anc
polynuclear aromatic hydrocarbons (PARYhich are known to be carcinogenic and
mut ageni c, f orpyrene.dup, Waste crank case oil(isiangerobsatih,
the environment and is hardly biodegraddBl&herefore,a significant environmental
concernrequirespecificdisposalprocesss®® Presently, using as an auxiliary fuagphalt,
or bitumen production for road constructions etc., albeit, bulk quesitill disposedn

landfills, causing severe impact todierganisms?
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Figurel. 1, Frictional losses within an internal combustion engifie

In thelatest researctmanoparticles areonsidered to ba promisingsolutionto improve
the efficiency oflICE lubrication because of their ultrafine sialowing themto infiltrate
betweeragerity contact®f the surfaces in relative motiofhis scaledependenbehavior®
14 givesan added advantage tolroetween sliding surfaces in additiortheability to create
boundary layerbecause of their adhesion and cohesion propgtieter Fired ©p Dead
Centre (FTDC) conditiomvhen combustion occufs this behaviowill help to elevatehe
lubricant characteristicklowever, agglomeration and sedimentation of nanoparticles within
mineral base oilover extended period o$torage timehas been reportedy many
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researcher$ ® 71t is the barrier to overcomie appreciation ofianoparticles as engine

lubricantadditives toenhance ICE performandagaddition to the commercial constrains

Furthermore,according to the United Kingdom Lubricant Associatiannual global
lubricant consumption is approximately 40 million metdog,** 16 of which90%could be
substitutedvith bio-basedubricants®® Bio-lubricantsarea combination of triglycerides and
fatty acids, viably available around the globe with various qualities according to the
geographical locatianExamplesinclude palm oil, corn oil, coconut oil, cotton seed oil,
rapeseed oilsunflower oil, safflower oilolive oil and manymore In-additionto their
lubricity capabilities bio-lubricants are biodegradable Biodegradingis an ecological
process breakdown of organielements by microorganisms with the presence of oxygen,
nitrogen,and mineral3” *° Alongwith low toxicity, high viscosity indegV1), low oxidation
and are obtained frormenewablesources. However, bilubricants also typically exhikt
high pour point the lowest temperature at which a fluid (lubricant) loses itsffoséng
qualities thus wax formation at low temperatui@sd poor oxidative stability af@ossible

negativecharacteristis, whichneedto be improvedor theapplication ol CE lubrication”
18,19

1.2 The ResearchAim

In view of the above solutiors to thecontemporanCE lubricationarea fundamental
requisite, thus the aim of this research isnt@estigatethe tribologicalbehaviorof various
lubricants on ICE componen®articular emphasis will be placedthepiston ring cylinder
liner interface where the use afanoparticles asngine oil additive with mineral andio-
basedample formulationgill be compaedwith the performance of a conventional mineral
based lubricaniThe ambitionis to identifytheoptimalengine oifformulation whichreduce
friction and wearhence,to improvefuel economywith reducedemissioss. It therefore
follows that optimizinghelCE performancesaves energyandreduce thedepleton of fossil
fuels and mineral reserves for a stable arstissnable environment




1.3 Objectives

Theobjectivesof this research are &sllows.

1) Identify thefactorswhich influencethe homogenous suspension of nanoparticles within
mineral andio base stocks

2) Produce stablehomogeneous blendsf nanoparticles and mineral and {ased
lubricants with storage time before nanoparticle agglomeration and sedimentation.

3) Investigate the tribologicaffectson ICE component$o enhance engine performance
by reducing friction and weawith the applicationof sample lubricant formulations
containing mineral and bio basecksblended with different nanomaterials as addgive
in various concentrations.

4) Suggest an optimal lubricant formulatifor use in an ICE

1.4 Methodology in brief

Inspiration is to develop an engine lubricanetdance its performance to save energy
with extended component lifdiHence, different kinslof lubricant samples were blended
using mineral oil and coconut oil as base stocks with various nanopartidléisrent weight
concentrationsas additives. Therare three groups ofblends: a) mineral oil with
nanoparticles, b) mineral oil with cocorut and c) coconut oil with nanopatrticldaitially
all the blends were tested for frictidorce (FF)and coefficient of frictiofCOF)using linear
reciprocating tribometer (LRTdest rigwith piston ring and cylinder linepiecesas test
samples The designis to simulate real time ICE operation, which is vehallengingto
achieve Fromthe Phasd LRT teststhebest additive concentration from each nanoparticle
group either with mineral or bibasestockto reduce frictiorwasselectd for Phasel LRT
tests.Phasel LRT tests were done with two variablek);, varying load and) varying
velocity at a constant élevated temperatur€140 °C) to study thetribological behavior of
selected blendsinder extreme pressufeP)and temperature conditions. Thereafter, all the
wear scars of test specimens; cylinder liner and piston ring segments were tested with SE
EDX, and 3D noncontact profilometry for wear scar analysis and comparedimiged

piston ring and cylindeliner surfaces without tribometer tests-dddition, physicochemical

M,

properties of all selected blends were tested and evaluated to study the lubricant life and

required other qualitiesSimultaneously, UWis spectrphotanetry wasperformedon
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selected sample blends faperiod of five weeksstarting from 0 hours to 72 hours24-
hourintervals anctweekly intervas upto 5 weeks tstudy the stabilityf selected lubricant
samples over shelf life/ storage time.

Further screening was done affdrasell LRT tests to seletample blends, which could
withstandthe harsh operating conditions similar @ ICE. The selected samples were
blended again with formulated coconut oil (FC&d tested under PhaBEktest protaol.
Samples with enhanced tribological performance were seldgwrdndutilized to run a real
industrial engine foa period of standard one oil changgeommended by the manufacture.
In this case it is 100 houts evaluate the fuel consumptiand eXxaust emissions followed
by usedoil sample monitoring tests to observe the physicochemical properties, remainin
lubricant life, hazardoussubstancepor particle content for recommendations for final

formulation.

Besides, with the development of the project, mpanticles were synthesized and
characterized withFouriertransform infrared spectroscopy (FIR), Raman analyses
transmission lectron microscopy (TEM) x-ray powder dffraction (XRD), and x-ray
photoelectron spectroscopy (XP®y verification andto understand theharacteristicof

selected nanomaterials.

Moreover, many pour point depressants (PPD) wemded in different weight
concentrationgo improve pour cold flowbehaviorof coconut oiland the resultswere
analyzed via differential scanningplorimetry (DSC) and conventional ASTM D9%6A
tests.Thereafterthe combination of coconut oil with bé¥D concentration was added with
various weight concentrations dissimilar antioxidants, viscosity modifiers, aaltalinity
improversto enhance required characteristafscoconut oil, followed by physicochemical

property analyses fappraisal

This is an outline of experimental methodology whiklaborated withirChapter 3 in
detail.

1.5 Layout of the thesis
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2. Chaptleeirt@rature review
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Figure 2.1, Typicalschematidllustration of an IE a) basic components b) TDC and BDC wi
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1 1

WhereP1, V1 and T representhe initial pressure, volumand temperatur@ndP, V2, and

T, are for the new or final pressure, volurardtemperature respectivelll.is a constant.
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Ratio ofdynamic viscosity to fluid density is defined as the kinematic viscosity.

t
I.e.,kinematic viscosityW Z (2.3)

Where,} = fluid density

VIiis defined as the fluidodos resistance
temperatureThus,this is avital parametewith an engine oil to have higher VI lubricarih
orderto gainless viscosity variation with ICE operationVI is a comparison of kinematic
viscosity of the oil of interest with two reference dilaving0 and 100 VI at 37.8C and
have the same kinematic viscosity at 9&9HenceVI is an empirical value without unité

TBN is the quantity of alkaline substance in aifneasure of potassium hydroxidOH)
milligrams required to neutralize alkalinity of one gram oflaikewise, TAN is thequantity
of KOH milligrams required to neutralize acidity of one gram of oil. BotiNTakad TBN are
commonly termed ableutralization number is a deciding factoandfor determiningthe

oil life or oil change interval

PP is the lowest temperaturaf whichthe lubricantloses its fredlow characteristics
Cold flowis alsoan extremely significanparameter formautomobile lubricant, which needs
to be functioned in varyingemperaturesextreme cold to very worm ambient conditions
worldwide.Vapor igniting temperature of a lubricant is define@Bsthus is very important
stricturefrom the safety perspectite have a higher FP than operatiegnperaturef an
ICE.

Oxidation is a sequenceof complex reactiors because of molecule breakdown or
rearrangementwhich varies with the elementadtegration of a lubricant causing sludge,
soot, varnishor emulsion formation and depositing on engiomponentsbesides oxidation
causing formation of acidic compountie€nce corrosiorleading tosurface damage or

excessive wear of components.

Shear shbility is a key attribute, aneasure of resistance to change in viscosity of a fluid
under mechanical stress or shear. The reduction of viscosity under mechanical stress or |
is termed as shethinning and the fluid is called nédewtonian fluid. In contrast Newtonian
fluids haveconstant viscosity with changirag shear raté® *°Moreover, it is presumed that
the fluids withplain molecular structureghat are not affected by shearing actoa having

Newtonian behavigrexamples include water, benzene, glycerotontrast, norNewtonian
14
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behavior comes with the complexity of the molecular structutkeoliquid.However, non
Newtonian behavior, which affects for shear thinning and shear thick&eioguse of
microscale structural changes; phasparation or disentanglement of molecular chains are
widely regarded’” 2% 30 Pseudoplastity and thixotrogy, which refer to adecreasen
viscosity with increased stress ahe duration of streshave been useid reduce viscosity

respectively’®

Thermal conductivity is directly associated with the temperature variance, affected by
the polarity andhydrogen bonding of the molecul&sThis is an important characteristic of
a lubricant to transfethe heat generateldetween surfaces in relative motion to reduce
friction. Also, the temperature and pressure dependence of fluid viscosity is very intportar
in engine lubrication Fluid viscosity increases with increasing operating pressume

contras fluid viscosity falls with increasing operating temperasure

There are several assumptions for viscetdtyperature relationshiglbeit Reynolds,
Slotte, Walther and Vogel equations are
equation is regarded as the most accuraterigineering calculation®©ne of the wdely
used American Standard féesting andMateriak (ASTM) chart for vscosity temperature

relationship is based dNa | t equatiéoné

V o g eshuationd = ae” (' ©) (2.4)
AL
Wa | therc‘)sWe=hua-Ht!ﬂBrn; (25)

Where,a, b, c andd areconstants and - absolute temperatur@

Lubricant viscosity is increasing with tirecrease obperating pressure and this effect is
larger thanthe one obtained bghanging operatintgemperaturelncreasing viscosity with
operating pressure will help to create thicker lubricant film andefmmate asperities of
surfaces in relative motiongverthelessigh viscosity will increastheshear stress between
fluid layers, increasing viscose dragfluencing more friction and heat generation between
sliding surfaces.There are manyassumptionsin the literature for viscosity pressure
relationshig, some are gootbr specific fluids and not accurater others.For instance,
Barus equation iwidely usedfor viscosity pressureelationship at moderate pressucksse

to atmosphericalbeitproved to beerotic at high pressures abd¥®& GP&® The maximum
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pressure inside a combustion chamber of an ICE may reach 500 bars makifduhus

well below the margin given above.
Barus equationtly = do € P (2.6)

Where dp - Viscosity at pressure P do i Viscosiy at amospheric pressure

U- PressurgViscosity coefficientand P - Pressure oihterest

Shear stabilityof a lubricantis depending on the flow behavior or rheological behavior
(change of viscosity) ahat fluid under mechanical stress or shear, as discussed under th

subheadingi Shear stabilityo (page 14).

2.1.3 Lubrication regimes

With regards to the mode of lubrication, three distinct situations can be perceived wit
increasing loads on contacting surfaces, which are called lubrication rediae=ly,
elastohydrodynamic, boundary anmdxed lubrication regimes’ Typical asperitycontacts
during these lubrication regimes are illustrateBigure 2.6 Elastohydrodynamic lubrication
(EHL) could occur because of high pressure and temperature generatiorstidimggof the
piston withinthe duty cycle of an enginélere the propess of lubricanplay a vital rolein
creatng fluid layer with required minimum film thickness to keep the asperities épiart
2.6¢) Maximum EHL will take place with maximum sliding velocifythe load is constant
thus decreases towards T26d BDCwith the piston stoke where the velocity is absolute
zero.This area is called boundary lubricati@l) regime where no hydrodynamic pressure
to separate asperiti€fig. 2.6a) At this juncturethe lubricant additives will portrayna
imperative roldo createBL film with their adhesion and cohesion abilittesavoid asperities
in contact Maximum EHL befallswith the maximum sliding velocity and decreases with
decreasing velocity towards TDOr &DC. Mixed lubrication (ML) happens with the

decreasing velocity when piston reaching at TDC or BDC with mixed results, because tf

generated lubricating film thickness may be inadequate to separate surfaces completely (Fi

2.6b).
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Lubrication regimes

Flastohydrodynami
Boundary lubrication Mixed lubrication lubrizat):on i
a) #r b) iF 0) ‘..-
R — T—

A~ ———

Figure 2.6, Typical illustration of lubrication regimes, a) asperities contacting, b) asperities not
in contact, c) asperities deformation due to fluid pressufe.

2.1.3.1 Elastohydrodynamiclubrication (EHL)

Increase of viscosityand elastic deformation of surfacesder extremepressure and
hydrodynamicsplays fundamental rolesvithin the EHL mechanism.Therefore ambient
viscosity, operating temperature and pressure, pressure viscosity coeffthiemal
conductivity, surface ension, surface contact areaflash and surface conjunction
temperaturer educed radius, cont act | oad, You
surface hardness, surface roughnessprocating surface velocity, all aessentiafactors

effecting thislubrication regimé* *> Beauchamp Tower and Osborne Reynolds are the

champions who pioneered the scientific understanding of hydrodynamic lubrication, albei

Grubin and ErtéP are the first to publish realistic approximation for EHL film thickness
calculation The aility of lubricant viscosity to create a film layer thick enough to separate
the asperitiegpartof both surfaces in proximitywhich are with relative motiorp reduce

the friction and wear under theskevatedemperatur@and pressure conditiorisa801 100
°Candcal5i 25MPawi t h i nst ant an e 6Gardinstantaneas paessure e
uptod ®Paduringthe instant of ignitiodombustionwith elastic deformatiois crucial

in this lubricationsystem (Also, the operating temperature and pressure will vary with the

design factors like aspiration; natural, supercharge, turbocharge, after/inter cool artd likes
6, 23, 30

Leeuwa,*® compared 1lequationsfor lubrication film thickness calculatiofrom

literatureand highlighted the importance of pressure viscosity coefficidntf(the subject
17
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fluid. Accordi ng tmostisuitable dpprexunationtainsula omcankral s
film thickness in EHL circular contacts is from Chittendenal,*® with close results from
Hamrock Higginson and Dowson formulagor all type of contactsinclusive of central,
linear orelliptical contact surfacesolving Reynolds equation mathematically and adapting
power formulas is e standard methodologfor examining characteristics of EHL
lubricationto ascertain numerous parameters within the sysRaynolds one dimensional
equdion; the origin of the EHL film thicknesgEg. 2.7) and widely used Hamrock and

Dowson formul&or all types of contadiEq. 2.8) areas follows?’: 35 36

u. a
- o tIT (2.7)

Where;p - Hydrodynamic pressure,i Entraining sirface velocityd - Lubricant viscosity
h - Film thicknessg - Film thickness where the pressure gradient is aatx - Distance in

the direction of motion

<

38 8
t 8 g L
L=|» ) [FJ”L 8 u (28)
:

=l

1
. 8

]
]
T

>

Where,ho ¢ minimumfilm thickness,R; i Reduced radiugc T Reduced elastic modulus,
Wi Contact badandU do, andu aredefined by the equations §.and (27).

u, is defined ag” %°

o =4 29)

where the subscrips andB denotethe surfaces in relative motiptihhusua andug represent
the velocities of surface& andB respectively. However, in cylinder liner and piston ring

mechanismwithin an ICE piston ringreciprocatesand cylinder linerremains station. In

suchasituation¢ °—=, whereua refers to the sliding velocity of the piston ring

E. is defined as®

S — | (2.10)

4% ~ ol

=

Wherega andgg are thePois® n éaso d the surfacesA andB in relative motion andEa

andEg are the elastic modulus of tekemesurfacesA andB respectively’’ 3
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The definition of reduced radil& will vary with the geometry of theontact area of the
surfacesn contact Assuming that, the piston ring running surface is havicgnaex profile,

thegeometry of the contact area of a piston ring and cylinder liner mechanism of an ICE wi|

be elliptical similar to a geometry of a convexid concave surfaces in contact as illustrated

in Figure2.7.

In that caseR; could bedefined as®

PO R K PO PO PO e (@40
Where:
Rx1 Reduced radius of the curvature in x direction
RyT Reduced radius of the curvature in y direction
RxiTRadius of curvature of body &6Ad6 in the
RyiRadi us of curvature of O0OAO0 in the y di
Rixil Radi us of curvature of body 6BO6 in the
RwiRadius of curvature of body 6B6 in the
e
i\
/=
Fw T

Elliptical
contact area

Figure 2.7, Typical ggometry of two bodies in contact with a convex and concave surféce.

In this researchfriction (tribometer) experiments were performed using piston ring and

cylinder linersegmentsas test specimens. Thugth cylinder liner, piston ring mechanism,
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piston ring and cylinder liner diameters should be equal or almost equal to prevent
compression leaks to the crank case for optimum engine performalsoe for the X
direction, cylinde liner is having straight line similar to plane surface, hddge D,

Therefore Rr = Rax (2.12)

From theEquation2.12, the reduced radiuR: is approximately equal to the outer
curvature of the piston ring running profile, which could be measured through optical

profilometryif requiredfor necessary calculations.

Besides, th&quation2.8 can be subdividenh four dimensionlesgroups suchsspeed,
material, loagd and contact parameters thus, could be simplifigéth nondimensional

parameter$or easy reference dsllows:

o 8 = 8 _"0.53 W—0.067K (213)
Wheredimensionles&lm parameter H= %
>
dimensionlesspeed parameter u= I

dimensionlessnaterial parameter G= » R

dimensionlestoad parameter W = .

dimensionlessontact parameter K= 8 m @

1%}

From the Equation 23lit is evident that the speed, material and contact parameters hav
higher effecbon film parameterthan thdoad parametefiWo, which doesot have astrong
impact on film thicknessvi t h t WP%% (Eq. 2al3)Relative notion of adjacent
surfaces, which inducedluid pressureinitiates EHL film between surfaces in motjaghus
with the increase of speed increaiee fluid pressuravith maximum fluid film in between
to keep théoadedsurfaces apaft.Figure 28, indicates theéypical changesf fluid viscosity
at EHL, showing swift escalatiowith the entry of lubricant to the contattailed by steep
deterioratiorof viscosity levels at the exiTo compensate ihviscosityslump constriction
is formed at the exit where minimum film thickness)(is found,which is veryimportant
for asperity separation and lubricatiotherwise central film thickneghc) will maintain the
interactionof opposing surfaces. This sharp presdilisparites at the entry and exdf

contactsalong the asperitiestrongly depends on the pressure viscosity characteristics of the
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subject lubricant. lkaddition, all parametersj, G, W andK arecorrelated with each other
For exampletheelastic modulu&. is present irthree parameters; speed, material and load,
thus all physicochemical properties, characteristics of lubricant and surfaces in relative

motion arevital for creation of lubrication film to inhibit asperitgteractions’’: 38

Neverthelesspressureviscosity coefficient () which defines theelationship between
variation of viscosity with changing pressure (Eg. Z&s@&he most important characteristics
within this EHL film thickness calculation among other paramet@vshich could be tested
or calculated with the use of available test pduces or approximation§. Therewill be
many diversities of blended lubricants involved with this project, thwdl vary with each
sample lubricanand will beunknown, because sample lubricawif be custom made for
the researchThus, measuring lubrication film thickness with available technology is one

solution to overcome the situation.

P4 Elastohydrodynamic Hertzian
pressure / pressure
distribution L7 ~ distribution

\/ N /
{ \
/ \
/ \
|' \1
/ W—JF/
Contacting Constriction  hy

surfaces

\//’7 S T

Figure 2.8, Typical pressure distribution at EHilms*

4

2.1.3.2 Boundary lubrication (BL)

At the TDC in a fired engingthe lubricationof piston ring, cylinder liner interface
extremelycomplex with increased temperatupegssureand load condiions where the fuel
combustion occurs. With the oil starving due to the action of oil scraping ring and almost

zero sliding velocity at TDC will create no lubricating film conditiaesulting in no
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separation between asperity contacasisinga scuffing statewhere lubrication is most
needed under boundary lubricatiSiThisis an important cillenge to overcomeytmodern
day engine lubridson.

The situation, where lubricants with additives having adhesive and cohesive properti¢
play a major role t&eep asperities apart to reduce fricticansequentlyor alower COF.
Material with high hardness and lower shear staessequired br a lower COE° Because,
in general terms, CORuO is definedas theproportion between frictional ford@ o and

applied loadiwo, i.e.:

u:

= [

4

whereas = AU

Where:F i frictional force(N), A:i true contact arefm?), Ui effective sheastresgP9),

andW = A; Py, thus yield the approximation
w

M= T (2.14)
where;Py for plastic flow stress of the material; correlated to the indention hardhgas (
3 {0y is for theyield strength of the materifiPa)).> 2’

Exceptfor special casedardness of a materiih this casé,) is always proportiorido

the shear strei@, thus naterial with high hardnessd low shear stressan incompatible

situation Though thel u b r i abibtyntd cremtea thinlayer with low shear stresmn a
sliding hard surface is the requiremen®t to reduceriction.’® However, it is evident that
the complexhydrocarborstructuresof lubricantscomprisinglinear moleculesvith polarity
are more effective in formingrotective layer This will be achievedby aligningof polar
headsof functional groups attached to the lubricant molecule struainoréhe opposing
contacting surfacg because of thieattraction to thesurfaces and repulsion dheother end
of the molecule t&eepasperities aparfor example carboxyl groupGOOH)of a fatty acid
to attract substrate, while alkyl grouiR] to repel at the other eras illustrated irFigure
2.9, the mechaniswhich isknown as boundary odaorption lubricatio.!® 2’ This boundary
layer formation could be achieved by adding a surfactant if the lubricant molecules al

constitute with inadequate functional groups.
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Intermolecular contact
; , and load support

......

Carboxyl group
=/ (ie.~COOH) | Fatty

) acid
—_ Alkyl tail molecule
Weak bonding or repulsion between (ie. —CHj)
opposing —~CHj groups provides low e o
interfacial shear stress

2 nm approximately

Strong bonding between carboxyl
group and substrate

Figure 2.9, Typical illustration of fatty acid polar molecules as adsorbed to create low friction
mono molecular lubricant layet?

Besides, linear molecular structure afubricant will enhance proper stacking on the
substrate antbngerchain lengthwill induce combinedntensity of feeblebonds between
neighboringmolecules tdoostdurability of the filmas illustrated irFigure 2.10.*°

P /J“_""_“-\\\
I/ \\
-_— - T Collective strength
Numerous —-— | — — | 7 " 7 | = of weakbonds
weak bonds  «— | — = | == =— | = between adjacent
to adjacent . __ | — | — =— | — molecules to
molecules | ___ — | — —— | — enhance durability
. — —_ | —+ «— | —  of film
O O OOne strong bond
Strong bond to substrate @ {'; @ to substrate

Substrate

Figure 2.10, Attraction between closely packed linear FA molecules to strengthen bonding
between monolayer adsorbed and substrate,

23




The adsorption, which iattributed tothe additives of the lubricant can be divided into
two fundamental categories suabfi p h y sii smd pand A checuse of theirp t
adsorption characteristidBhysisorption or physical adsorptitiratoccurs at ambientréow
temperaturedue tothe van der Waal®rces dispersionpr other low energy mechanisriys
However, adsorbate may attract or repulse from substittiethe increase of temperature
(which depends on the constituents of lubricant and mating metal sutfavas)out any
permanent alteratiodueto the weak molecular bonding between substrateadadrbate.

In contrast, chemisorption or chemical adsorption will create stronger irreversible

molecular bonding between substrate and adsorbate than physisouptier high
temperature and pressurenditions andiepends on the additives and molecstanctureof
the lubrican{Figure 211).1> 27

Adsorbate
Van der Waals, dispersion
-~ forces, or other low-energy

bonding mechanism

Adsorbate
Strong bonding via electron

fexchange with substrate atoms

Substrate

Substrate

Figure 2.11, Schematic illustration of a) physisorption, b) chemisorption mechanisms for BL

Apart from adsorption there are many mechanism®in such as surface localized
viscosity improvemenformation ofamorphous filmsmetaloxide or glass layer arascent
sacrificial layers, which depends on the operating environtitentioad, speed, operating
pressure and temperaturi-addition, properties of material such as surface hardness,

surface roughness and rheologiaadd physicochemicalroperties of the lubricanBL or
24
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fiboundary and extreme pressure (EP) lubricatias tralitionally termed is a complex
phenomenon, which Table 2.1 summasizde application of differentlubrication
mechanisms with varyingressure and temperatupe®®

Regardless of the practical importarafeBL and associate mechanisrise knowledge
of these mechanismis lacking the excellence and accuracy it requivagh reference to
present literaturethus need improvement.In addition, from Table 2.1 and from the
literature, it is obvious that, themperature of sliding surfackas an effect on all lubricah
mechanismswhich is a sum of ambient temperature, steady state frictional heating an
transient frictional temperatute Principal impetus forrising of transient frictional
temperaturas the asperitycollisionsat the interfacewhich leads ta suddenincrease of
friction at the locationvith the support of increased load asfiding velocity*® The situation
when a lubricant fails to create a vialshechanism to reduce friction and lower the interface
temperaturéwhich is termed as critical temperature in literatem)ld lead to scuffing state
or component seizé? However, this elevated temperature wakilitate chemisorption
bonding or any other nascent film process mentioned abowestead of physisorption layer
dependingon the properties of thadditives and the base stock ofiudricant. Albeit,
continuous removal and generationaafsorbed laysy certainly will reduce frictionand

increase wear.

Additives containingnorganic elements likeufur, chlorine andohoghorushave been
proved to becapable oforming sulfides, chlorides and phosphabgseacting with metal

(iron) surface. Theadhesion of these sacrificial flms on both asperities will create the basis

of BL or EP lubrication by minimizing the impact caused by passing asperity peak collisions

If the concentrations of metal chlorides, sulfides and phospa@esmbalanced, erosion and
excessive wear may occuin-addition, byproducts of these substa@mnissions and waste
crank case oil) are hazardous and toxic, thus numerous legislative restactiamplaceo
minimize the usage of additives contaigisulfur, chlorine and phosphorous elements. In
addition atmospheric oxygen and water vapor react with sliding metal surfacesHihded
extreme temperature condit®to form metaloxide layersThe resultant effeatill suppress
metal to metal contact bypassing asperity contduisminimizing friction.
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Table 2.1, Lubrication mechanisms for different EBL situation$®4°

Temperature Load Lubrication mechanisms
Improvement ofviscosity near contacting surfaces, not specifi

Low

L to lubricant
ow
Hiah Formation of physisorption film to cover surfaces in contact tc
g minimize friction.
Creation of irretrievable soap films and other viscous substan
by chemicateaction among lubricant additives and metal
surfaces on worn surface.
Medium Enhancement of viscosity by lubricant additive and ksteek
_ for localized surfaces.
High

Formation of amorphous layers via reaction between additive
and substrate metadurface.

Reactions of lubricant additives on metal surface.

High Creation of sacrificial films of inorganic material, impeding
metallic contact and acute wear on eroded surfaces.

Nevertheless, excessive oxidation may leagdatastrophisituationwith theformation
of emulsion and acidic compounds thiesulting inmore wear than anticipatedigh
temperaturdias a detrimental effect dhis lubricationregime;thus,it is requred tokeep
under controto avoid reaching criticakmperature taninimize friction and wear. Térefore
transferringthe generated hedtom combustiorandfriction by slidingasperity contacts
recomnended®*° Heat transfefrom piston ring to coolant via lubrication film and cylinder
wall by conductiorandto carry away by lubricant itself to the oil cooler through convection
are the possible routes, thubel ubri cant 6s ability to tr
conducton to engine coolant will banadded advantage reduce friction and weamder
these BL and EP situatidf 2740

Mixed lubrication (ML) is the transitional region between both EHL and BL regimes.
Thus, hydrodynamic pressure and layer formationdsired in ML regimeto support the

asperity load, which are elaborated under the Sections 2.1.3211a8.@.

2.1.3.3 The Measurement of lubricantfilm thickness

FromEquation 2.13 it is evident that the film thickness depends on the material, velocity

load and contact parameters thus it is affected by the properties of the lubricant and mate
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of the surfaces in relative motion. With the development of technologg #ne many test
procedures available to measure the film thickness. The electrical inductance method was
earliest recorded technique applied, followed by eddy current and capacitance procedur,
Measuring capacitance between two +foontacting metalt surfaces (for example piston
ring and cylinder liner interface) separated by a relative permittivity (dielectric) of a media
(lubricant film) is the technique utilized in the capacitance methodology with some succes
Another method used is the laserundd fluorescence (LIF) and it is the latest methodology

in development.

Dwyer-Joycet* and Greert! utilized the reflection of ultrasonic pulse to measure the
lubricant film thickness separated by opposing surfaces in motion. Here the amplitude
reflected incident pulse, which is depending on the stiffness of the separating film, generat
by a piezoelectrisensorand promulgated through cylinder liner wall, was measured as an
impedance to calculate the reflection coeffici®the piezoelectric sensor was attached to

outer wall of the cylinder liner, which was used to both emit and collect ultrasonic pulses

The reflection coefficient was expressed as the acoustic impedance mismatch between f

materials in contadt4°

Greenin his experiment used three types of ultrasonic transducers; element and conta
transducers to measure an area equivalent to a circle with 7 mm diameter and focus
transducer for an area equivalent to a circle with 0.65 mm diameter. This expesiasent
used to analyze film thickness characteristics of a cylinder liner piston ring mechanisi
having bore and stroke measurements of 96 mm x 64 mm respectively. The test resy
reveled that the minimum film thickness of 9.4 ym and 16.5 ym at TDC and BDC
respectively®

Within the lubrication of piston ring cylinder liner interface, the variation of layer
separation (film thickness) will affect in changing the capacitance of two infinite parallel
conducting surfaces. Thus, was the hypothesis utilized tsune film thickness when
utilizing capacitance mod®&: 4’

Nevertheless, Dhar, et &l.who studied the lubricating film thickness characteristics
using capacitance probe, highlighted that the LIF method should be utilized for more accura

film thicknes measurements.
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When measuring film thickness utilizing LIF method, combination of laser induced
fluorescence and fiber optics have been used to appraise the ratio of the incident excitatjon
intensity with emitted fluorescence intensity, which is propodl to the optical path
length®® 4 A typical schematic of the optical structure is illustrated in Figut&. 2n this
process energy will be provided by a laser beam in the form of incident photons to begin the
excitation (Fig. 2L2-1). Exited photonwiill be expanded and refocused the objective to give
electrephotonic imaging (epi) illumination (Fig. 22-2, 4). A dichroic mirror (wavelength
selective beam splitter) will be utilized to direct the laser beam towards the lubricant film
through excitatin filter (Fig. 212-5b, 5c). The lubricant will be doped with a combination
of laser dyes; Pyrromethene 567 or Rhodamine 640 or similar for LIF measuréfights
Fluorescence emitted from dye molecules after energy absorption will be obdeoregh
magnifying lens and emission filter (Figl2-5a, 6), and fluorescence intensity images will
be captured utilizing an electron multiplying, chargedpled device (EMCCD) camera or
photomultiplying tube (MPT) for film thickness analysis (Figl2-7). Becausde intensity
of the fluorescence is related to the thickness of the oil*film.

However, Fowelf® noted that the influences on fluorescence from quenching,

temperature, viscosity have an effect on the measurements.

Obert, et al®® who studied the lubricant film thickness within the piston ring cylinder

liner interface determined with LIF methodology, implemented the sheet of light techniqu

11°]

to excite only the area to be analyzed, which could eliminate the influence of scattered light
from outside the contact area. Nevertheless, he measured a film thickness for an area of|0.8
mm x 3 mm, out of a complete lubricated area with cylinder liner having 83 mm bore

(however, stroke length was not specified to calculate the total’8rea).

It was faund that Greeft! utilized ultrasonic pulse technique to measure the film
thickness of a circular area equivalent to 154%msnthe maximum, out of 19,310 rhof
total lubricated area, which indicates, that he measured only 0.8% of lubricated dnisa for
approximations. Likewise, Obeftutilized LIF technique to measure an area of 2.4 ouh

of 14,347 mm, thus measured 0.02% of total lubricated area for his assumptions. Ober

—t

et al.**managed to measure oil film thicknesses less than 0.05 prassodned that the
sufficient oil supply to the contact areaisritical requirement to prevent scuffing on contact

surfaces. Moreover, there are eight assumptions within the famous scientist Osborpe
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Reynolds equation for hydrodynamic lubricatidriThe enarios, which exposes the
accuracy of approximations within the tribology. In film thickness calculation or
measurement, all the relevant parameters are surface roughness, temperature, press
lubricant entrain velocity, load carrying capacity, all enanging, thus predicting with the
values representative of 0.8% or 0.02% area needs serious consideration. Therefore,
research is suggesting comparing, analyzed lubricant characteristics such as COF, FF, w
scar patterns, morphologies, exhaustssions, used oil contaminants and many with the

analytical results of the selected reference oil; formulated mineral oil 15W40.

Excitation Path

e Emission Path

1. Laser light, 2. Beam expander, 3. Field stop, 4. Convex lens for
focusing, 5. Filter cube, 5(a). Emission filter, 5(b). Dichroic mirror,

5(c). Excitation filter, 6. Convex lens for image magnifying, 7.
Contact

Electron Magnifying Charged-Coupled Device (EMCCD) camera
for image capturing

Figure 212, Schematic of an optical setup for LIF method utilized for film thickness measurethent

2.1.4 Surfaceroughness

Surface roughness is assentiatharacteristiavithin tribology, whichaffects the load
carrying capacityof a lubricant at asperitieghusinfluencesthe minimum film thickness
requiredto enhance lubricatioff: > There aremany descripta of surface roughness
including 2D descriptors, such as the linear profile parameters, representegfoy the
mean vertical height deviati@mdRqor Rims for root mean square deviatid3D descriptors
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such as tharea profileparametes arerepresented b, and Sy symbolsfor 3D linear and
3D rms deviations respectively. Besid®sor Rq (Rims) are widely used® >? such as
RiorR pi vy 1 Peak to valleyoughnesgvertical height from highest asperity to lowest

valley)
Rpi Distance from highest asperity to the mean height
R, Average of the distance from the five highest points to five lowest points

TheRaandRgor Rimsare defined afollows:®2

d
=| L 7. $|§ ° (2.15)

J x
=Rms=Rq= 7, » Mo (2.16)
wherezi heightof the profile,L T length of theprofile as illustrated irFigure 213.
Therefore combinel surface roughnes&() for the surfaces in relative motion could be
defined ag?

=| Adf =| A =| A (217)

where subscriptg: andap refers to the rms values of surface 1 and 2.

This composite surface roughnesg in relation to the minimum filnthickness is
termed as lambda rati@)( which is affectingto definethe lubrication regims. Besides,
Vrcek, et al3® observed that, the and wear are affecting theaicro-pitting on EHL
surfaces® Also, Kumar and Rab notedthat the loactarrying capacity and squeeze time
increases with the increasing surface roughrfelNsyvertheless, these linear parametBgs,
Rqwill not characterize the topography of a surface adequatelyatgtal information such
as; slopesshape®r size of asperity summit curvatum@stheir spacing or regularity, albeit,
only the height variations from valley to peak or surface meamtongiLof a surfacewill be
describedAlthough, area roughness paramet8ssnd Sqwill give more significant values
for engineering calculations or applicatioi$erefore, ararea defined in the santeear
surface roughness evaluatimanner, could be utilized to determine tiev&lues;SsandSg

of a surface? %57
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There aranany techniques developed over the years to measure surface topographig
which could be classified into two broad categories such as contact, and none cont:
methods. In contact methg@sdylus or measuring arm with mild loadll absorb the surface

variationwhile movingon traveling line of the surfacé

Mean height

Figure 2.13, Typical single profile trace in x directiéh

Also, with the noncontact methods, optical interferenseattering, capacitance or
scanning microscopy will be utilized to evaluate surface roughness of an area with mo
specific topographical details. Atomic force microscopy (AFM) is proved to be regarded a
the choice for measuring surface roughness atilestfscale. However, in this experiment
the surface roughness of test specimensiot suitable for atomic scaleroughness
quantification,thus norcontact 3D optical profilometgiFigure 214) will be utilized to

analysis the surface texture of tiest specimens before and after the t&st§56: 5758

CCD
= Reference Signal Module

Mirror
Y,
Detector(s)

Laser

Beam
Splitter H Reference

LED Light SR Mirror

Source

Mirror on the Scanner

[ ]

Objective

Mirau
Interferometer

Figure 2.14, Typical illustration of a norcontact 3D optical profilomete¥
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2.1.5 Contemporary engine lubricants

Today the world usedrca fortymillion metric tons of lubricants annually, out of which,
50% been used as engine lubrisaAt!® Shell, Mobil, Total, Castrol, BRCaltexare a few
leading brands among many to provide engine lubricaniddwide. The fundamental
objective ofan engineoil is to reduce friction between surfaces with relative motion in

proximity. However, in additiongther key functions ofontemporary engine oitgre to®°

Prevent corrosion and excesswear.
Dissipate excessive heat, waste energy ftombustion.
Prevention of soot, sludge, emulsion formation

Reduce energy losses, improve fuel economy

=4 =2 4 A4 -4

Control emissions

Thus, constitute with three basic packagbase stock, performance package and gisgo
modifiers with approximate composition of 78%, 12% and 10% respectoraliesel engine
lubricants!! Base stocks areineral or petroleum bask and synthetic. Mineral base stocks
are manufactured from crude oil with long and high molecular weight aliphatic and aromati
hydrocarbons containing weight percentages oBU% of aliphatic, 1215% of mono
aromatic, 25% of di-aromatic,and4-8% of poly-aromatic hydrocarbons with many argc
elements? The structures are very complex in nature with more thaca8fbn atoms in
each hydrocarbon molecule. Also, 125 combinations of molecules had been revealed so {
out of which, as many as 45 different compounds have been analyzedilii’@tamical
forms, sulfur content and viscosity are the fundameatacteristics, vary among different
base stocks. Pafafic, naphthenic and aromatic are ttineee different chemical formes

illustrated in Figure.15, which will affect the physicochemical propertiedudiricans.®’
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Figure 215, Typical chemical structures of a mineral oil, a) straight paraffin, b) branched paraffin,
c) naphthenic, daromatic,
Synthetic base oils are artificially developgliemical compounds made frgpatroleum

sub deriveswith the refinery processcal | ed @APetrol eum Cr ac
branchchained chemical structusgith low molecular weight hydrocarborte minimize

viscosity variation with operating temperatsi?é

Performance packagend viscosity modifiersre complexcombinatios of humerous
elementsor functional groupgo enhance engine oil functionalitieSor example,olefin
copolymers, acrylate polymers, styresiene copolymers are some compounds among

many, whichareusing as viscositymodifiers!!:61: 62

2.1.5.1 Existing engine oil additives

There are many additive packages, albeit remain highly confidential among
manufactures, because of commercial condaiime focusvhen formulating a lubricaris
to obtain a combined enhanced performaratiker than optimizing one specialized area of
functionality®® Thus, it requires a thoroughunderstanding to circumvent physical or
chemical incompatibilities, because of observed synergistidetrimental effects of

additiveson each othet"2 83Table 22 summarize the functions of a modern performance

package which indicates that many additive groups have similar functionalities as well as

distinctive characteristics within a lubricamtansformation of molecule structures to others
under thenfluenceof rubbingor mechanical agitatiors the phenomengnvhich is termed
astribo-chemical or tribolysié° It is a segment of a mechanbemical reactionaffecting

the desired characteiist and performanceof a lubricant These chemicakeactions
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(arrangements of atoms between or within molegudes associatd with breaking and
making of chemical bondsThis processs a transition of mechanical energy to chemical
energy Presumably extreme pressure and temperature conditiomsxatl or bounday
circumstancesnay provide the required energhus possible impetus for above reactions

are summarized below as illustraiadrigure 2.5.4°

Heat generated becausefridtion due torubbing contacts at asperity interfaces
Induction of chemically active transition metals because of vacatdrdc orbitals due
to lattice defects, caused by exposadcent surfaces.

1 Possibility to produce radical intermediates for further chemical reactions with the
assistance dixo i electrons emitted from rubbing surfaces.

1 Initiation of chemicalreactions at high pressgrender static conditions because of
collision of molecules due to compression of reactants.

1 Closeness of functional groups because of their molecular orientation together with
elevated pressure, presumed increases the probalbifggpctions.

1 Dissociation of chemical bonds under shearing condition to influence formation of radical

species
o -exo-electrons-" ~ Orientation ™ & " Elevated
(electrochemical / of molecules pressure :
reactions) Y (entropy factor) | (entropy factor) "
\ : — 4 @ g ’,r' ' -m. . @~ ‘.,-' '_...\ .‘\\\ <@ . ‘.,,,
- L
——
" Friction heat ™. _~'Nascent surface ™. " Shearing
(enthalpy factor) /" (catalysis of metal) (mechanical
ST bond dissociation)
' .‘-.\ CIRARIARRR. . \\ ; X M o Ll »  nnnn® '/‘. A \ m > ““:'.
we - hydrocarbon CxHy, et - Carbon radical
@ : functional group M :metal with d-orbital

Figure 2.16, Viable impetus for chemical reactions at tribo interfe€e
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Table 2.2, Additive groups and their functionalities within a contemporary engine lubricaft-

Additive Purpose Additive compounds
Inhibitors | Prevent or minimize oxidation, foam, ZDDPsaromatic amines, hindered phenols,
corrosion, friction, and wear alkylphosphates, slufurized fatty acids, polysiloxanes

fatty acid derivatives.

Dispersants

Prevent sludge, soot, emulsion formation Polyestersbenzylamides, polyisobutylene succinimid
and sedimentatiorat low temperatures and succinic esters of polyol, mannich bases
low load conditions

Detergents| To keep the engine clean, reduce deposit: Sulfonates, phenates, salicylates, incorporated with
prevent oxidation calcium and magnesium cations
Antifoam | Tospeed upthe release of gases churned polymethylsiloxanes, polymethylsilicones
agent  into lubricants
Anti-wear | To form protective lubricant layer on meta ZDDPs, dithiophosphates, phosphates, polysulfides
agents| surfaces

Antioxidants

To prevent/reduce oxidation, oil thickenin¢ ZDDPs, sulfur and phosphorus elements, aromatic
varnish or gum formation and corrosion  amines, hindered phenols, copper and molybdenum
organic compounds

Friction | To develop low shearing fluid layer to avo ZDDPs, sulfurized fats and esters, amides of fatty ac
modifiers | asperity contacts polyol esters of fatty acids (glyceryl monooleate),
molybdenum dithiocarbamate, molybdenum
dithiophosphate
Viscosity| To make lubricant less sensitive to Acrylate polymers, olefin polymers, olefin copolymer:
modifiers | temperature variations hydrogenated styrene butadiene copolymers,
Pour point| To lower the lowest temperature at which Polyalkylacrylate, polyalkylmethacrylate, alkyl aroma
depressants lubricant could pour oto improve cold flow polymers

properties
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Zincdialkylditheophosphates (ZDDPs) are the most successful additive in the history ¢
present lubricant additives for the last 90 yé&¥Today ZDDPs are proven to be additives

with multifunctional capabilities as a corrosion inhibitor, dispersant, detergent and mos

prominently as an antvear agent? albeit initially utilized as amntioxidant. Perhaps, these
functionalities of ZDDPs are critically dependent on four different reactions such as
1) ligand exchange, 2) reaction with peroxides/pen@dicals, 3) thermal degradation via

OIS exchange, and 4) adsorption at metal surfdces

There are many additives in a typical finished engine lubricant with different chemica|
compounds in addition to ZDDPs (Table. 222} 1. %Colloidal stability of additives in
basestock is essential for optimum performance. Most of the additholecules are
constituted by small active hydrophilic grotfa polar head and negwolar long chain tail
with different solubilities, thus incline to exist colloidally as inverse micéliBssides, these
polar heads interact with metal substratesregate adsorption or chemisorption layer to
prevent asperity contact of cylinder liner piston ring interface of an ICE, while nonpolar long

chain tail remain soluble in the fluid (Fig.9)1% %7

Formation o boundary film, which will affecthefriction underextreme pressure (EP)
atBL or ML condition because of adhesion and cohesion properties of the adtlithies,
this functionality, which generates low shear film of the adsorbate on the surfacerbkads
is the hypothesis for antiear mechanisiff. In addition, antioxidatioris directly correlated
to minimize wearthrough corrosion prevention and to improve lubricant life by inhibiting
oil thickening via impeding sludge, soot@mnulsionformation within a lubricant'? ZDDPs
are the leading antioxidants in talbeit there are many other compouirdase to inhibit
oxidation,which are having the capability &t as free radical traps or peroxide decomposers
to interrupt chain propagah steps of oxidatioft 62

Therearethreereaction staget® reduce oxidation reportex literature 1) initiation, 2)

propagation and 3) termination, leadioegoxidation, as illustrated belot;®?

Initiation: RH —_ RA+ HA

Propagation: RA+ Oz —>  ROO*
ROOA+ RH ———  ROOH + RA
ROOH ——» RO+ OHA

ROA+RH —mm ROH + RA
36
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HOA+ RH — RA+ H20
Termination: RA+ ROOA ——m ROOR

RA+ RA —_— RR

Where,RH i Hydrocarbon,R i Radical,R*i Free radicalHAi Hydrogen ion,ROOA
Peroxide radicalROOH i Organic acid andROOR i Organic peroxideFigure 2.7
illustrates the sequencerefctiondy hindered alkyl phenots trap free radicals to intercept

propagation progression

R OH + ROO ——— R O + ROO

radical dimerisation

Figure 2.17, Reaction path of hindered phenols for radical trappifig

Detergents, ovebbasedletergentsand dispersantsavesimilar functionalitiego prevent
soot sludge or deposifsrmation within a lubricantThis is in addition to keep engine
surfaces clear@ll are havingpolar substrate form micelles to trap deposit precursors, thus,
to keep in solution in the fluid avoiding settlement of deposits in the engilbeit with
different chemical structures asetfects as listedn Table 23.

Silicon polymers suchspolydimethylsiloxanes are widely used defoamers to prevent air

entrainment or foam creation within an engine, because of high velocity modern engines with
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extreme operating temperatures. The mechanism to rupture air or foam bubbles mare
frequently is by weakening their walls because tife low interfacial tension of the
constituents ofhese additives'4% 62

Table 2.3, Summary of functional groups and their molecular structures of dispersants,
detergents and overbased detergents of existing engine ofit$® 62

Detergent Overbased Detergent Dispersant

constituents Polar substrate + Polar substrate + metal Nonmetallic (ash
metal oxide/hydroxide + less) polar substrate
oxide/hydroxide  additional metal base

Polar head Active acidic Active acidic group Oxygen or nitrogen
group moieties

Tail Oleophilic Oleophilichydrocarbon Oleophilic hydrocarbon
hydrocarbon chain chain (longer than
chain detergents)

a A OS éapait® 0-20 nm 0- 20 nm precursor 0-50 nm precursor
precursor particles particles
particles

Ability Can attractand  more micelles than Can hold 10 times mort
hold deposit detergents depost particles than
particles detergent. Can stabilize

large particles by
charge repulsion

Viscosity modifiers(VM) are VI improvers which make lubricants viscosity less
sensitive to operating temperature variatidPalymers with high molecular weigtgseater
than or equal to critical mass (Mwill develop large entangled chainghich are very
effective asadditivesdue totheir coil expandingcapabiliyy with increasing temperatis@s
presentedn Figure 2.Ba’® ® This is the widely attributed mechanismused by globule to
random coil transitionwhich depends on the attractive or repulsive interactions between
polymer chain segments and solvent molectfi¢owever, from anothedevelopment it is

observed that the increase of molecular weight will increase friction thus wear unde

=

boundary condition€ Polymethylmethacrylate (PMMA) proved to be an affective additive
to increase V' °because of itshiermal coil expansiobehaior, which is significantly

dependent othemonomer compositionf the polymer1?t: 37:40.69,70
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Pour point depressanBPD) usedaretypically branclked hydrocarbons to inhibit the

development of interlocking wax crystal structusiebw temperatures because of interaction

between alkyl branches with base stock molectié$This broadlyregarded phenomenon,

which Figure 2.8b illustrateswill prevent wax formation within lubricant aradlow thefluid

to flow freely at low temperaturethusincreasing the operating parametebeit reaction

mechanismarenot fully understood yet!4° PMMA is aleading additive for both VMand

PPD,also a polymer with macro molecules with reference to the molecular mass of the ba

oil molecule.However, as a PPD and as a WM, PMMA has to function actively throughout

the operating range of an engine lubricating oil, albeit functions are disdiitainhibiting

crystal formation at cloud point t@ugmenting intrinsic viscositywith increasing

terrperature.
o Base fluid molecule b ® Base fluid molecule
DS . Alkyl chain of PPD molecule (flexible)
a) Principle chain of VM molecule ) ks :
2 O.’Q
? A .oo
<] 009 o0 Mobility around
e oo P
Y ® 9°0) 2/ nexiie ro o %o
P © ) ®ee/S °®
® ® ° 3 ® %00
kil ® 2 ® o
@ @
o0 e ° ® o o
©oo° o000 e %o o
@ 3G06
90000  Solidified Fluid
00000 Without PPD
0000
low Temperature high >
chilly Temperature nommally

Figure 2. 18, Presumed lubrication mechanisms for a) viscosity modifiers, b) pour point

depressantsh®!

2.2 Nanoparticulate asadditives in lubricants

Dealing with numerous structures of elements with dimensions of the ordeillairgh

of a meter (m18) is termed asi Nan ot e ¢ hwhicH realjzgtheapabilities of

different matters to exhibitdissimilar properties based otheir shape and siz€.

Nanoparticle are the finest form of material evolvedth numerousnnovative products

havingone structural dimension less than 100 nm with large surface area to volume rati

including reduced surface imperfections, spatial confinement,fi@agjeonof surfaceatoms

thus high surface energin-addition, these ultrdine particles could be categorized into

various kinds according to their physical and chemical propestepe, size, morphologies
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and material, suchs carbonbased, ceramic, metal, semiconductor, polymeric and- lipid

basedhanoparticles.

Top down andottomup aretwo different approachef®r synthesis of nanomaterials.
Breaking down macro scale material into nano scale elements is termedlas/topethod,
which could be achieved through either mechartiealed or chemicdlased route§: 2
Micromechanicalcleavage ball milling, chemical exfoliation, and lithography are a few
approaches among many in tdpwn route’? For example, synthesis of nan@mgnetite with

averageparticle sizeof 207 50 nmand zeta potential of +42 mWasachievedvia wet ball

milling.”® Also, the chemical exfoliation is very attractive because of high yield gained. There

are many routeunder this process, howeydd u mmer 6 s met h o damdng W
researchers to synthesis graph@@gfrom graphite because of less reaction time and low
energy consumptioff. In this methodsynthesis of graphene oxide (GO) is achievid
oxidizing bulk graphite powder with the reaction between graphite andxaurmiof
concentrated 5Qs, KMNnO4 and NaNQ, followed by exfoliatior’*And thereafter chemical

or thermal reduction to obtain reduced graphene oxie@Q) or chemically converted
graphene (CCGY' Nevertheless, deficiency of surfaoeorphologies proved to be the

fundamental challenge with this approdéh.

In contrast, bottorup approactor molecular nanotechnology to develop nanoscale
structures with required functionalities to suit the applicavia chemical processdsy
forming molecular clusterfsom atonic level.”>Chemical vapor deposition (CVD), sgél,
hydrokolvothermalmolecular/atomic condensation, inverseelle,laser pyrolysis, plasma
or flame sprayingare a few among many methods, selection of which is based on the
available precursoré: “*Moreover these methodologies offer solutibased approach for
the best course facaledup 2D material processing wwitailored functionalization’* For
exampleUthman et al,”® elaborated the broadly adopted batch and continuous hydrotherma
flow synthesiCHFS)routewith precursotproductprogressiono yield nanoparticles with

differentqualities likesurface areaize,and morphologies to suit desired application.

In-addition, synthesizing hybrid nanomaterials via various means is a popular technic
produce nanocomposites with tailored properties to meet anticipated functionAlges.
thermal annealing and doping are other popular technics to pratumecomposd

materials’®
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Nanoparticlesarea promising technology to reduce fricticamdwear, henceenhance
ICE performance as an additive to engine lubrartiis isbecause of their ultrafine size to
infiltrate through asperities, adhesj@amd cohesion qualities to create boundary film at TDC
under oil starvingvith high temperature and Ef@nditiors. Also,their molecular structuse
to create rolling effeduring EHL regimesnancbearinginstead of slidindpetween moving
metal surface® reduce friction furthein engines: ® “Nanoparticles are applied in various
researches as additives in engine lubricant§ "

Hsu’ highlighted the importance of creating a nanoscale;vodatile, antioxidant
thermal decomposition resistant, sedpairing, monolayer with adhesion and cohesion
qualities to protect rubbing asperities under high temperature and pressure cofidtians
and Liu®® have done a comprehensive review on seledigd-dimensional 2D)
nanomaterials as lubricant additives, because of their unique molecular ssubigre
within layer and low inter layer shear strengths, adhesion and stiction propdmegshave
selectednanoparticles from(1) Graphene family(2) Transition metal dichalcogenides
(TMDCs); MXene nanoflowers, layers, be(t3) Other nanomaterialgitrium oxide (Y203),
apha zirconium phospha t € ZrR),Bano boron nitride (ni BN) etc, in their review and
emphasizedhe tribological performancef 2D nanomaterialss lubricant additives to
separate the contacts with extreme load carrying capAcitther review byhang, et af®!
elaborated thexcellenttribological potentialsof layeral 2D nanoparticledike; graphene,
hexagonal BN and MaSbecause oftheir extraordinary structural, chemical, thermal,
mechanicaland electrical characteristits reduce frictioras summarizeth Figure 219.8
Their performancen atomically thin solid-statelubricant to reduce coefficient of friction
below 0.01 S t er med A'sThe imedhanism reviewad wass u
interlayer slding of 2D materialswhich depends othe weak layer interface interaction
coupled withdistinctive crystalline alignment of slidingitomic layers o2D surfaces!?
Besidesthe influence oélectrephonon couplingn-plane strainchemical modification and

functionalization revealed to Isggnificant in interlayer interactioft.

Despite of able advantage$ nanomaterialsthere exts current challenges including
poor dispersion and solubility becauséof i n t efordDniaier@lsAsstudy by Singh,
et al,®? exposedhe tribological enhancements by various nanoparticles involving different
mechanismdike, rolling, mending, polishing and protective layer format{éigure 2.20).

However revealed the importance optimumparticle concentration tenhance dispersion
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stability of naneadditives in basstocks toavoid agglomeratigrandsedimentation, which
leads to minimize friction and wear of the subject nawicant.Hence, solutions proposed
are surface modification either by chemical modification; nucleatiatkglation or utilizing

other techniques; exfoliation with focused sabactromagnetic radiation or simple mixing

and stirring method as a remetly.

R SE
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dimensional materials
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Figure 2.19, Overview of structural, mechanical, electrical, thermal, and chemical properties
2D materials that are relevant to tribological performanc@

In another development, superlubricity of nanomaterials from all ranges; 0D, 1D, 2D and

3D werereviewed by Zahi and Zhétiand highlighted the superlubricity capabilities of
TMDs andgraphene layers in 2D scale, especially the Ma®I graphene nanoflakes for
vigorous superlubric forms at both nanoscale and macrogkalkici et al.,’” emphasized

the importance of green process engineering (GPE) for the future industrial success
utilizing innovative supercritical fluids (SCF), or CHFS techniques for chemical processing

of nanomaterialsynthesis)
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Many types of nanoparticles have been usedidgiges to lubricants and have shown
different percentages of enhancements to the tribological performarezdindingsare
summarizedn Table 2.4, which provides the insight for the potential of nanoparticles as
lubricant additives to enhance tribological performances of mechanical components wit

extensive operating conditions.

Gulzar® notedthat, it is imperative to examine and understand th®4mechanisms
engrossed withanclubricants for ICHubrication. There are several mechanisms suggested
in literatureas illustratedin Figure 220, with the aid of contemporary surface analyses
techniquesalbeit need further elucidation. The mechanipneposedare i) formation of a
protective boundary filmij) sliding to rolling pall bearing effect, iii) mending effect and
iv) polishing effect etc., which could be categorized in to two main streams sugluaect
effect of nanoparticles includinigall bearingand protective layer formation and R)rface
enhancement orsecondary effect of nanoparticles by mending/repairing and
polishing/smoothing of sliding surfaceBhe mechanisms reviewed through kterre for
differentresearclare summarizemh Table 25, However, it is still a challenge to characterize
effective mechanisms associated wspecific nanclubrication which depends on the

propertiesmorphology particle size and surfa¢@rdness of naradditives in usé? 84

Fromliterature, it is evident that nanomaterials from graphene family @@ hadbeen
involved with manytribological experiments showing enhanced restlf§; 86 87. 8. 8
Moreover, nanéAl20Oz had performedgood resultsas a lubricant additive and widely
available? thus selected narparticulatesof interestfor this investigationare AkOs, TiOx,
and graphened). In-addition TiO2/r-GO, TiO2/G, and AbO3z/Gnanocompositeare selected
as a noveltybecause there ot any evidence in literature of using these combinations as
nanceadditives in ICE lubricants beforBesidesnanoparticlesf graphene, Ti@ and AbO3
are selectetb synthesize abowganocompositedecause of thegnhanced performance in
ICE lubrication as reported inthe literature.® 8 86 87. 88, 89rh s amalgamation of these
materials may help to developan@omposites with integrated attributes of principle
materials,not orly to improve tribological performancbeut alsoto enhance othessential
lubricant characteristid® improve the gapgor example dispersionpoxidative,shear, and

thermal stability.
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Table 24, Areview of tribological performances by nanoparticles as additives in engine lubricants

Nanolubricant Test conditions Reduction
Speed
Nano Grain concentration Tribo P WR/
Year Ref. material  size (nm) (wt. %) Base oil  meter Load (N)  (ms?) (rpm) Temp°C COF% MWD %
h-FeOs 1530 L Paraffin Ball on Improvements
2012 85 /GO 35D 0.5 oil Disc 19.6 3.412 N/A reported
2015 14 Cuo 11 sw20  non NIA NIA Improvements
Disc reported
2016 9 AbQOs. 08-Dec 0.25 5W30 LRT 120 0.5 N/A 100 45 21
TIQ 10 0.25 5W30 LRT 120 0.5 N/A 100 50 29
2016 86 TiO Oct25 0.3 10W30 Pll;isc():n 59 1 N/A 345 40
IA'%(';BN 0.15 Pagﬁﬁ'” Fourball 392 N/A 1200 75 25.4 50.88
2016 87 Baraf
BNMRG 0.15 agfl‘ " Fourball 392 N/A 1200 75 20.37 33.15
Ball on
2015 88 ScAU/GO 04-Oct 0.1 PAO6 Disc 10 0.1 N/A RT 33.6 72.8
2018 89 G (2D) 03-Oct 0.4 5W30 LRT 216 0.258 N/A 29-35 22-29
GNS/MO® 546300 0.02 Dibutyl 0 pall 392 N/A 1200 42.8 16.9
-NFs phthalate
2019 84 -
GNSIMoB 54309 0.02 Dibutyl £ rball 392 N/A 1200 37.6 11.9
-NPs phthalate

Legend:LRTi Linear Reciprocating TribometebW20,5W30and 10W30d Engine lubricang with different viscosity grades
COF1 Coefficientof friction, WRi Wear rate, MWD Mean wear diameter, RTRoom temperature
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Table 2.5, A review of lubrication mechanisms correlated with different nanomaterials as

additives inenginelubricants.

Nano lubricant

Particl Surface
Nano- e size Additive analysis
vear Ref material (nm) Base oil function Mechanisms technique
. SEM,
2012 85 h-FeOyGO 135_2%" Pagﬁff'” FM, AW  Rolling/Tribo film  Optical
micrograph
2014 90 ALOs 78 FM, AW Rolling/Tribo film  SEM, EDS
2015 14 Cuo 11 OY29PA M AW Rolling/Tribo film
_ _ SEM, XPS,
2015 88 SeAUWGO 4-10 PAOS FM,Aw Mending/Trbo - Raman,
film Optical
Profilometry
2015 91  Cu/lGO  5-10 Pag"i’}ff'” FM, AW Rolling/Tribo film  SEM, XPS
Mending/Tribo FE
Ay 8-12 film/rolling SEMJ/EDS,
2016 9 5W30 FM, AW )ézt?éa?;D
TiQ 10 Rolling/Tribo film profilometr
y
2016 86 TiQ 10-25 10W30 FM, AW Rolling/Tribo film
TiQ-BN _ o _
2016 87 MRG Pa;{fm FM, AW Trllas(i)nl‘tlér%Trlbo SEI\)Ql,DgFM,
BNMRG g
FE
SEM/EDS,
. . XPS,
2018 89  G(2D)  3-10 5W30 FM, AW Me”i'i?rgm'bo Raman, 3D
surface
profilometr
y
SEMEDX,
. . Raman 3D
CuO, Mo§ Palm- Polishing/Mending '
208 8 qigysioc <190 qwp FMAWS b film surface
profilometr
y
GNS/Mog
2019 84 NR 200- Dibutyl EP, FM,  Mending/Tribo SEM, EDX,
GNS/Mog 300 phthalate AW film XPS, Ramal
NP

Key: FMi Friction modifiers, AW Anti wear, EP Extreme Pressure
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(a) Rolling effect (b) Protective film
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Figure 2.20, Presumed lubrication mechanisms associated with nanoparticle additives at
boundary lubrication®?

2.2.1 Aluminum oxide (Al203) nanoparticles

NanoAl»0s, is a whitepowder with spherical or semi spherical morpholotised in
many applications including; plastics, rubber, ceramics, glass, refractory products, integrat
circuit boards, YAG (Yttrium, Aluminum, Garnet) laser crystals, single crystals and*8o on.
In addition to the coskffective synthesizing processes, the material exhibits high thermal
conductivity (30W m1K™), thermal and chemical stability, high mechanical strength, high
specific surface area (SSA), as well as-amar, adhesion and cohesion lifies to create
protective layer as a lubricant additfré: % 93 94 95 | gaser ablation in deionized water,
mechanical ball milling, mechanochemical, solution reduction, exploding wias,

evaporatioranddecomposition are the processes in use for synthesiaimgAl ,03.%° %°

Luo, etal.,*° studied the tribological propées of Al .03 nano powdersandidentified the
agglomeration and poor absorption of naheminum oxide additives within the blend.
Thus, AbOs nanoparticles were synthesizewd hydrothermal route with skmodified
surface using silane coupling in an autoclave. Aluminum isopropanol, isopropanol alcoha
polyethylene glycol (PEG),-8lycidoxypropyltrimethoxysilane (KFb60), nitric acid and
ammonia were usesk precursor® oktain AIO(OH) with pH 9 whensynthesizingnodified
Al ;03 nanoparticle$® Figure 221 illustrates the formulation path for modifiedanoAl.Os,
for stable, homogeneous blend with improved tribological perform&moe the test results
it is revealed that th€EOF and wear scare diameter (WSDWworn surface was reducéeg

17.61% and 41.75% respectively compared taeferenceil. These results weigchieved
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with 0.1 wt.% concentration ofamcAl>Os in basestock The lubrication mechanisms
proposed weréormation ofaselflaminated protective layer on the friction interface and the
change of wear behavior from sliding to rolling becauséhefspherical nature of AD3
nanoparticle$:°° Also, astudy by Liu, et al?®revealed that the mixing temperature, method
(ultrasonication)andperiodof agitationand concentration of nanoparticles/surfactants could
enhance the dispersion, thershancinghe colloidal stabilityof a nanelubricant with AbOs
additives.

A study by Ali, et. af emphasized the enhank#ibological performancef Al,Os
nanoparticles0.25 wt.% concentration as an additive in formulated mineral oil 5W30.
In-addition to the reduction of CCahd wear rateVl was increased by 1.84% compared to
the base lubricant. Tribological achievements; COF and wear rate reductions were 35% 3
21% respectivelyThese results weiatributed to the formation @ftribo-boundary film on
sliding asperities and conversior sliding to rolling lubrication, which were revealed
through SEM, EDS, XRDXPS and 3D profilometry analyses.

a) .
AIOOH + AIOOH _1BNtemperature | Aj 0, + H,0
High pressure
b) R
.o -0-5i-0-
~N (? yd g O:\‘\ @] /' c:J
HO-(ALO3)-0H +n HO-Si-OH — -0-Si-0- -0-Si-0-
1 1 1
a’/ 2 \“\ R R .r/ ol N . .R
-0-Si-0-
L]
R
c)
- ,Al=0
o I
R ~Si-OH +3 AIOOH — R-Si-0-Al=0+3 H,0
o) 0
T “Al=0

R: CH, — HCH,OCH,CH,CH, -

A4
o

Figure 2.21, Reaction path for naneAl,Os synthesis, a) AIOOH dehydration under high
temperature and high pressure, b) modification of 28 nanoparticles, c¢) dehydration
condensation reaction between AIOOH and hydrolysis of3a8,*°

47

nd



2.2.2.Titanium dioxide (TiO2) nanopatrticles

Anatase, rutile and brookite are the crystal form$i@k nanoparticles, which could be
found in manynano TiO> structuressuch as nanoparticles, nanorods, nanowires and
nanotubes’ There has beean increase inresearch worksvailablein nanoscience and
nanotechnologies ithe pastcouple ofdecades. Tignanoparticleareassociateavith many
applicationssuch asair and water purificatiompollutant or organic molecule destruction,
self-cleaning windows, antvacterial coatings, photatalysis, photovoltaics, photonic
crystals, batteries, sensors, ultraviolet blockgiggnents are some among m&fy”%Their
high surface areasurface to volume rati¢S.V), chemical stabilityand the low cost of

production havéeen reporteds reasons for effective applicationTa0,.8¢ %

There are many preparation method® synthesize Ti@ sol-gel, sol,
solvothermal/hydrothermal, electrodeposition, physical/chemical vap@position
(PVD/CVD), metal organic CVD*Kellici, et. al?8syntheszedTiO2 nanoparticlesia CHFS
route using titanium bis ammonium lactato dihydroxide (TiBALD) 50 wt.% in water as
precursowith the assistance stper criticalater at 400C and 24.1 MPa as the reaction
medium.The prepared particleBave the followingoropertiesparticle size of 4.9 £ 1.3 nm,
lattice spacin@f 0.355 nm an@runauerEmmettTeller BET) surface area of 2903g™. It
was also found thathe particle size increased 4p 55 nm during heat treatment at 8@
with 34.7% of anataseitile transition. The phenomenowas ascribed to phonon
corfinement effect in nanocrystals, whichvigal to theincreasef Raman () band in mano
TiO2, without heat treatmerit.In-another developmentanc TiOzstructures with controlled
phase and morphology wefermulated using titasie nano tubes (TNTs) with 2. as
precursors in NaOH aqueous solution via batch supercritical hydrotheedaiat 400°C.%°
Dissolutioni nucleationi growth mechanism is the suggested reaction jpdlilrenced by
both the supercritical temperature and NaOH aqupBu®r controlling properties of final
product®® Chen, X.27 highlighted thatdoping TiO, nanoparticlesvith other elements could
improve the properties to suit tdesiredapplication.

There were manyesearchsaimedto investigate the tribological enhancement of 2TiO
nanomaterialsFor instance, Ali, etl., ° reportedthat the 50% and 21% of reduction
friction and wear respectivelyy 0.25 wt.%of TiO, nanoparticlegs an additive in 5W30

commercial lubricantWu, et al,'® studied the tribologicgberformance of anoTiO2, 0.8
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wt.% as an additive in watdyased lubricant and observed the 49.5% and 97.8% COF and
wear reductiomespectivelycompared to dry conditiofmanoparticles in solid (powder) state
without any fluid basetock) Gulzar® blenced palmtrimethylolpropane (TMP) with naro
titanium silicate (TiSiQ) - 0.75 wt% as additive and observed 68% of GOB 50% wear

volumereduction

Based on the findings from the literaturanomaterials ofiO, and TiQ/r-GO were
synthesized utilizing CHFS reactanth the use of deionized superheated water fee8t 4
°C with 24.1 MPaand TiQ/G nanocomposite was prepared through thermal annealing
rout€’®to use in this research as naauditives.

2.2.3.Graphene (G)

Graphenas mostly a 2D flat monolayer with honeycomb lattice arrangement, consist of
tightly packedsp? carbon atomé* Also, graphenés an extraordinarynateria) is thecore
elementfor vast array ohaneproducts in all 0D, 1D, 2D and 3rmsincluding,quantum
dots,nanoparticlespanoflowerspanosheets, nanotubes, fulleraghes applicable in diverse
products and application$his is owing toits excellent physical and chemical properties

because ofnormous collectioof allotrope formgFigure 222).74 101, 105

There are manyoutes to synthesie of graphene Examples includemechanical
exfoliation, which wasrecorded as the first methodology utilized to produce single layer
graphene in 2004The methods are defined as a) top dqwb) and b) bottom up (BU)
approached-or examplemechanical exfoliation, chemicakfoliation, chemical syn#sis,
for TD and CHFS, CVD microwave synthesisfor BU are fewmethods among many
techniquesn usecorrespondingly’* 192

Theextraordinary mechanical, electrical, optical and thermal propeftgsphene such
as high SSA(2630 nfgl) , Youngos WRayintinsicsmolgility (20@O® cnt
V-1sh), thermal conductivity (5000 Wmt K1), optical transmittance (~97.7%) etc., paved
the way for exponential researches leadinditierentapplications ranging from bioscience
to aerospacengineering® % 102 Nevertheless, Meng, et f3who studied the tribological
properties ofgraphene, utilized facile chemical reduction assisted with supercritical CO
(scCO) to synthesisilver graphene nanocomposites {3g/GN). Used mineral 10W40
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as basestock to blend with S&g/GN as naneadditivesand observed the enhancement of
COF and WSD by 30.4% and 27.4% respectiwelth the 0.06% ~ 0.Wt.% concentration.
Similarly, Song,W., et al,®* used GNS/MoSnanocompositeas ICE lubricant additive and
reportedimprovementsSong,H. J.,et al.®®u t i | 4FeQs mhnotbdgraphene composites

and reported tribological enhancement.

Uthman, et al’? andAli, et al. are among many tootice thehydrophobiénonpolar
nature of graphenevhich affects its application as an additive in lubricatidaspite the

assortment of simulating characteristiagglomeration and sedimentation is the end result

duetovandewa al s at t r acsttiaocnk i anngd a hhowavgr it wes foend u | |e s

that, adding polar functional groupshydroxyl, carboxyl or hydroxyepoxide groupswill
enhance the stability of graphene suspended solution with varying tribological
characteristicd™ Besides, it is obvious that graphesiikely to be usedn various dissimilar
engineering products with intergraded properties by combining witler otlapable
materials/functional groups: 101 104. 105,109 hs inaddition toTiO2/r-GO (Section 2.2.2.),
nanocompositeRl203/G and TiQ/G weresynthesizediia thermal annealingp blend with

mineral and bio basstocksin this research

(3-D) Diamond

(2-D) Graphene

(3-D) Graphite

Figure 222, Different forms ofgrapheneallotropes,©®

2.3 Bio-lubricants

Contemporary minerabased lubricants begins with the invention of bitumen from
mineral crude oil, albeit it is accepted that the humankind uselditmizants; fatty acids or

animal fats as the mode hfbrication before inventing crude i’ In contrast modern
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scientists are in pursuit for substitutes, either to replace or reduce the consumptiareof

oil derivativeslubricants to mitigate escalating ecological concefie lubricants, which

are preparedfrom bio-based raw materials, sucks plant oil, animal fats and other
ecologicallyfriendly resourcesthat are renewable, biodegradable and nontoxic to human
and other live organisnisaveb e en attri but 4 d bt FEBiv-lulricantse r m
have beemroven tohavesuperior biodegradability, low toxicity, higher viscosity index
recyclableand enewablecompared to minerddased lubricants, thus goddctors to
substitute minerabased lubricants” 1°’ Nonethelesspne of the limitations observed for
bio-lubricantsare low temperature characteristics; wax formation, poor cold flow, higher
pour point (PP), and low oxidative stability are the qualities in need of enhancethéhts.
There are numerous biabricantscontainingplant oils or animal fats in use witeasonably
identical molecular structures commonly known agriglyceride moleculesFigure 2.23
illustratesa typicalbio-lubricant(triglyceride moleculewhich consists oR mainsegments:
glycerol and fatty acid (FA). Glycerol segment corssiét3 linked hydroxyl groups and FA
segment contagiong chain satutad and unsaturatdydrocarbos with carboxyl group at
one endThe hydroxyl groups of glycerol part had esterified with carboxyl god@gach FA

in a triglyceride molecul&’. Syahir, et al¥/ remarked that, there aBetypes of natural FAs
found in vegetable oils such as, saturatedinounsaturatedand polyunsaturated as
illustratedin Table 26. Nevertheless, coconut oil (CCQ)s wi t h t h e Cdeast a
nu c i fhas beem selected in thissearctbecause of the availability in the geographical
region (south Asia; India, Sri LankalCOis an edible oil used in many dietary guats and

as a cosmetito enhance hair and skin growth for thousands of years in the ré&gjion.

Glycerol Part Fatty Acids Part
R erTT R
H—C—0--C—C—C—C—C—C—C—C—C—C—C—C—H (i) Lauric acid
AR | ! I | [ = NSO i | | (saturated FA)
HHHHHHHHHMHMH
FEERIATRTARY
H—C—0--C—C—C—C—C—C—C—C—C—C—C—C—H (ii) Lauric acid
AR A i | | | | | | | (saturated FA)
HHHHHMHMHMHMHMHMH
OHHHHHMHMHMH H
T e R RV [ | | [ / H
H—C—O"C—C—C—C—C—C—C—C—C%C\/ / N H
| [ T O 1 R T [ C\C\//H
H HHHHHHMH //C\CIIH
H I P~cpl 1 H
How o 7~C~c_
(iii) Oleic acid H o 3
(Unsaturated FA) H H

Figure 2.23, Typical illustration of abio-lubricant moleculée”’
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2.3.1 Structure and characteristicsof coconut oil

Zainal, et al,*°” documentedhatlong chain length, linear chain, lownsaturationand
high polarity were the key factors for a better lubricity of a lubricaior machinery
lubrication Also, noted that CCO been used as a lubricant in scooters in South India h3
shown improved engine pickupnd mileage generating less smoke compared to

conventional lubricats.

From Table 26 it is observed that CCO is constitdteith 83.4%, 7.8% and 8.8%f
saturated FAs, unsaturated FAad unknown elements respectivelpnstituents ar€8.0-
Caprylic acid 7.6%, C10-Capric acidb.5%,C120-Lauric acid 47.7%C14.0-Myristic acid
19.9%and C180-Stearic acid 2.7%or saturated FAs and monounsaturated :GCeic
acid 6.2%and polyunsaturated C18t2noleic acid 1.6%Table 26). Low unsaturated FA
compositionprovidesbetter oxidation stabilityalbeitless longchain molecule$®” high PP
(21-24 °C)'": %7aresome ofthe drawbackof CCO, regardlessf its superiority over other
qualities of conventional lubricatCCO contain$.2% of oleic acid witlunsaturate€C=C
doublebond (Table 2.6) whichs significant in creating branches to inhithe progression
of crystallization'’-19% 19 Delaying the crystallization wiknhanceheflow behaviorat low
temperaturg®® albeit percentage may requiienprovement In contrast, increase of

unsaturated FA concentration will affect oxidation stabfifty?’: 10°

Moreover, CCO constituents are FAs with carbox@@OH) functional groups in its
chainends (Fig. 223), which are polar molecules capablegeherating physbrptionfilm
with metal substrate under normal temperature because of the polarity attragésides,
83.4% of CCO constituentsare with linear molecular chainsG8:0-7.6%, C10:65.5%,
C12:047.7%, C14:019.9%, C18:2.7%,Table 26), henceenable to createlosely packed
monolayers withweak bonds betweeadjoining moleculesas shownin Figure 210, to
improve thestability of the fiim™®2"Ho we v e r , -BL éErénsnenEiPwith elevated
temperature near 100C. Therefore formation of soap layers ahemisorption films is

possible with viable reaction path; formation of iron or metal hydrexdigeng water vapor

which enters with the intake air and reaction of metal hydroxide with lauric or stearate acid

which are constitents of CCO.*> 27:51 Alpeit, continuous sliding with higheciprocating

velocities will affect to regenerate nascent layers, thus reduction of friction with elevate
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wear ispresumed, because of probabiero pitting orremoval of metal molecules with

incessantegeneration of soap layers on substrate.

2.3.2 Physicochemical properties and application of coconut oil

Table 27 summarizs the physicochemical properties ©CO. Higher PP (2324 °C),
TAN (1.99~ 12.8 KOH mg ¢) and viscosity at 100 °C (5.5 ndm') are the drawbacks
which need attention. Nonetheless, this situation could be impitywveding additivesFor
example, Syahir, et ai’ Zainal, et all°’Kumar et al1'°assessepgrocedures sucisaddition
of additives, emulsification, and chemical modification; transesterification, epoxidation ant

hydrogenation to lower the PP or to improve substandard cold flow properties of coconut o

Babu et all!!lowered the PBf CCOfrom 26.8°C to-4.5°C via alkyl esterification by
extracting glycerol molecules. Albeit experienced negative tribological performance
compared to untreated CCO. Theref@epplemented tricresyl phosphate, oleic acid and
ethylene vinyl acetate and observed the reductioB@F and wear by 12.8% and 2.3%
respectively with further reduction of PP down-&9 °C.!'! Sharma et al!? observed
triboligical enhancement of vegetable oil via chemical modification by incorporating thiols
forming thioether hydroxy vegetable dahari,'**noted that adding 2% of ZDDP to coconut

oil performed well to reduce COF and wear better than reference oil SAE 20W50.
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Table 2.6, Fatty acid composition of some common vegetable gils

Saturated fatty acids (%)

Unsaturated fatty acids (%)

C8:0 C10:0 C12:0 C14:0 C16:0 C18:0 C20:0 C22:0 C24:0 C16:1 71 Q181 (182 (C18:3 20 C20:2 C22:1 C22:2 (241
Safflower - - - 010 670 240 - - - 008 - 1150 7900 015 - - - - -
Grapeseed 001 - 001 005 660 240 - - - 008 - 1430 7470 015 040 - - - -
Silybum marianum - - 001 009 750 450 260 - - 005 003 204 633 088 015 = - - -
Hemp - - - 007 640 260 - - - 011 - 1150 594 336 165 - - - -
Sunflower - - 002 009 620 280 021 - 031 012 - 280 622 016 018 009 - - 0.39
Wheat germ - - 007 - 1740 070 - - - 021 - 1270 597 120 791 - - - -
Pumpkin seed - - - 017 1310 570 047 - - 01z - 2490 542 012 108 - - - -
Sesame - - - - 970 650 0683 014 - 011 - 415 4089 021 032 - - - -
Rice bran - - - 039 200 210 - - - 019 - 4270 331 045 111 011 - - 0.38
Almond - - 0095 007 680 230 009 - - 053 = 672 228 - 016 - - - -
Rapeseed - 0.01 - - 460 170 - - - 021 - 647 1960 120 910 - - - -
Peanut - - - 004 750 210 101 - 166 007 - 711 1820 - - - 012 - -
Olive - - - - 1650 230 043 015 006 180 - 664 1640 160 030 - - 005 -
Extra virgin olive - - - - 870 347 046 013 005 051 025 7634 864 075 034 - - 018 -
Coconut 760 550 4770 1980 - 270 - - - - - 620 160 - - - - - -
Borage seed - - - 006 875 346 022 030 011 029 007 1652 3847 2297 405 035 223 - 2.09
Canola - - - 006 375 187 0684 035 027 021 - 6241 2012 837 154 011 - - 0.26
Corn - - - - 1034 204 044 031 026 - 005 2423 6038 099 028 - - - 0.20
Cottonseed - - - 077 2187 227 026 036 012 047 011 1661 5635 033 014 010 - - 0.16
Evening-primrose — - - 004 547 183 030 031 009 - 006 750 7400 976 024 014 -~ - 0.19
Linseed - - 005 481 303 020 - 001 - 012 2142 1518 5424 040 039 - - 0.10
Soybean - - - 006 95 3% 041 048 021 008 008 2135 5602 715 022 = - - -
Palm - - - 112 4270 455 039 058 006 - 006 3837 1062 021 017 - - - 0.06
Palm kemel 343 323 4614 1617 865 227 015 - 030 - - 1646 276 - 017 - - - 0.27
Castor bean - - - - 130 120 - - - - - 8970 730 050 - - - - =
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Table 2.7, Physicochemical properties of coconut’dit 1°

Properties Coconut oil
Density @ 15 °C (Kgi 0.919~0.937
Kinematic viscosity @ 40 °C (msi) 24.8
Kinematic viscosity @ 100 °C (rfsn) 5.5
Viscosity Index (VI}) 169
Flash point (°C) 325
Pour point (°C) 21~ 24

Total acid number (TAN) (KOH, mg)g  1.99-12.8

There are many researchers, experimented via numerous paths to enhance cold flow
propertiesof CCO using different chemicals aacapsulateth Table 28, with the focus of
inhibiting macracrystallization, leading to microrystallization ly impeding seHmolecular
stackingadvancingto improvements on poor cold flow behavior of CEGFrom another
development, Gulzé® used CuO, MoSand TiSiQ nananaterials as additives in
trimethylolpropane (TMPpriginated frompalm oil to study the tribological behavior of
nanoparticles as additives in bio basecksand observed the best tribological performance
from the blend consist of 0.75 wt.% of nahi®iOs with palm oil TMP ester.The
observations wer®&8% and 50%redudion of COF and wear volume respectively. In
addition, withlong hours ofeal time engine tesbbservedhat,the 17% viscosity reduction
along with 30% and 16.8% increase of TAN and oxidation respectively, thus degradation of
nano/bio lubricant with theisage. Abdulrahiman, et af!® observed the enhancement of
tribological performance by adding 0.5 wt.% of nano CuO to C@Rere®? utilized
nanoparticles ofAl>0Os, SiG; and graphite,0.1 wt.% with untreated rapeseed oil and
formulated mineral oil SAE15W4énd observed the enhanced tribological performance with
combined additvem anoparticles and ZDDP together,
to work in synergy with ZDDPTalib, et al.}*® used hexagonal boron nitride many
concentrations witimodified jatropha oil and observed the best COF and wear reduction of
76% and 26% respectively with the 0.55 wt.gtbin, et al.!!” acknowledge the optimized
COF and wear reduction performance by the combination of CCO and hybizal Ce
nanoparticles, 0.62 wt.%, with improved therploysical propertiesHowever, Alves et

al.'*®noted tle ineptnes®f adding naneadditivesto bio-lubricants to abate wealATC-
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Europe!! Mehic®* andHeinemann, et af2acknowledged thaPMMA and ZDDPscould be
added agour point dispersan{®PD)and antioxidantespectively albeitthose are having
many functionalities such as; PMMA as a PPD and &M ZDDP as VM, FM, AW, AO

and manyas reviewedn Section2.1.5.1

It is obvious that there are numerous patidging chemicals, nano/macro particle
additives could enhance functionalities of an engine lubriédbeit formulating an engine
oil while enhancing overall performancé an ICEis the necessitydespiteof optimizing
particular area of functioning, which require a comprehensivareness of synergistic or
antagonisticbehaviorof the constituents, compounds additives on each otheBéction
2.1.5.1).

In summary, formulation of a comparative/competitive-lodaricant using CCO as base
stock requirestructural tuning to impede or mitigate the identifiegerfect characteristics.
Thus, require irdepth understanding with following structuadierations.

1 Could inhibit progression of macro crystallization by adding more unsaturated FAS t(
create branching utilizing C=C double bonds, allowing progressionmuafro
crystallization leading to lower PP of CCO.

Adding more unsaturated FAs will influence oxidation by developing free radicals.
1 Formation of metal oxide layers on metal substrate at BEP circumstance will help to

protect sliding interface by impet) metal to metal contact.

1 Continuous formation of nascent layers by saponification or oxidation will precede tg
remove more metal particles from sliding interface, thus resulting erosion and excessi
wear.

Oxidation isa seriesof reactions, is a chalge to abate when started, albeit if not
restricted will lead to the growth of acidic substances, significant in sludge, soot and emulsic

like compound formation within a lubricant.
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Table 28, Summary of different additives used in CCO as pour point depressants (PPD) and antioxidants (AO)

Coconut Additive PPD AO Improvement
Year Ref oil wt. wt. wt. Blending PP .
wtoe) ~ 1YPe o TyPe o  TYPe % ccy OS(6)
85 styrerated 5y NIL 12
phenol
2009 109 99.5 polymethyl —, Magnetic o
methacrylate stirrer
50 S_unflower 50 18
oil
Poly alpha 2,6 Di .
2018 114 80 olefin4 20 5:“1'22;;?6 tetra butyl 1.5 Zﬂti"’:?e”ret'c 12 9
(PAO4) y phenol
Butylated .
Ethyl n
2019 115 945 nCu0 05 -1 hydroxyl 2 Magnetic ot
cellulose toluene stirrer effected

Key: PP1 Pour point, OS Oxidative stability AOT Anti Oxidant
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3. Chapter 3: ResearchMethodology

The focus of this research is to propose a lubricant formulation, which optimizes engine

performance by reducing friction, wear, exhaust emissions, thus saving energy and helpi

>

the environmenSectionl.2). Therefore, to achieve the sdjjectives different formulations
of blended lubricant&ereexaminedaccording to their ability teedue (i) friction, (ii) wear,
(i) fuel consumption(iv) control of exhaust emissionSomparisons were maddath the
tribological performance of the selected reference engine lubricant; formulated mineral
based engine oil, 15W4Besides, idferent nanonaterialsandabio-lubricantwereselected
as additivesand as a base stockrrespondinglybecause of thesuperior and ecofriendly

qualities as discussed during the literature rev{®sctions 2.2 and 2.3)Jo compare

tribological performance of different lubricants on engine components, numerous linear

reciprocating tribometgtRT) tess wereconductedvith each blended lubricat examine
friction force (FF) and coefficient of friction (COBnder different test protocols. Tests were
doneusing real engine piston ring and cylinder liner segmestsest specimenshis isto
simulatea running ICEsituation In-addition totheresults of friction testgshewear scags
obtained on testspecimens and other data collected fronperformance tests; fuel
consumption, exhaust emissions, particle contensedoil andphysiochemical properties

of each lubricant samplgereanalyzed separately forvaéable conclusion.

Therefore the whole program has been divided ifibar segments for eaggferenceas
mentioned below:
1. Synthesis andmaracterization of namoaterials
2. Enhancement gihysicochemical properties 6iCO
3. Blendingandstability studiesf sampldubricants
4

. Performance tests

Material: Virgin coconutoil (CCO)was procured from local mills in Sri Lankaeference

oi |l A15W400 (CEYPETCO/ CA kpEdfica)ion, ithdparambter 1
values in the range specified:

Total base number BN): 9.87 10.2 (mg KOH ¢)

Kinematic viscosity at 40 °C: 109115 (mnts?)

Kinematic viscosity at 100 °C: 14i115.1 (mn?s?)
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Viscosity Index: 130 137 @nitless
15W40waspurchased from th€eylon petroleum cooperation (CEYPETCGO), Lankaand
sunflower oil (SF), styrenated phenol (SP), and oleic 20#) (were from GLORCHEM

Enterprse, Sri Lanka.

NanomaterialsAl Oz andgraphenevereprocured fromXF-NANO Co.,Ltd., China All
other chemicals:nano precursors, antioxidants, viscosity modifiers, were procured either
from SigmaAldrich, UK andFisher Scietific, UK.

3.1 Synthesis and baracterization of nanomaterials

Analysisof characteristics of the material used in the experimeart essentidlactorto
optimize performances of the formwdiubricans. Therefore, characterization aadalysis
of properties ofthe nanmaterial to perfornmg within a lubricant as desiredithin the

tribological domain iwvital for the successf this investigation.

In this study Al>Oz, TiO2, graphene (Gand TiQ/reduced graphene oxide-GO),
TiO2/G, Al203/G, nanocompositewere selected as nanomaterials of interest, with reference
to the recommendations of previous researchers observed through the life?&ftf%85 88
8|n-addition toAl.Os and G, TiO2 andTiO2/r-GO nanomaterialsveresynthesizedhrough
the CHFS methodandAl.03/G andTiO>/G viathethermalannealing

3.1.1 Synthesis of naneparticulates of interest

NanoTiO2 wassynthesizedia CHFS route as illustratéa Figure3.1. Aqueous solution
of titanium bis ammonium lactatalihydroxide TiBALD; Ti*%), and KOH were used as
precursos with deionized (DI) water as reaction media through three feed pumps namely
F1, F2 and F3 (Fig.1). In detail, F1: DI water at 20 ml minF2: 0.2M Ti* precursor a0
ml mint and F3: IMKOH at 10 mimin? of concentrations arftbw rateswhere F2 ad F3
meets a@ fi T janction for premixing precursors at room temperature before entering the
reactor’™ %8This feed met with supercritical wat@ged from F1 via heater to reach at £8D

with 24.82 MP4 3600 psj pressurgwherethereactionsoccur, hydrolyzation, dehydration,

condensation and thermal decomposition leading to nucleation and growth. Suggested
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reaction pathgor formation of titanium dioxide nanoparticlese as follows® (reaction 1
for hydrolysis and 2 fodehydration)
OH £
5 0] O\|/O (0]
1) 2NH, j: JTi j[ + 4 KOH——— [Ti(OH)4|* 2K* + 2 NH,OH+ 2 C;H;0;K
Hee” O | 07 ch,
OH
450°C

. sc-H,O "
2) [Ti(OH)4]* 2K* —3e00psi TiO, +2 KOH +2 H,0

Thereatfter, the aqueous suspensionaedlectedin a collection vesselia back pressure
regulator (BPR) after cooling througfirecooler Theproductwascentrifuged forl5 minutes
at 9000rpm (using THERMO / SORVALL RC 6 PLUS centrifugto separat@recipitate
from the supernatantCleaningof precipitatewith DI waterwasrepeateduntil pH 7 was

achieed. The collected wet solids were freezedried (ca. 2 h) and prepared for

characterizatior??

feed (F1)

“T” junction

feed (F2)

@

o

= I
@ m

Pump 3

feed (F3)
™

Figure 3. 1; Schematic illustration of CH#Bcess™

Likewise, TiQ/r-GO nanocomposite was synthesized using similar approach, albeit with
different feeds, such as, F1: DI water at 20 ml. ‘mif2: 0.2 M Ti* precursor at
10 ml mint and F3: 1M KOH+ 0.5 mg mft of GO at 10 ml mirt.

Moreover nanocomposites ADs/G and TiQ/G were synthesized vieaditionalthermal

annealing routawith following sequencé® Initially 95.0 wt.% nanoparticlegAl20s and
60




TiO2) and 50 wt.% of graphene were mixedanuallyin a beaker with 300 ml asopropanol
before sonication. Then the mixtgravere sonicated forlhour using ultrasonic mixer
(KERRY - KS 200 followed bycentrifuging a8000rpm for 3 hours(utilizing THERMO /
SORVALL RC 6 PLUS centrifuge Thereafter, the slurnwaskept in an ovenand annealed
for another3 hours at 280C (using MICROMERITICS FLOWPREP 06, using arnargon
gas supply to avoid oxidation during progags The fnal products wergrocessedor

characterization

3.1.2 Characterization of nanomaterialsof interest

Selected nanomaterialgerecharacterized utilizing a variety of techniguesluding,
Transmission electron microscofyEM)

X-ray powder diffractior{fXRD)

Raman spectroscopy

X-ray photoelectron spectroscop¥PS)

=4 =2 A A4 -

Fourier Transform InfraredpectroscopyFT-IR)

TEM was usedto observe morphologicatatistics in ultrafine scalespecifically for
material characterization in atomic or nano sé&eThus a transmission electron
microscopeiJEOL-JEM-2 1 0 Otbe aeceleration voltage @D0kV with magnification up
to 400k was used to characterize the materi@aptured high resolution images were

analyzed for particle siz&ndlattice fringe spacingvitht he assi st ance of

XRD is regarded as the fingerprint for material characterizadiwh identificatio of
polycrystalline phase® 121 122,123

XRD technique was used to examine the crystalline structures of nanomaitseidits
this project Diffraction patternsof nanomaterials were observéy deploying X-Ray
diffractometer Bruker D8 Advance)wi t h iDI FFRAC..EXpkromentalo f
conditionswere,Cu-K U r a d1.5406A), waitag¢of 40kV, current of 4OnA, 2 d r
from 5° - 80°, with three different scan rates:

i.  Step size of 0.021° with scan speed ©fsIstep- graphene, Ti@ Al-Oz and AbO3/G
ii. Step size of 0.021° with scan speed of 1.2 s/sté@./G
iii.  Step size of 0.010° with scan speed ©fs3step- TiO2/r-GO
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Raman spectroscopyis a technique which useselastic scattering of a laser beam
incident ontest materiabecausef the interactionbetween light and the chemical bonds of
the material This scatteringprovides comprehensive evidence on chemical structure,
crystallinity, phasepolymorphs and molecular interactions because of fioal group
bonds such as;-C, C=C, NO, GH and likest?*-128

In this studytwo Raman microscope spectrophotome{gtoriba LabRam HR Evolution
and Horiba LabRan800) wereutilized for the identification of nanomaterial composition
required to characterize the different nanomateridisble 3.1 presents thdifferent
parameterapplied for thelifferent nanomaterialwo dissimilar wavelength$32 and 633
nm were selected for the investigatisith the availability of equipmentBecause lower
wavelengths will provide stronger Raman signal with high resolution imaging, however

material mayspoil with the high intensity of shorteravelengtiaser beams.

Table 3.1, Equipment details and different test parameters applied foe Raman analyses on
nanomaterials used in the research

Laser
power Laser Grating resolution Acquisition
Nanomaterial Equipment (mW) (nm)  (gr mnt?) (cm?) time (s)
Graphene 100 633 1800 0.35 10
. Horiba
TG LabRam HR 100 633 1800 0.35 10
. Solution
TIG/G 100 633 1800 0.35 10
TiG/r-GO 100 633 1200 0.35 10
AlLOs Horiba 50 532 1.5 10
LabRam 800
ALOY/G 50 532 1.5 10

Ejection of electrons from a sample surface by absorbing energy from photons incident
by an X-ray beam ighe principle ofXPS, which is als&knownas electron spectroscopy for
chemical analysis (ESCA§>'3*High energyAl-K U a n-K (1@@0i 1500 eV} ® are
the typical sources used for this irradiatiamich allow to measurehe kinetic energy of

photoelectrons to determine the binding enéBg) of ejected electrons® 1=
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XPS is used in this experiment to observe the elemental composition and function
groups associated with the nanomaterials invoinvéae researci hesurface chemistry was
evaluated by XPS performed in an AXIS Ultra DLD (Kratos Surface Analysis) setup, using
Al K 1(1486.74eV) radiation produced by a monochromatizedR¥y source at operating
power of 192V (16k V TmA)l The base pressure in the ais& chamber was
1. 0 "®imbat Gharge compensation was reached by using a flood gun operating at 1.5
filament current, 2.% charge balance, 1M filament bias. High resolution core level spectra

have been recorded using hybrid lens modes\b@assenergy and slot aperture.

FT-IR spectroscopys used toidentify the different functional groups or molecular

fingerprint offormulatedcoconut oil (FCOandnanomaterial utilizech this experiment3#
136

The mnventional region for FTR spectroscopy is 4,000 ~ 40&h?), however the span
of infrared region is 12,800 ~ 1@mMY).'* FT-l R spectrophot omet er
AFFI NI TY 1 0 thiwexgerimest ordafoliesaid characterization.

3.2 Enhancement of physicochemical properties c€CO

CCO was selected as the {hibricant, because of its ample availability in the region.

CCO is a popular edible oil with significant tribological properties coupled with substandard;

poor cold flow, higher AN and low kinematic viscosity at 10C, albeit not much research

evidence compared to other Bidricants.

From Table 2.7 it was observed thatthe CCO has kinematic viscosity of 5.5
(mn? s?) at 100 °Cpour point PP) of 21~ 24°C (belowthistemperaturgthe oilis not able
to flow), and TAN of 1.99~ 12.8 (mg KOH g?).1": 8 10These characteristicsare the
significantsubstandarthatneed improvementsompared to thenineraloil (15W40) With
reference to many standar ds7(M@BKOH.gY? Ffore s e
unusedoil. Used oilrequireTBN above TAN to neutralize acidity within a lubricahiring
its life cycle which is a deciding factor for its service 1ff&!3° 140Nevertheless, from the
literature itwaselucidated that many researchers had dissimilar approaches with numerot
additivegcompoundsind methodologies to improve thwpertieof CCO PMMA , polymer
with different weights arevidely used as gour point depressanPPD and viscosity
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modifier (VM).11 51 61, 68,6909 |n_gddition, SF, SP,andOA are fewchemicalsthat arealso
applied to improve PP of CC¥? 111 114. 117ppp jsusedas amulti-purpose additivesuch
as VM, antioxidant(AO), friction modifier FM), antrwear AW), and as a dispersant in
contemporary minerébased lubricant industdy: °% 6% 84Thus, PMMA SF and SP as PPD
and ZDDR PMMA, andKOH were mixed with CCO toenhance its propertiess details

given below

3.2.1 Depressionof the PPof CCO

Three different chemical&MMA (Mw 1{$,OOQ, SF, and SP were blended with CCO
in different concentrationg;weight concentration®.25. 0.5, 0.75 and 1.0 wt.%6f PMMA
and4 volume concentration®, 10, 15 and 20 v/v%pf SF and SRjetailsaresummarized
in Table 32. All twelve mixtures were blended usiag ultrasonienixer (KERRY - KS 200)
for 1 hour followed by2 hours of further agitation using magnetic stirrer hotplate (Thermo

Scientifici CIMAREC™) for homogeneous solutions.

PMMA andSPwereadded t o CCO with referetam to
SF was added, because of low PPLZ °C)" 1® and 91.14% ofhigh unsaturated FA
concentratiof18:1, OAT 28.0%, 18:2linoleic acidi 62.26 (Table 26)].Y’

Subsequentlyall samples weranalyzedutilizing the thermaanalytical technique via
differential scanning calorimetry (DSC) tests using endothermic and exothermic reactions.
The best concentration from each category was further tesied a pour point tester
(Stenlopei Seta)following ASTM D97-96astandard procedures.

Thesel2samplegTable 3.2)are for improving sub standards of CCO, thus will not carry
forward after formulating CCO (with enhanced physicochemical properties), for any

tribological or other related investigations
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Table 32, Sample descriptionand compositions of chemicalssedas PPDo improve the PP of
CCO

Composition
Base stock PPD
Sample CCO PMMA  SF SP

S/N no Wt.9%)  (VIV%)  (wt.%) (VIV%) (V/V%)

1 PM25 99.75 X 0.25 X X

2 PM50 99.50 X 0.50 X X

3 PM75  99.25 X 0.75 X X

4 PM100 99.00 X 1.00 X X

5 SFOS 9500 4 500 @ x

6 SF1.0 X 9000  y 1000 «x

7 SFL5 800 1500 «x

8 SF2.0 X 80.00 20.00 X

9 SPO.5 X 95.00 X X 5.00
10 SP1.0 X 90.00 X X 10.00
11 sPL5 , 8500 x  15.00
12 SP2.0 X 80.00 X X 20.00

Key: CCQ; coconut oil, PPD ¢ pour point depressant,PMMA ¢ polymethylmethacrylate,
SK¢ sunflower oil, SR, styrenated phenol,

3.2.2 Differential scanning calorimetry (DSC) tests

The quantity of heattransferredby absorption or extraction from the sample and the
reference as a function of temperature ispttiecipleused in DSC test3hat is, the measure
of thedifferenceof heat flow betweeasample and the reference, while both atbesame
temperatureThis is because of heat absorbararedissipationby the sampleas of phase
transition from solid to liquid or liquid to solid state depending orotigingendothermic

or exothermigrocessrespectivelyt0® 141, 142,143

Figure 32 illustratesa typical DSC arrangement where sample and reference are place
in different pandocatedin a hermeticchamber.The chambers coveredconstitutedwith

aluminum alloy to prevent radiation, for good heat conducting and to prevent externa
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themal agitation. Also equipped with heat cells for heating and liquid nitrogen circulation
for cooling,thermocouplevith a computer fosetting test parameterdata acquisition and

analysis.

During this researcBSC apparatu§i DI SCOMBERY D S ¢wa2 &ilwedfor the
tests at firswith inbuilt software(@ UNI VERS AL A)Nok toviiterSnbegration
lnraddi tion, TA instrument fAQ2000 DSCO was

Reference

Temperature and |-

'Heat Flow Sensors anelns

Resistor

Heaf Flow

Heating / Cooling System
Figure 32, Schematic view of aypical DSC test setyp**

In this analysistwo types of heaexchangesvere studied:namely,cooling andheating

experimentsvith thefollowing procedure.

1. Cooling (exothermic) tests: Sample and referencgere heated up to 50C and kept
isothermal for 10 minutes tiquify and normalizeany wax-like matterpresent in oil,
which may act asourceto acceleratevax crystaformationwhile cooling. Therallowed
to cooldown at a steady rate of 1@ min?, until the sample and reference reaches

-50 °C, using liquid nitrogen as cooling media.

2. Heating (endothermic) tests: After the sample and reference readb0 “C (at the end

of exothermidest) heaedboth at a constant rate ® ‘C min?, until reacling at50 'C.

Thereafter samples with best endothermtbhermogramsfrom each PPD additive
category were tested for APs i ng A S TI ASNEHTOMWIEd and pour point tester
following ASTM D971 96a guidelines.
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3.2.3 Improving viscosity, oxidative stability, and TBN of CCO

PMMA proved to be a good viscosity modiftér3’>% 6% "%thyg wasadded 0.5 and 1.0
wt.% concentration® the best CCO/PPD combinations and tested kinematic viscosity at 4(
and 100 °GQusingn STANHIOSPETA KN6AMBh CA T &pilargtubd and

redwoodviscometes).137 149

EnhancingTBN or strengthening alkalinity of a lubricant above TANas effective
remedyto maintain the oil neutraliion which is the deciding factor for its life cycf&: 140
Existing diesel engine oilsre usng overbaseddetergents, like phenates, sulfonates,
salcylates of barium, sodium, magnesium and calcioxides to derive alllinity .
Besides, dispersants aadti-wear agents has been used to contritiiéesamé*® Also,
inhibiting oxidative stability will minimize acidic substances formatittZDDP is proven
to be a good additive with many functionalitiescluding AO, AW, FM, VM and as a
dispersanand able to work in synergy with other additiVéSherefore ZDDP wasaddedn
0.5,1.0,1.5, 2.0, 2.5 and 3.0 wicincentrationas a multipurpose additive after improving
the PP of CCO. Also, hindered phenols are good for radical trapping (Figuré) 2tus,

mixed as an antioxidairt different concentrations 4addition to ZDDP.

Simultaneous thermal analyg&TA) were done vi@ombination of TGA and DSC tests
to study theéhermal andxidative stabilityusingSTA analyzer (Rheometric Scientific STA
1500 anda calorimeter (TA Instrumerit Q2000 DSC) TAN and TBN were testedvia
titration using @AMETROH MrfolldwWihdqRASINOD6eA18ac8d 8 4
ASTM D 289621 standardsespectively-4¢148

Also, KOH, was added in 0.25, 0.5, 0.75 and 1.0 wt.% concentrations to the bes
CCO/PPD combination and tested for TAN and TBN following same procedure.

Furthermore, final product; formulated coconut oil (FCO) after improving aforesaid
substandard, was investigated Wa-IR (SHIMADZU IR-AFFINITY1) analyss for
identifying elements/functional groups associated wighstructure of CCO to improy®or

cold flow properties.
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3.3 Blending and stability studies of sampldubricants

A total of 37blended lubricantsvere usedin this experimentAll the sample were
createdbplended in two stages (before and after formulating C@@ixh are summarized in
Table 33. According to the basstockadditive combinationall 37 samples could be

segregated intthree lubricant groups asentioned below

I.  Variousweight concentrations of selected nanomaterials blended with mineral bass

stock; formulated 15W4amplesS3 to S11 andS26 toS28; Table: 33a).

I. Bio-lubricant; C@ blended with treated mineral base stock, 15W40, in different

volumeconcentrationgsamplesS12 toS16; Table: 33a).

lll.  Variousweightconcentrations of nanomaterials blended VO and FCO(sample
S17 t0S25 andS29 toS37; Table: Ba-b)

There are sixvarieties of nananaterials (Al2O3, TiO2, G, ALO3y/G, TiO/G and
TiO2/r-GO) used in this investigatioas nano additives during sample formulatiDetails
of these nanomaterials agkicidatedn Section 3.1Thereforetheabove three groups were
further divided into 1Zubcategorieaccording to théasestocknangarticle combination.

Details of these 12 samptelcategories are presented with Section 3.2.2.

3.3.1 Colloidal stability and surfactants

Formulationof sample blends begins with the blending process, wherstability of
dispersed colloids is critical for dependahlbricationfunctioning This is because ofan
der Waals forces and double layer interactions associdietiveenthe contents of a
solution® Out of three lubricant groups mentioned abov&p groups are with
nanomaterialsTherefore suspension stability of nanoparticlesthe lubricantis vital for
optimum tribological enhancemeiithere are many methods includielgctrostatic or steric

stabilization of nanoparticles in the solution to establish surface functionalizdton

formulation stability Adsorption of ionic surfactant on the nanoparticle surface is the method

selectedIn this projectpleic acid QA) [cis-9-octadecenoic acid;eH3402] was selecteds
the surfactamivhen blending nanopatrticldsecause athehigh polarityresulted fronmstrong

monaunsaturated fatty acid structuie®

68

D




3.3.2 Formulation of sample blends

Sample libricants were blended in two stages: before and after formulating of CCO. CC(
was formulated to eliminate or mitigaddservedsubstandardSection ). Thus after the
secondPhasdriction tests, all the selected samples with enhanced tribological performanc
were reblended using FCOMoreover, blends S3R S37 were added to the sample list,
which were formulated using FC@nd newly synthesized nanocomposit€2/r-GO,
TiO2/G ard Al2O3/G (Table 33b). In-addition samples S9A and S24vreincluded in Table
3.3b, whichwere blended using GO in place of&3 an additive with same compositi@ss
of S9 and S24vith the purpose of studying dispersion stability of GO as an additive in place

of graphene in both mineral and #hased formulations.

There are three constituents for nduabricants:mineral/bio base stock, nasaalditives,
and surfactantand two constituents for mineral/bio combinatioMethod and time of
agitationare vital factoraffecting to minimize the size ofinoaggregatdsading to a stable
and homogeneous suspensidimitially, magnetic stirrer hotplatéThermo Scientifici
CIMAREC") was used for blending for 4 hours at 1000 rpm with elevated temperature 15
°C. However, as a result of UVis absorbance tests it is revealed ttia nanoparticles are
unstable in sample blendfiusthe mixing methodvas changetb improve tle suspension

stability.

During the 2" stageblending ultrasonicmixer (KERRY - KS 200) wasisedfor 2 hours
for sonicating sample® improve the suspension stabilftflowed by further2 hours of
agitation using a magnetstirrer hotplate. Instead of nanoparticles of metal oxides and
graphendG), synthesized nanocomposites consigrapphene@), reduced graphene oxide
(r-GO) and metal oxides were utilized to combinephaperties of individual nanoparticles

to improve the colloidal stability of solutiois addition to tribological enhancements

Nanoparticle concentratiogalso an essentigd¢atureto enhance suspension stability and
tribological behavior of a lubricad ® 4 &Therefore,3 weight concentrations 0.1%, 0.25%
and 0.5% were selectedfor the nanomaterialsutilized® ° 4 8 |ikewise, volume
concentrations for CCO and 15W40 combinations will be 1B%, 50%, /5% and90%
(table 33a). Overall, there are 37 samples with 12 differsakcategorieqwithin 3 main
groups)as summarized belowurthermore, sample S38 (FCO) is included in Table 3.3b,

which is the base oil for nano/bio lubricant formulations.
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1)
2)
3)
4)
5)
6)
7
8)
9)

12)FCO + OA + AbOy/G

15WA40i reference oil

15W40 +OA + Al,O3

15W40 + OA + TiQ
15W40 + OA + G
15W40 + OA + TiQ/r-GO
15W40 + CCO
CCO + OA + AbOs
CCO+0OA +TiQ
CCO+0A+G
10)CCO + OA +TiO2/r-GO
11)FCO + OA + TIQ/G

Table 33a, Elemental composition of sample lubricantg stage 1 (before improving
physicochemical properties of CCO)

Surfactant

Base oil (OA) Additives
Sal\rlr;ple Concentration | Concentration Concentration
Composition W% \;j\, wt% | viv 9 Composition W% \gj\,
0 0
S1 15W40 100.00| N/A N/A N/A N/A N/A N/A
S2 15W40 N/A 98.00 N/A 2.00 N/A N/A N/A
S3 15W40 98.00 | N/A | 1.90 | N/A AlO; 0.10 [ N/A
S4 15W40 98.00 | N/A 1.75 N/A Al;O3 0.25 N/A
S5 15W40 98.00 | N/A | 1.50 | N/A Al,O; 0.50 [ N/A
S6 15W40 98.00 | N/A 1.90 N/A TiO, 0.10 N/A
S7 15W40 98.00 | N/A 1.75 N/A TiO, 0.25 N/A
S8 15W40 98.00 | N/A 1.50 N/A TiO, 0.50 N/A
S9 15W40 98.00 | N/A 1.90 N/A G 0.10 N/A
S10 15W40 98.00 | N/A 1.75 N/A G 0.25 N/A
S11 15W40 98.00 | N/A 1.50 N/A G 0.50 N/A
S12 15W40 N/A 90.00| N/A N/A CCO N/A 10.00
S13 15W40 N/A 75.00 N/A N/A CCO N/A 25.00
S14 15W40 N/A 50.00| N/A N/A CCO N/A 50.00
S15 CCO N/A 75.00 N/A N/A 15W40 N/A 25.00
S16 CCO N/A 90.00| N/A N/A 15W40 N/A 10.00
S17 CCO 98.00 | N/A 1.90 N/A Al;O3 0.10 N/A
S18 CCO 98.00 | N/A 1.75 N/A Al;O3 0.25 N/A
S19 CCO 98.00 | N/A | 1.50 | N/A AlO; 0.50 [ N/A
S20 CCO 98.00 | N/A 1.90 N/A TiO, 0.10 N/A
S21 CCO 98.00 | N/A 1.75 N/A TiO, 0.25 N/A
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S22 CCO 98.00 | N/JA | 1.50 [ N/A TiO, 0.50 [ N/A
S23 CCO 98.00 | N/JA | 1.90 [ N/A G 0.10 [ N/A
S24 Cco 98.00 | N/A | 1.75 [ N/A G 0.25 [ N/A
S25 CCO 98.00 | N/A | 1.50 [ N/A G 0.50 [ N/A
S26 15W40 98.00 | N/A | 1.90 [ N/A TiO/r-GO 0.10 [ N/A
S27 15W40 98.00 | N/A | 1.75 [ N/A TiOo/r-GO 0.25 [ N/A
S28 15W40 98.00 | N/A | 1.50 [ N/A TiO/r-GO 0.50 | N/A
S29 Ccco 98.00 | N/A | 1.90 [ N/A TiOo/r-GO 0.10 [ N/A
S30 CCO 98.00 | N/A | 1.75 [ N/A TiO/r-GO 0.25 [ N/A
S31 CCO 98.00 | NJA | 1.50 [ N/A TiOo/r-GO 0.50 [ N/A

Table 33b, Elemental composition of sample lubricantg stage 2 (after
physicochemical properties of CCO)
Base oil Suzfoa‘;t)ant Additives

Sal\rl‘r;ple Concentration | Concentration Concentration
Composition W% \;/v wt% | v % Composition W% VIV
Yo %

S1 15W40 100.00] N/A | N/A [ N/A N/A N/A [ N/A
S9 15W40 98.00 | N/A | 1.90 [ N/A G 0.10 [ N/A
S9A 15W40 98.00 | N/JA | 1.90 [ N/A GO 0.10 [ N/A

S16 FCO N/A | 90.00 N/A | N/A 15W40 N/A | 10.00
S24 FCO 98.00 | N/A | 1.75 [ NI/A G 0.25 [ N/A
S24A FCO 98.00 | N/A | 1.75 [ N/A GO 0.25 [ N/A
S29 FCO 98.00 | N/A | 1.90 [ N/A TiO,/r-GO 0.10 [ N/A
S30 FCO 98.00 [ N/A | 1.75| NIA TiO/r-GO 0.25 | N/A
S31 FCO 98.00 | N/A | 1.50 | N/A TiOA/r-GO 0.50 | N/A
S32 FCO 98.00 | N/A | 1.90 [ N/A TiO./G 0.10 [ N/A
S33 FCO 98.00 | N/A | 1.75 | NIA TiO2/G 0.25 | N/A
S34 FCO 98.00 | NJA | 1.50 [ N/A TiO./G 0.50 [ N/A
S35 FCO 98.00 | N/A | 1.90 [ N/A AI203/G 0.10 [ N/A
S36 FCO 98.00 | N/A | 1.75 | N/A Al.04/G 0.25 [ N/A
S37 FCO 98.00 | N/A | 1.50 | N/A Al204/G 0.50 | N/A
S38 FCO 100.00] N/A | N/A | NIA N/A N/A | N/A

3.3.3 Absorbance analyses of sample blends over storage time

Suspensiontability of nanoparticlesvithin the sample blends wasvestigated with the
aid of optical absorbance spectrum usiagdouble beam UWis spectrophotometer
(Shimadzui UV 7 1800)having wavelength range of 19000 nm with 1 nm bandwidth.
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I n buil t @ UVwd usedianalyzeshe dbsewer spectrudata. Samples were
examined from G 72 hours in24-hourintervals and continued up to five weeks in weekly
intervals Furthermore, colloidal stability of G vs GO was investigated using sar8fles
SOA, S24, andS24A.

3.4 Performance tests

Performance tests were divided into two sections: 1) Laboratory tests and 2) Field tes
Laboratory testgsonsised of friction and wear analyses to investigditeetional force (FF),
coefficient of friction (COF), morphologies, elemerdapositionand the surface texture of
wear surfaces with different lubricantBriction tests weramplementedusing a linear
reciprocating tribometer (LRTMWear scar analys was performedsia scanning electron
microscopy (SEM), energy dispersi¥eray spectroscopy (EDX) and 3D noncontajgtical
profilometry. Field tests werexecutedising a dynamometer test rig and an indailstngine
to investigate fuel consumption, exhaust emissiangd for used crank case oil sample

analygsrespectively.

3.4.1 Linear reciprocatingtribometer (LRT) tests

Frictiontestswereimplementedn 3 Phases usingn LRT test rig DUCOM TR 282).

This is to simulate the reciprocating motion of a piston ring/cylinder liner interface of an ICE|

Preprograming test protocol with real time display of COF and FF with associated waveforn
as a function of prescribed experiment parameters, gaining arespirug the data generated
including controlling the test rig during the tests was done utilizing custom built
AWI NDUQQM 100 sFkighresv@aande34 illustrate the various preparation and

operational stages of the LRT test rig.

Initially Phasd tests wereexecutedon the first 31 samples (blended in stage 1, Table
3.2a)using piston ring and cylinddéiner segments as test specimewsgth the intension of
obsening tribological enhancement or reduction of COF and FF by each sahimdasto
select the optimum nanoparticle concentration fiibafirst 10 out of 12sulcategories

mentioned above.
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Phasdl LRT tests wereperformedwith the 10 samples selected frdPhasel tests,
whichwerewith bestnanoparticle concentratido redue friction. Thisis to investigate the
l ubri cant 6s tr i b o lvarighlesdivérselbadshaadwslidiog velacitied e r
total of 16 load/velocity combinationsere investigtedusingthesame piston ringcylinder

liner segments as test specimens, to mimic real engine application.

Phasdll tests were performedith the samples blended using FCO (after improving

substandard of CCO) and synthesizexhocompositesAlso with two variables, sliding

velocity and load thus 25 load/velocity combinations

%

~ ‘ ==Y 3

Figure 3.3, Test specimens mounted on LRT test rig, a) piston ring segment in the upper sliding
arm holder, b) cylinder liner segment in the lower statiary holder.

Dead weights on g
loading platform

Cylinder liner segment
firted with stationary
lower specimen holder

Figure 3.4, Lineareciprocatingtribometer (LRT), (A) sliding arm with specimen holder, (B) dead
weights with platform and loading arm, (C) test rig in action
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3.4.1.1 Design of LRT experiments

All the LRT testsin threePhasesvere performed as per tA&TM G18111 standards.

Phasel
i.  All the testswereperformedat 100°C, afteraligningthe test specimeraxially and
laterally to avoid mismatch of curvatures.
ii. A constantmeanreciprocatingvelocity of 0.4 m s (with reference tosliding
frequencyof 20 Hzwith 10 mm strokwith 120 Nfixed loadwere applied.
iii.  Total test duratioof 3600secondg1 hour)

Phasell

Experiments were done with two variabld#gferentmeanreciprocatingvelociteswith
differentloadsto par with real time ICE operation. Faeciprocatingvelocities reference to
four sliding frequency/stroke length combinati@¢hS Hzx 10 mm 20 Hzx 8 mm, 30 Hzx
5 mm, and 40 Hx 2mm) with 120, 160, 180, and 200 N loads.

Thetestsequence consistingof 16 segments (velocity/load combinatiorssas follows:

i.  Constant load of 120 N with varyimgciprocatingvelocities with reference t@) 15,

(b) 20, (c) 30, and(d) 40 Hzsliding frequencies

ii.  Constant load of 160 N with varying reciprocating velocities with referen@ 14,
(f) 20, (g) 30, and(h) 40 Hzsliding frequencies

iii.  Constant load of 180 N with varying reciprocating velocities with referen@e 16,
() 20, (k) 30, and(l) 40 Hzsliding frequencies

iv.  Constant load of 200 N with varying reciprocating velocities with referen@a)to
15, (n) 20, (0) 30, and(p) 40 Hzsliding frequencies

All tests were done at 140 °@r 400 s for each segmetfithus, total test duration of
6400 s netd 1 hour and 47 minutesPuring load changing, (after completing four velocity
tests under one load) 2@0 of lubricant was added to simulate oil starving condition of an
ICE at TDC.

Phaselll
Test protocol is similar td°hasell, albeit with 25 load/velocity combinations, five
different loads (120, 140, 160, 180, and 200 N) with five different sliding velocities reference
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to 15, 20, 30, 40, and 50ztéf sliding frequencie€ach test was perfored for 360 s at 140
°C, thustotal test duration 08000 s (& hours).Also, 200 pl of lubricant was addedter
every 30 minutes of operation when increasing loatext stage, that after completion of

one load with five velocity combinations.

Test specimenserealigned axially and laterally to avoid mismatch of curvatdrging
all 3 Phasessince specific antact pressures generatadtheinterface of thepiston ring
cylinder liner segmentsluring LRT tests are inversely related to the contact areas of the
specimensContact parameter is an effectilimmit along with load, speed and material
parameters to develop a lubricant film, thick enough to separate rubbing asperities accord
to Reynold and Hamrock & Dowson predictiongEq. 2.7 and 2.3).27 3538

3.4.1.2 Test specimens

Test specimengvere fragmentedfrom a new piston ring ané cylinder liner from a
heavyduty Perkinsmodel 4000 series diesel engtioeconfirm that the test specimens are
with same hardness as real ICE engim@ponentsTherefore, Vickers surface hardness tests
were performed following ASTM E9R2017 guidelines. The observations are tabulated and
presentedn Table 34.

Contact area of ring segment is approximately equals tm3.8 7.75 mm = 3.45 mn?,
(Table 34) assuming that the ring segment was uniformly aligned on the liner segmern
mounted in the bottom specimen holder (Figu@bB.thus 120,140,160, 180 and 200 N
test loads represents the contact pressu98#4.75 5.43 6.11and6.79mPa respectively
Figure 35 illustrates thetribo-testing geometry of test specimensghich confirms the
elliptical contact areattheinterfaceof reciprocatingconcaveconvex surfaces contact®
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Table3.4, LRT test specimen specifications

Dimension Hardness Roughness @3
Specimen  Material (hxIxw)mm  Surface finish (MPa) (nm)
Chrome/Nickel
Pistonring Caststeel 5.3x7.75x3.8 plated 3364 817
Cylinder 5.1x20.0%
liner Cast steel 20.0 Honed 4903 2270

Key:h ¢ height, I¢ length, w¢ width

20mmx20 mmx5.1mm Load

CIE e et R
Piston ring s
segment = siiajﬁg

7.75 mm “=Ndirection

Sliding direction

Figure 35, Tribotesting geometry of test specimens

3.4.2.Wear scar analyses

After thePhaselll (final) LRT tests, the test specimensm the lubricants with enhanced
tribological performance were selected for further investigatiomaWscarf these test
specimensvere analyseglia scanning electron microscopy (SEM) and energy dispersive X
ray spectroscopy (EDX) techniquisinvestigate thenorphologies of worn surfaces, and
elementabeposition and adsorption on test specimens respectively. Thereafter the same t
specimenswere analysedfor surface roughnessf topographieautilizing 3D noncontact
optical profilometry. Subsequently dl these test results werexamined to propose an
appropriate lubrication mechanism.
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Microscopei PEMTROR3 ®&t egr ated with @fOXAORD
setup was utilized for SEM and EDX analyses. r8ihcontact optical profilometer (Leica
DCM3D) was used to capture the surface texture of test specimen used with differe

lubricantformulatiors.

3.4.3.Analyses of rheologicabehavia

Rheological behavior of sample blentdaving improved tribological performancges
(shown durindginal PhaseLRT test3 wereexaminedusing a rheometeBEhlin/GEMINI 2
i GEM2007 903). Test protocol is with rampinghear rates vs temperature table ranging
from 4071 120 C°, with arincrement of 20 C° steps.

3.4.4.Analyses ofspecificfuel consumption and exhaust emissions

Fuel consumption and exhaust emissions were exanonesample lubricants with
enhanced tribological performance duriihasdll LRT tests. Dynamometer testg
powered by Kiloskar diesel engingas utilized for the investigatioas specifications
presentedn Table 35. Fuel consumption was tested for five loatiationsending up with
25%overloadconditiont o st udy t he lunddradverseacantitiosEadh¢est a v
was performed three times to minimize errdeshaust emissions were analyzed using
ATECHNOVATIEON 0 e x ha u swith theairgerest of guantifyiegarbon,
Nitrogen andSulphuroxides (CQ, NOx, SQ\) percentage.

Table 35, Dynamometer test rig specifications

Parameter Specification

Make & Model Kiloskar AK 65

Rated power 4.8 KW (6.5 bhp) @ 1500 rpm
Type Single cylinder, 4 stroke, diesel
Configuration Naturally aspirated, water cooled
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3.4.5.Usedcrankcase oil sample analyses

Used crank case oil samples were analyzed to compare the lubricant degradation W
reference to sample S1 (conventional diesel engin@®W40). Industrial generator (MEN
5500) with 5kW capacity, powered by a diesel engine was utilizedutoeach lubricant
sample for 100 bursas per t he manuf Basic gspeaficatioss aren s
presentedn Table 36. Samples with optimum performance observed @teselll LRT

tests wereselected along with the sample S1.

Table 36, Specifications of diesel generator

Parameter Specifications

Make and Model MEN 5500

Engine model PT186FAE

Engine type Single cylinder, 4 stroke, diesel
Configuration Naturally aspirated, aicooled
Bore x Stroke (mrf) 86 x 72

Displacement (cc) 418

Compression ratio 19.5:1

Max. power (HP/rpm) 9.0/3,600
Rated power (HP/rpm) 8.6/3,600
Max. Output (KW) 55
Rated output (KW) 5

Collected used oil samples (after 100 hours of runnimgle tested for kinematic
viscosity at 40 and 100 °C, VI, TBN, particle count, elemental analyses includiag
metalsadditives and contaminants using following equipmenr&addition, physicochemical
properties of samples selected after PHaERT tests (before formulating CCO) were also

tested using same apparatus.

a) Vi scometer s:
9 iSL V0661230 fr viscosity at 40
1 SPECTRIOSGF 1w 00/ 1 for f{Ciscosity at 1

b) METROHM 848; TITRINO PLUS for TAN
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c) METROHM 794; BASIC TITRI NO
d METROHM 8G@dauKé&meter for moi
e) PARKI N ELOWEHR MA 8300 for el

f or TBN

stur e cont

ement al

ana

) PARKI N ELNRERE4912C for FTIRn(suapidatoc

content) analysis

g ANALEX TAgM 5333 for ferrous
h) LAWLER34 PPot est

i) CANNON, -8ACOr FP test

debri s
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4. Chapter 4: Results part | i Material characterization

In this section the results of both nanomaterials and bio lubricant characterezaion
presented and discusseDetails of differentcharacterization techniques, parameters,

experiment protocolaredescribed irSectiors 3.1, 3,2 and 3.3

4.1 Characterization of nanomaterials

As specified in the methodology (Section 3.1.2) TEXRD, Raman, FIIR, and
XPS technologieswere utilized to confirm theidentity of the nanomaterials and their

properties

Particle size and morphology ohanoparticles

TEM was used to investigate the morphologies and particle size of nanoparticlg
employed in this research. Electron microscopy and SAED (inset) images of correspondit
metal oxide phase for ADs, TiO2, Al203/G, TiO/r-GO, TiO/G are shown in Figurd.l.
These images were used to analyze the particle size, lattice fringesspading of these
nanomaterials, which are vital parameters in tribological dofn&if?: °The observations
revealed the average patrticle sizesthar following metal oxide materials: Abs: 7.0 = 0.7
nm, TiGx: 9.0 £ 0.2 nm, AIOs/G: 10.0 = 0.3 nm, Tigr-GO: 10.0 + 0.3 nm, and T{G:

14.0 £ 0.3 nm. Particle size distributions are presented in F2ré&raphene sheets are
with 319 + 50 nm lateradimensions (Figurd.1f) anda lattice spacing of 0.383 0.004nm
(Figure 4.3a) 1*° Lattice fringe spacings of 0.37 0.005nm, 0.38+ 0.003nm, and 0.3%
0.002 nm were observed for 2Braphene in nanocomposites of:2@4/G, TiO,/G and
TiO2/r-GO respectiely (Figure4.3b-d). The slight increase in intéattice spacing of 2b
graphene may attributed to the attachment of oxygen functional groups or deposition of me
oxide nanoparticles on the edge or between graphene SHdats.example XPSanalysis
confirmedthe change of elemental composition of F®with increase of C 1s kij7.4%,
decrease dD 1s by 15.1% and Ti 2p by 2.3% than T(Dable 4.1). The values are in ultra
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fine scale to infiltrate through asperities of piston ring cylirlaber interface, compared to

the reported ICE lubrication film thicknesses, which are in macro scalgu® 10 pm)>2

a) A AL

2 1/nm

graphene (G)

4 um

20 nm —
e 9 5 1/nm

Figure4.1, Morphologies of nanoparticles; TEM with SAEBset) patternsfor a) ALOs, b) TiG,, ¢€)
ALG:/G, d) TiQ/r-GO, @ TiG/G, and f) SEM imagédor graphene sheetgG), utilized with the
project.
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Figure4.2, Particle size distribution for the nanomaterials used; ap®d, b) AbOs/G, c) TiQ, d)
TiG/r -Go, e) Ti@G, and f) graphene.
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a) graphene

Figure 4.3, TEM images with lattice fringe spacing (inset) for-@Bphene sheets in
nanocomposites used; a) graphene (d = 0.33 nm), BPAG (d = 0.37 nm), ¢) T¥O (d = 0.38 nm),
d)TiQr-Dh 6R I' ndoT yYOd b20SY aRé¢ RSy2GSa 1

XRD patterns

The XRD patterns presentéd Figures 4.4 and 4.5 confirm the nanomaterials used in
this study as AlOs, TiO. metal oxides, graphene, and their nanocompositeg):A3,
TiO2/G and TiQ/r-GO. For example, XRD pattern for Ti(Frigure4 4a)is with (101), (103),
(o04), (112), (200), (105), (211), (213)
25.4°, 36.9°, 37.8°, 38.4°, 48.0°, 53.8°, 55.0°, 62.4°, 62.8°, 68.5°, 70.2°, and 75.0
respectively (ICDD: 241272)2 153 4The strongpdas at 2d = 25. 4 A,
represent the indices (101), (004), and (200) confirms that the titania is in anatas
phase’: 153 ¥Figure4.4b indicates that ADsis with phase indices of (111), (220), (311),
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(222), (400), (511), and (44&®t 2d = 20.08A, 32.4A, 37.4A,
respectively (ICDD: 060-0741)% 1% 15€The observations, which confirms that the alumina
is in gamma phase with strong peaks at (311), (400) and (440) iftiaéso, XRD patterns

forgraphene (Fid5a) reveals the corresponding diff
=26.1° and 54.4° respectivel}>®> 1 n addi ti on, broadened pelak
phase index (101) (ICDD: @041-1487).Figures4.5b-d, confirm thatthe diffraction peaks
of nanocomposites; T¥-GO, TiGJ/G, and AbOs/G are represenin the nanoparticle
compositionsassociated with the syntheses of the respective nanocomposite. Moreover,
broadened peaks of Abs, Al.O3x/G, and TiQ/r-GO suggests low crystallinity compared to
TiO2 and TiQ/G, presumably because of smaller particle sizes compared toWhiZh

agrees with the observed SAED patterns of metal oxide phase for those nanomaterials (Figure

4.1)°

a) —TiO, b) —— AlLO;
o Peaks l:eakso 2 ° 32420
=] 25.24°, 36.94°, 37.78° 33'22.,‘ 38'02;43 72°
il 38.42°, 47.96°, 53.76° 60.74° ssga"' %

55.04°, 62.44°, 62.84°
68.46°, 70.16°, 75.02°

Intensity (a. u.)
Intensity (a. u.)
(311)
(400)
(440)

-

: ; : : : : . : : ; x ; .
20 30 40 50 60 70 80 20 30 40 50 60 70
I 26 (%) 1 26 (%)

Figure 44, XRD patterns fonanoparticles of metal oxides used; a) Bi®) AbOs
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Figure4.5, XRD patterns of graphene and nanocomposites used; a) graphene, bjrT&D, c)
TiQ/G, and d) AIO4/G.

Raman spectroscopy

Figure4.6. shows the observed Ramspecta for the above nanomaterials. Spectra for
grapheneexhibit sharp peaks at the wavenumbers of 1334.5, 1579.74 and 2686(Eigm
4.6a) representin@iamondoid D), Graphitic G), and 2D bands respectively band, which
is at 1579.7 cnis ascribed to the first order scatteringga§ phonons vibration because of
sp’ hybridization!®11%8162 D pand at 1334.5 crhis simulated by irplane scattering of the
A1g phonon vibration, which could be attributed to the change of atomic bond hybridizatiof
from sp? to sp® configuration. Most apparently caused by the oxidation or incorporation of
oxygen functional groups leading to structural defé&ddowever, relativeintensity
between D and G bands i.e/lt = 0.21 (Figure4.6a), which indicates a rickg? domain,
minimal disorder or structural defects of the graphene sheets uti??éd.2D band at
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2686.6 cmt represents double resonance enhankeghonon vibration, which may be

affected by the structurahperfections>!

Raman peaks for Tigat 142.8, 395.4, 515.9 and 637.9,%(Rig. 4.6b), matchwith the
XRD observations (Figd.4a), which confirms that, Tigs in anatase phase* 1® Anatase
phase TiQis a better option than rutile phase for wear prevention, because of lesser hardné
of anatasephase(Mohs 5.5i1 6.0) than rutile phas¢Mohs 6.07 6.5) titania®” ° High
hardness will resist deformatioflbeit elastic deformation @n essential attribute oh&CE
lubricationto have ball bearing mechanism to reduce friction urgleéL at piston ring

cylinderliner interface

Figure4.6¢ exemplifies Raman bands for BIGGO at 151.8, 1326.9 and 1596.9tm
which confirms that the assortment of Fi@51.8 cm') and rGO (1326.9 and 1596.9 cih
elements in the compositeSimilarly, nanocomposite TiO2/G illusted peaks at 147.1,
395.7, 514.6, and 636.3 crwith 1337.4 and 1579.5 ch(Figure4.6d), indicating TiQ and
r-GO elements within the composif&® Raman spectra for ADs (Figure 4.6e) shows
peaks ranging from 200200 cm'. Peaks at 240.7, 381.1, 430.6, 568.2, 713.0, 820.9, and
898.8 cm! are identical with the established data, which confirms that the material as
Al03.151% High intensity bands at 24D 500 cm'! range represents AD vibration
stretching, whereas sharp intensity bands above 56Gignifies the stretching of hydroxyl
groups. Moderate and low intensity bands appear in the same range to indicate deformat
of hydroxyl groups%-1%® Figure4.6f shows that the Ramapectra for AO3/G is consisting
with Raman bands at 455.3, 789.9, 916.8, 1086.1 mpresenting AlDs. Graphene is
represented by the bands at 1355.5, 1582.0, and 27279comfirming combination of
alumina and graphene within the nanocompositeeNbgless, Raman peaks ob@d/G are
shifted towards higher wavenumbers (Figdir® indicating the increase of grain size (from
7.0 t0 10.0 nmj51%8
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Figure4.6,Raman intensity spectrometry graphs for the nanomaterials used; a) graphene, k) TiO
c) TiQ/r-Go, d) TIQG, e) AbOs, and f) AAOY/G.
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FT-IR transmittance

Figure4.7. displays the FTIR spectrophotometry graphs, for graphengraptiene

based metal oxide nanocomposites; i O, TiO/G and AbOs/G used in this research.

Figure4.7aillustrates the FTIR spectra for graphene with IR bands at 3742.5, 2312.8, 1705
and 1525.4 cn indicating the attachment of variety of oxygemdtionalities: hydroxyl,
carboxyl, or carbonyl groups on the substrate. Most prominékt (R-OH or HOH)
stretching vibration could be ascribed to the IR band at 37425 @ther bands at 2312.8,
1705.5 and 1525.4 chcould be assigned to € C=0 andCOO-H stretching vibrations

respectively'l.51’ 153, 157, 160, 26

Figure 4.7b-d preserg the FTIR spectra for Tigh-GO, TiO/G and AbO3/G
nanocomposites respectively. All three graphs are identical with similar stretching vibratior
atapproximately the same wavenumbers as illustrated with IR spectra for grapheme (Fig
4.7a). Hence it is confirmed that all three nanocomposites are a combination of graphene
reduced graphene oxide with respective metal oxide accordingly. Neverthejess4.7b,
which is for the TiQ/r-GO is with strong OH and COOH stretching vibrations at 3215.3 and
1558.5 cmt accordingly This is anindication of higher concentratioaf oxygen functional
groupson the ¥GO substrate. This observation will lendther support to the Raman
analysis, whichndicatesa higher b/l ratio for the TiQ/r-GO nanocomposite (Figudetc).
Higher concentration of oxygen functional groups (hydroxyl, carboxyl, or carbonyl) in a
suspensiowill lead to surface functionalization between molecular substoassdventand
solute of solutionn the characteristics, which may influence the collbigéability of a
formulationwhen blending with a base oil as a nadditive to formulate a lubricant.
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Figure 4.7, FFIR spectrophotometry graphs for thegraphene and graphendased
nanocompositesused;a) graphene b) TiG/r-Go, ¢) TiG/G, and d) ALOs/G.

XPS analyss

XPS analyses were performed to ascertain the elemental composition and chemical stg
of the nanomaterials used in the resealdte observations angresentedn Figures4.8i
4.11, for graphene (G), ADs, TiO2 and TiQ/G respectivelyAll the core level spectra of
interest (C 1s, @s, Ti 2p and Al 2p) have been deconvoluted using Voigt profiles, based or
the methods describéxy Teodorescu, et &I° The atomic composition has been determined
by using the intgral areas provided by the deconvolution procedure normed to the atomi

sensitivity factors provided byagner, et at’!

Survey scan for G (Figu#e8e) illustraeshigher elemental composition of C thamih
C:0O ratio of 18.19:1(C: 94.3%, O: 5.7%), which lends further reinforcement to Raman

observations; rich g@lomain with 0.21 of low relative intensity(lc). In-addition expanded
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XPS spectra for @s orbital (Figuret.8a) showspeaks at 284.55 e\285.04 eV, and 285.52
eV indicating three different chemical states, which could be ascribed 16 §8), GO,

(sp’), and C=0 (sf), respectively. In the Qs spectra (Figuré.8b), peaks at 531.1 eV, and
532.5 eV could be assigned to C=0%sand GO (sp’) correspondingly, confirming less

carbonyl or oxygen functional groups with the utilized grapHéhé’>

a) 10x10'4 c1s Graphene b) ss0 O1s Graphene
m w
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Figure 4.8, XPS spectra for graphene with high resolution of 4%,®) OLs regions and c) survey
scan covering @s and Olsregions

Figure 4.9(ad) illustrates the XPS spectra for.8k including core level details of Cs,
O 1s and ARp with survey scan for the same regions respectively. Peaksl®at284.55
eV, 286.1 eV, and 289.57 eV could be attribute@€,GG-O, O-C=0 indicating possible
adventitious carbarO 1s bandshows peaksepresenting ADH and AIO-Al at 531.16 eV
and 532.84 eV correspondingly. Also, tteconvolutedpectrum for ARp hastwo peaks at
74.93 eV and 75.66 eV, which could be ascribed #ABNnd Al(OH) chemical states

respectively*”™ ® Theresults, which shed lights on the additional diffraction peaks observed
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with XRD patterns (Figured4.4b), confirming the formation fo aluminatetrahydrate
(Al203.3H0) within the AbOs nanoparticles.
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Figure 4.9, XPS spectra for@} nanoparticles with expanded details for a) I3, b) Ols, c) ARp
orbitals with d) survey scan for Ts, O1s, and ARp regions.

Figure4.10presents the overlay of survey scans for bothh i@l TiQ/G. All regions:
C 1s, Ols and Ti2p orbitals are in same position with different intensities. Talllshows
the atomic concentrations of both nanomaterials, which revealed thath#reye in
concentrations of elements in the BiQ at the presence of Ghis is including thencrease
of C1s by 17.4%nd decrease of & by 15.1%nd Ti2p by 2.3%concentrations of Ti&dG
than TiQ nanoparticles.
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Figure 4.10, XPS survey scan spectrebfmh TiQ and TiQ/G nanocomposites.

Table 4.1, Elemental composition of T1&hd TiQ/G nanomaterials.

Nanomaterial Atomic concentration (%)

C @) Ti
TiQ 11.21 61.12 27.67
TiG/G 28.60 46.00 25.90

Moreover, Figure 4.114§ illustrates thenigh-resolution spectra {e) for TiO, and (df)
for TiO2/G respectively. Ti 2 exhibits an intense peak at 458.05 eV and Th2p463.08
with o= 5 . 0f8r Ti@2\(Figure 4.11c). Figurd.11f exhibits thali 2ps2 showsan intense
peak at 459.9 eV and Ti 2pat 465.6for TiO-/G with a spinorbital splitting valueqp=5 . 7
eV which is specific for an oxid&® Both components of T2p, in the presence of G, have a
shift of 1.2 eV towards highdainding energyEs) 1™ Nevertheless, spectrograghsicate
that, both the nanomaterig($iO. and TiQ/G) havesame core level bands with similar

chemical statu&? 163
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Figure 411, XPS higfresolution spectra for core level bands of Ti@) Cls, b) OLs and c¢) T2p
and for TiQ/G; d) Cls, e) OLs and f) TRp respectively.

4.2. Enhancing physicochemical properties o€oconut oil (CCO)

Test results obtained through various experiments are analyzed and disscussed in {
section. All the experiments weegecutedaccording to the test protocols explained with the

experiment methodologyséction R.) to improve the mentioned substandafr€GO.

4.2.1.Improving poor cold flow properties of CCO

Figure 4.12presents the DSC thermogrdar the CCQ which is a study of observing
the changes in enthalpylustrating exothermic and endothermic processes witat
dissipating and absorbirdparacteristics of CCQOhere are two exothermpeaksExol and
Exo2 at0.4 °C and7.7 °C, with 1.9 °C anéd.7 °C onsetransitiontemperatures respectively
signifying two crystallization points. Perhaps, different crystallizing points could be

attribuied to different crystal phase&reating polymorphs)of complex triglyceride
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molecules of CCQO% There is one mdothermic peak: Endol at 22.7 °C with onset
temperature at2.2 °C whichrepresents the meltingr decrystallizationbehavior of CCO,
which begins at 12.2 °C.
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Figure 4.12, DSC thermograof CCO; Key: Exgexothermic Endog endothermic.

Figure 4.13 shows the DSC thermograms of formulations containing different
concentrations of PMMA with CCO as the base st@#tailed sample compositions and
corresponding sample labels wgresentedn Table 3.2 From the test results it is evident
that the sampl®M50 hasthe lowest endothermic peakth onset temperaturamong the
groupat 22.7 °C and 11.5 °@spectively(Endol, Fig 4.13b)Endothermic peak transition
temperature, which represents gwr point PP of the fluid isalmostthe samefor all four
blends in the grougimilar to theCCO (Fig 4.12) Only a marginal shift of Endol onset
temperaturéfrom 12.2°C to 11.5 °PBwas observetbr all samplesndicating early beginning
of de-crystallization process.Similar resultsvereobserved fromexothermic experiments
which indicates minimal delays in the beginning of crystallization prosghseference to

the monitoredExol and Exo2, peak and onset temperatures.
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Figure 4.13, DSC thermograms file formulations havingCCO with different concentrations of
PMMA; a) PM25 CCO + PMMA 0.25 wt.%, b) PM50: CCO + PMMA 0.50 wt.%, c) PM75: CCO|
PMMA 0.75 wt.%, d) PM100: CCO + PMMA 1.00 wt.%,

DSC thermograms for sample blends containing different coratemisof SF with CCO
arepresentedh Figure4.14.Sample SF2 hasthe lowest endothermic peakd onsetalues
at 20.9 °C and 8.4 °Ghowing 1.8 °C of PP reduction with3=7 °C of advancedeginning
of de-crystallization process compared to tedol of CCO (Figure 4.12). From tEsol
& Exo2 valuesof SF20 it is evident that the beginning of crystallization process has been
delayedby ~1.2 °C and ~2.9 °@ith lower peak values at.39°C and-10.6 °Crespectively
compared to the Exol &xo2 peak values (8.°C and-7.7 °C) of CCO (Figure 4.12).
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a) —— SF0.5: CCO+SF 5.0 viv% b) —— SF1.0: CCO+SF 10 v/Iv%
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Figure 4.14, DSC thermograrfm the formulations having CCO with different concentrations of
SFa) SF0.5: CCO + SH®%, b) SF1.0: CCO + SF 10 viv%, c) SF1.5: CCO + SF 15 v/v%, d) SF2.0:
+ SF 20 v/v%,

From all twelveDSC amples with three diffeent PPDssample SP® has shown an
impressive improvemeran the cold flow behavior of CCO reporting 5.0 °C Endol peak
difference between CCO and S@ZFigure 4.12 and 4.15d). haddition Endol onset
temperaturehas beerreduced to-1.3 °C, indicating ~ 135 °C early beginning of de
crystallization compared to CCOloreover sample SP1.5hows éroadened Exofeak at
-23.9 °C Whereas there is no Exo2 wigP20, insteadexothermicpeak appearduring
endothermic preesswith peak and onset temperatures4d °C and-11.6 °C respectively
(Endo2, Figure 4.15dThis signifies the recrystallization of low melting polymorphkitgh
melting polymorphghexagonal subce{lJ) i orthogonal subcellb()di triclinic subcell f)]

before commencing the aeystallization process-4% 109
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From theresults ofcooling processs of CCO and SRQ it is evident that thenset of
Exol hasbeenlowered by ~6.9 °Cof SP2 than CCO, confirming the improvement of cold
flow by startingof crystallizationat alower temperature than CCO.

2 5 . 2
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Figure 4.15, DSC thermograms for lubricant samples containing CCO with different concentrationg

of SP a) SP0.5: CCO + SP 5 vivogP).0: CCO + SP 10 v/v%, c) SP1.5: CCO + SP 15 viv%, d) SP2.0:

CCO + SP 20 v/v%,

Figure 4.16 illustrates the DSC thermograms for sample blends having@®2two
concentrations of PMMA. Sample codes and descriptions of these two formulations a
presatedin Table4.2 (which are for improving physicochemical properties of CCO, hence
sample codes did not continue after formulation of F@0}h samples areithout Exol
peak during cooling process, confirming crystallizing into low meliing crystalline
form 4% 109 Both blends are witlhroadened exothermic peak during heating proaesise
range 0f21.0 °C t0 6.75 °C and-21.0 °C to 5.25 °C for SP2/P05 and SP2/P10 respectively
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confirming change of crystallization and-deystallization patterns dahe formulation than
CcCoO.

Table 4.2,Sample descriptions fothe formulations having SP2 with different concentrations of
PMMA.

Composition

Sample code Base oil  Additive  wt. %

SP2/P05 SP20 PMMA 0.5

SP2/P10 SP20 PMMA 1.0

é a) SP2/P10: SP2+PMMA1.0 wt.%

= __—Exo1

© 14 S Peak: -4.58 °C

5 A Onset: -1.41°C

E )

S 2.25°C

[e] ( \

g/ 0 }' 70

z

s | 5

= /Peak: 19.28 °C

S -1 Onset: - 5.0 °C

I [ L [ L [ 1 [ L [ I [ ' [ I [ L [ k [ L [ L ]
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Figure 4.16 DSC thermograms for sample blends having SP2 with different concentrations of
PMMA.

PP is the widely used parameter to define cold flow behavior of liquid lubricants teste
in accordance with ASTM D9%6A guidelines. AlbeiDSC analysis will facilitate for an
in-depth understanding on the structural behavioradtuid under different thermal
conditions.The PP of the samplesith bestperformance from eadAPDgroup andf both
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SP2/P samples were tested following ASTM EBA standard proceduresdresults are
presentedn Table4.3 along with DSG Endol peak and onset values for evaluatiom

the test results it is evident that the SP2/R&8the optimum cold flow behavior withP at
6.0°C. Reduction of PBy15 °C of CCO, albeit endothermic peak value of SP2/P05 remains
at 18.1 °C. However,hts improvement could be ascribed to dwmnmmencement of de
crystallization at& lower temperatureq.5 °Ci Endolonsej and continuing upo 18.1 °C
(Endolpeak) asthe rangevhich the formulatiorpasseshroughmanytransition phaset®

gain liquid stateThus, it is assumed thahe flowing will startwithin the range showing

lower temperaturas PRhanthe value oendothermic pea&f the thermogram

Table 4.3, Summary of Rihd Endol peak and onset values during the DSC endothermic process.

Pour point (°C) DSCEndo 1

Sample

no ASTM D9P6A Peak (°C) Onset (°C)
CCO 21 22.7 12.2
PM50 21 22.7 115
SF2 21 20.9 8.4
SP2 15 17.7 -1.3
SP2/P05 6 18.1 -7.5
SP2/P10 9 19.3 -5.0

*Measured in 3 °C intervals

Figure 4.17 illustrates the overlay of DSBermograms for the samples CCO and
SP2/P05which clearly indicate the change in exothermic and endothermic curve pattern
resulting enhancement in the low temperature flow behavior of CCO.

FTIR spectroscopyesultsfor CCO, SP2/P05 and S#Pepresentd in Figure 4.18which
exhibits variety of oxygen functional groups (carbonyl, carbogylhydroxyl) on their
molecular surface. Also, it igvealedhat SP2/P05 is with additiond® bands than CCQA
broad peak3600cm™i 3300 cm') could be ascribed to OH stretching (phenol or alcohol)
and the peak at 1600 ciwould be C=C stretching vibration (alkehealiphatic/aromatik
Additional bands in the rangeof 800 to 500 could beassignedo C-H or C=Cbending
vibrations The results, which could be attributed to the addittwnamalgamatiornof
functional groupof SP and PMMAto the CCO structurgsince, the major constituents of

CCO aresaturated fatty acidsdodecanoic l(auric) acid (47.7%) andtetradecanoic
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(myristic) acid (19.9%)(Table 2.6 and Table 43 Thus, the formulation SP2/PQGS
improving thepoor coldflow characteristics of CC@resumablyby entangling or creating
branches with the molecular structunehibiting macrocrystallizationleadingto micro-
crystallizationimpedingselfmolecularstacking therefore enhancindgree flow behaviorof
CCO at lower temperaturegPP)1! 40 6264, 109 The mechanismwhich aligns with the
Mi n a nhiypdtBesis(2017f° as illustrated in Figure 2.18b. Specificationsof CCO
constituentsiretabulatedn Table4.4.

—— CCO: Coconut oil
2 — SP2/P05: SP2+PMMA 0.5 wt.%

Heat Flow (Normalized) (Wg™")

I ! 1 : | ' I ' I ' 1 ' | ' I : I H 1 ! I '
50 -40 -30 -20 -10 0 10 20 30 40 50
Temperature (°C)

Figure 4.17 Overlay of DSC thermograms for CCO and SP2/P05
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—— SP: Styrenated phenol
—— CCO: Coconut oil
—— SP2/P05: SP2+PMMA 0.5 wt.%

_—'j/r’—wv,r )
Y

i -~ 3464.15 1600.92—= 75224
(-OH) (C=C) (C—H)

* A
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Figure 4.18FTIR spectrometry graphs for SP2/P05, CCO and SP
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Table 4.4, Specifications of CCO constituént&®

Molar Melting Boiling Vapour Heat
Chain Molecular Mass Density point  point pressure  capacity
Component UPAC name length formula (g mol) (gcmd) (°C) (°C) (Pa) (J Kmol?)
Caprylic acid Octanoic acid C8 GH1602 144.214 0.91 16.7 239.7 0.250000 297.9
Capric acid  Decanoic acid C10 CioH2002 172.268  0.893 31.6 268.7 0.048800 475.59
Lauric acid  Dodecanoic acid C12 Ci2H2402 200.322  1.007 43.8 297.9 0.002130 404.28
Myristic acid Tetradecanoic acid C14 CiaH2802 228.376  1.03 54.4 326.2 0.000187 432.01
Palmitic acid Hexadecanoic acid C16 CieHz202 256.43 0.852 62.9 352 0.000051 463.36
Stearic acid Octadecanoic acid C18 CigHzeO2 284.484 0.9408 69.3 361 9.5E08 501.5
(92)Octadee9-
Oleic acid enoic acid C181  GaHssOr 282.468  0.895 13 360 0.0000019 577.9
(9Z,12Z0ctadeca
Linoleic acid 9,12dienocic acid C182  GsHz0O: 280.452 0.9 -5 230
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4.2.2.Improving VI of formulated CCO

With reference to methodology (Sectio®i2.3) kinematic viscosity ofsample
formulations were tested at 40 °C and 100 &f@r improving the cold flow behavior
following guidelines of ASTM D448 9a.Sample SP® and both SP2/P formulations (Table
4.2) were selected for this investigati@bserved visosity values are used to evaluate the
VI of formulationsadhemg to ASTM D2270 directivesThe results arpresentedn Table
4.5, which confirms the ability of polymer
varying operating temperaturésom thetestresults it is evident that the sample SP2/P10 is
more effective inncreasingvl, however the sample SP2/P05 is more successful improving
cold flow behavior than SP2/P1Reverthelesgheseresultsconfirmtheability of polymers
havinglarge, entangledhains with expanding capability to convert the solution less sensitive
with increasing temperatures as propose&figure 2.Ba’% %8 Also, presumed thathese
functioning could be caused by globule to random coil transition depends on the attractive jor
repulsiveinteractions between solvent molecules and polymer chain segimecdasse of its

thermal coil expansion behavib 3740 69. 70

Table 4.5, Summary of VI féermulations containing CCO with different additivesmpared with
reference oil 15W40.

Kinematic Kinematic
. . .~ Viscosity at 100  Viscosity Index
viscosity at 40 °C o

C (Vi)
Sample (mm2 S_l) (mm2 S_l) (‘)
15wW40 115 15.1 137
CCco 24.8 5.5 169
SP20 39.4 6.4 112
SP2/P05 46.2 9.8 206
SP2/P10 43.4 11.1 260

4.2.3.Improving TBN of formulated CCO

TBN is an important parameter, which decides the life cycle of an ICE lubricant. TBN of

the sample blends were tested after adding ZDDPBlwasdatedin Section 32.3. All six
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ZDDP concentrations did not affect to improve the TBEmple descriptions arlde results
are presenteih Table 4.6 Asa summary SP2 (without ZDDP) record@@3mg KOH g*
as TBN, which gradually decreased to Oril§ KOH g! with the addition of ZDDPIn
contrast adding ZDDMad affected to increase the TAN from 0.29 to 5.1 mg KOH g
Perhaps, this outcome could be assigned to an interaction between dithiol group of ZDDP
with functional groups (carboxyl, phenol, alkyl) of CCO and BPview of above results
three differentconcentrations (0.25, 0.50, and 1.0 wt.%) of KOH were addedSB2/P

formulations (Table 4.2pecause of their cold flow imprimg capabilites

TBN was tested referring to ASTM D2824. directivesSample descriptions and results
aresummarizedn Table4.7, which indicat¢hat the increase of PMMAn SP2hasaffected
to reduce the TBNPerhapscould be assigned to the combination of carbonyl and hydroxyl
groups of PMMA and SPRespectivelyto createmore carboxyl groups in the solution.
Although, sample SP2/P05/K58ppeared with improved TBN of 4.14 mg KOH @able
4.7) among other formulationsAlbeit, adding 1.0 wt.% of KOH concentrations ended up
with saponification. With this results formulation SP2/P05/K&Gelected as formulated
coconutoil (FCO) for further investigations including blending with selected nanomaterials
for rheological and tribological investigationGomparison of achieveghysicochemical
properties of FCQvith CCO is summarizeth Table 4.8.

Table 4.6, Summary afAN and TBN test results for the formulations containing SP2 with different
concentrations of ZDDP.

Sample TAN TBN
no Composition (mg KOHg) (mg KOH g)
SP2 CCO + SP 20 viv% 0.29 0.23
SP2/Z05 SP2 + ZDDP 0.50 viv % 1.06 0.22
SP2/Z710 SP2 #ZDDP 1.00 v/v % 1.66 0.16
SP2/Z15 SP2 + ZDDP 1.50 v/iv % 2.01 0.15
SP2/Z20 SP2 + ZDDP 2.00 viv % 2.84 0.14
SP2/Z25 SP2 + ZDDP 2.50 v/iv % 3.35 0.15
SP2/Z30 SR + ZDDP 3.00 viv % 5.1 0.15
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Table 4.7, Summary of TBN test results for the formulations containing SP2 with different
concentrations oPMMA and KOH

TBN
Sample no Composition (mg KOH g)
SP2 CCO + SP 20 v/v% 0.23
SP2/P05 SP2 + PMMA 0.5 wt.% 0.16
SP2/P05/K25 SP2/P05 + KOB25 wt.% 1.74
SP2/P05/K50 SP2/P05 + KOH 0.50 wt.% 4.14
SP2/P10 SP2 + PMMA 1.0 wt.% 0.13
SP2/P10/K25 SP2/P10 + KOH 0.25 wt.% 0.86
SP2/P10/K50 SP2/P10 + KOH 0.50 wt.% 1.66

Table 4.8, Comparison of physicochemical properties of CCO vs FCO

Viscosity  Viscosity Viscosity  Pour

TAN TBN @ 40°C @ 100 °C Index (VI) point*

Sample (MgKOHY) (MgKOHYE (mm?s?l) (mm?s?) 0 (°C)
CCO 1.94-12.8 kkk 24.8 5.5 169 21.0
FCO 0.29 4.14 46.2 9.8 206 6.0

15W40 il 9.8 109 14.1 130 -33.0

* Measured in 3 °C intervals

4.2.4.Analyses onthermal and oxidative stability of FCO

Thermal and »idative stability ofFCO was analyzed as explainedh Section 3.3.

with two reaction environments to differentiate oxidative etmaldegradation of sample

formulations. Flow of atmospheric air anad (ihert gas)were the selected experimaht

backgroundgo superimposé¢he observe®TA thermographs on each othdme results:

difference betweequantified weight loss percentagmuld ke predicted as the percentage

of oxidative degradation for the respective lubricant sample at that experiment temperatu

Besides, weight loss percentage of the thermogram undasnionment could be assigned

to thermal degradation assuming thatélkperiment chamber is sealed and not possible for

atmospheric air (oxygen) to infiltrate through reaction mé@ia”
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Figure 4.19resents th&TA thermograms for CCO at 100 °C and 150 °C urfidering
air and flowing N2, which indicates that CCOas 100% of oxidative stability with
degradatiorof -0.02%at 150 °Ccompared to 0.23% of oxidative degradatiori@®d °C.
However thermal degradation is high (3.24%) at 150 °C, comp&re@l05% of thermal
degradation at 100 SQvhich could be ascribed to higher saturated fatty acid concentration
(~ 92.0%,Table 26) of CCOZ1": 197

100 - ——CCO - 150 °C, (air)
S ——CCO- 150 °C, (N,)
= 99
=
D
g 98 |
97
I g T b I T I I I
0 50 100 150 200 250 300
101 Time (min)

O\O .
?_E' 99 - —— CCO-100 °C, (air)
.§’ ” _ ——CCO -100 °C, (N,)
97 -
I ! I T ! ' I ! | ! [ ! [
0 50 100 150 200 250 300
Time (min)

Figure 4.19STAthermogram for CCO at 108Cand 150°Cunder atmospheric air and inert gas
(N2) environmens.

Figure 4.20 illustrates th8TA thermograms for sample blends SP2/P05 and SP2/P10,
which illustrates that both the samplese having similar oxidative and thermal
characteristics at 100 °@lso, sample SP2/P05 shows more rapid mass loss under the N
flow than the air flow, indicating better oxidative stability than thermal stability at 150 °C
(Figure 4.20c). Perhaps, oxygen or any functional element in air may have reacted with
SP2/P05 structure under air flow at elevated temperature (150 °C)ngsultiroved thermal
stability under air flow than the Nlow. If not, any structural element of SP2/P05 may have

reacted with Munder the Mflow at 150 °C for this increased thermal degradation.
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In contrast, sample SP2/P10 is showgsthermaldegadation under the Nlow than
the air flow at the same temperatu(Eigure 4.20d) In-addition SP2/P10 is with higher
weight loss percentages than SP2/05 underMp#nd air flow environment§SP2/P05 and
SP2/P10 are with 0.5 wt.% and 1.0 wt.% of PMMA is the alifference among these 2
samplesOverall SP2/P05 is showing improved oxidative and thermal stability over SR2/P10
which could be ascribed to lesser PMMA concentration (0.%)Wwbaf SR2/P05 All the
oxidative and thermal degradations with reference to weight loss percentages are preser
in Table 49. Oxidative degradation is the difference between weight loss percentage undg
flowing air and flowing N, assuming that, theeight lossunder flowing air is due to thermal

and oxidation degradation and weight loss undeisnly because of thermal degradation.

101+ 101+
a) b)
100 Ay 100 "o
S w
—
3 994 o 994
> =
£ b=
2 98 2 98
2 . 2
—— SP2/P05 100 °C (air) —— SP2/P10 100 °C (air)
979 ——8P2/P05 100 °C (N,) P —— SP2/P10 100 °C (N,)
96 4 96
6 1(I)0 260 3(|)0 (l) 160 . l 360
101 - Time (min) — Time (mf?f
c) d)
100 100 —— SP2/P10 150 °C (air)
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b b
D 984 2 984
2 2
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Figure4.20, STAthermograms of SP2/PMO05 and SP2/PM10, for oxidative and thermal stability
under atmospheric air and Nenvironments a) SP2/P05 at 108C, b) SP2/P10 10, c) SP2/P05
at 150°C, d) SP2/P10 at 15C
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Table 49, Summary of oxidative anthermal stability for different formulated coconubil
samples

Weight lossafter 5 h %9

Temperature (100 °C) Temperature (150 °C)
Sample Air )\ 0xd% Air N 0xd%
CCO 0.28 0.05 0.23 3.22 3.24 -0.02

SP2/PO5 0.45 0.20 0.25 2.26 2.60 -0.34
SP2/P10 0.73 0.43 0.30 4.10 3.42 0.68

FCO 0.45 0.20 0.25 2.26 2.60 -0.34
Key: Oid ¢ oxidation

Figure 4.21 presents tt&TA thermograms for CCO and FCO with same temperatures
and backgrounds for comparisa@Xlso Figure 4.21d shows thahe FCO is having higdr
mass loss under the:low than air flow, confirming higher thermal stability of FCO under
the air flow The phenomenon, which could be ascribed to reaaidramalgamatioof the
elements of air witfFCO structure at elevated temperatures above 100iéertheless,
thermogams indicate similar characteristics for both samplesughFCO hasaslight edge
over CCO (Table 4.9). This slightmprovementof thermal and oxidative stability of FCO
than CCO could be caused by the addition of chemicals to improve other physicahemig
properties like PP, VI of CCGspecifically,to improve poor cold flow, it is necessary to
createbranches t@CO molecut structureor entangling CCO molecule is the mechanisms
suggested. Adding branchesght have created supplement&y bondswith unsaturated

polar situatiorin the solutions the assumption for this effect.
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Figure 4.21 STAthermogram for weight loss analysis on CCO and FCO atCnd 150C under
dissimilar environmentsa) CCO at 100C, b) FCO at 10C, c) CCO at 15Q, d) FCO at 15C,

All above tests were done with the duration of 5 hours, thus long hold STA was done @
FCO at 120 °C, for 31 hour§he results are presented-igure 4.22whichrevealed 3.6%
weight lossover ~30 hours of isothermal conditipibefore the solution bame stablen
terms of mass los$&CO is a combination of CCO, SP. PMMA, and K@Zdnstituents of
CCO and their physical properties are presemdable 4.4, which confirms that the boiling
point of all the constituents are above 230.°Boiling point of SPis 256°C, andmelting
points of PMMA and KOH arel50 °G and 360 °Gespectively, thus this degradation could
be assigned to oxidative influenoerelease of volatilsubstances or formation of oxidation
products with high molecular weighf Figure 4.23 demonstrates the comparison of STA
observations ofoctanoic acid, CCO and FCO at 100 °C under naturally aspirated
environment. Octanoic acid is a constituent of CC®%, Tables 2.8, and 4.4), a saturated
fatty acid with straight medium chain structural backbone having chemical formula o
CsH1602. The test results indicate th#te octanoic acid is having6.9% weight loss
compared to 0.28% degradation of CCO under same test conditions (Tabldh&9).
combination of other constituents of CCO may have affectezbtdrol such degradation

effect. Moiture content of the CCO is ~ 0.3 2%therefore, this long hold weight loss could
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be ascribed to any interaction between other constituents of CCO. Nevertheless, this weig

loss seem#o terminae after 30 hours of long hold, thus preconditioning FCOxégping at
120 °C for more than 30 hours before use could eliminate this degradation theferd

application.
100 -
99
X
Py
[72]
ke
< 98-
=
97
I I I 1
0 500 1000 1500 2000

Time (min)
Figure4.22, STA thermogram for FCOnder naturally aspirated environment for extended hours
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Figure4.23, STA comparisonon CCO, FCO and octanoic acid at ©@nder naturally aspirated
background.
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4.3. Rheological analysis on the shear stability of sample lubricants

Viscometry tests were performed using a rheometer (Bohlin/GEMINEEM 20017
903) to study the flovbehaviorof sample lubricants under ramping shear rates at elevated

temperatures ranging from 4020 °C (Section &.3).

Test results are presentedrigures 4.24 4.26, for all tested samples including reference

oil S1. Figure 4.24 shows better shear stability of FCO than S1. Besides, both the samples

are showing similar pseudoplastic characteristics in the range of ~5te 16 16 s for

all test temperatures except for the temperature 40 @idition, 3 different flowbehaviors

are visible at 3 different ranges of sheaiies: a) Sharp viscosity reduction at the range of ~
0 to 5 x 18s?, b) Minor viscosity reduction across the range & x 1G to 7 x 1§s?, and

c) Shear thickening behavior after the shede ~ 7 x 18s?.

a)81-15W40 - 40°C b) FCO
— 80 °C || _ —40°C
o 08 l——80°C | = ——860°C
a —100 °C | & = L
2 120°C | 2 —
8 P 120 °C
5 3 L—\
0 200 4000 6000 8000 O 2000 4000 6000 8000

Shear rate (s') Shear rate ()

Figure 4.24, Rheometric curveslinear-linear axesfor a) Streference oil (15W40), and b) FCO

Figure 4.25 indicates the rheological characteristics of saropigaining G and GO as
additives with basstocks 15W40 and FCO respectively (samples S9, S9A, S24, S24A)
From the test results it is evident that the samples S9 and S24 are having better shear stak
than the samples S9A and S24A, which are havingrG@ace of G, as naradditive. In
addition, these 4 samples also indicate the viscosity chabgimaviorat similar ranges of

sheatrates.
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a) 59 - 15W40+4G 0.1 wi.% b) S9A - 15W40+G0O 0.1 wt.%
— N - — 40 "C
- 021 —40°C |02 ——80°C
o —80°C  |= ——100°C
A — 120 |o l
& 5
L e, e — — ____—-"", o e
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1] 2000 4000 BO00 8000 0 2000 4000 6000 8000
Shear rate (5°") Shear rate (5™
c) 524 - FCO+G 0.25 wt. % 1 d) S24A - FCO+GO 0.25 wi.%
T —40°'C | |5 —40°C
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i =100 °C B 100
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Figure 4.25, Rheometric curves lubricant samples with G and GO as additiveslinear-linear
axes for a) S 15W40+G 0.1wt.%, b) SIAL5W40+GO 0.1 wt.%, c) Se4#CO+G 0.25 wt.%, and
d) S24Ac FCO+GO 0.25 wt.%.

Rheometric test results for the samples containing FCO as base sthciiffeitent
nancadditives are presented in Figure 4.26. Samples S30, S32, and S35 were selected
because of their improved tribological performance. From the test results it is evident that

the sample S30 is having better shear stability than other 2esarifowever rheological

behavior for all 3 samples appears same, identical to the test results of previous samples (Fig.
4.24 and 4.25)Neverthelesslubricantsbehaviorwith ramping shearates under different
elevated temperatures are not clearly Wsilbherefore, plotting the results on ity axes,
instead of lineatinear axes, may reveal new insights into their flowaracteristicsFor
example,assuned the poweslaw model be fit to the data, in order to analyze the flow

behavior of selected satedubricants further.
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a) S30 - FCO+TiO,/r-GO 0.25 wt.% .
03 ) z’ | ../l b)S32-FCO+TiO,/G 0.1 wt.%
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Figure 4.3, Rheometric test resultsf sample lubricants of FCO with different nanocompaosites as
additivesin linearlinear axes for a) S30¢ FCO+Tigr -GO 0.25 wt.%, b) SI2FCO+TigdG 0.1
wt.%, and c) S3§ FCO+ AD:/G 0.1 wt.%

Power-law (Ostwald-de Waele) prediction for sample blends

Powerlaw model is fitting mostly with noiNewtonian lubricants having pseudoplastic
behavioror the measured data is entirely within the shear thinning regime across all the test
shear ratesRProportionalitypetween shear stress @nd change of shear stress [shear rate or
velocity gradient] @ is defined as the shear viscosity or dynamiscesity (). With
reference to powdaw model (Eg. 4.1), above parameters are combined to predict

characteristics of the subject fluid using flow curves in double logarithmic '$é&f&.
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Powerlaw equationg?®: 180
a L- (4.1)

£ = L~ (4.2)

Where:K i Flow consistency index (or dynamic viscosity when shear rate is LB(0Q)
with units (Pa'§

n1 The flow behavior index (dimensionless)

Figure 4.7 presents the flow behavior of FCO under ramping shear rates in double log

scale for different temperatures (40, 60, 80, 100 and 120 °C). Flow curves indicate similar

characteristics for all temperatures except for the curve for 40 °C, which demonsglages hi
d values than other temperatures for similar shear rates. The linear section of curves indica

the powedlaw region suggesting shear thinning behavior of the liquid, where the points A

(3.57,-2.13) and B (2.10,1.45) are marked.

Thus, gradient for the AB section (poweaw region) =-0.462 =ni 1 (Eq. 4.2; power
law fitting).

Cn = 0.538, which confirms the pseudoplasticity behaviok (1) of the liquid in the
region of 2.0 to J.log shear rates [E@s)to7x 10°(s)Jappr oxi mat el go. T
for other samples also confirms the shear thinning performance due to the presence o
similar poweflaw region, which are listed in Table 4.10. In addition, from Equation 4.2 it is

observed that flow consistency indéxould be defined as follows:

i TtHT TEH - i1 ™H (4.3)

Wwhen@= 1, (log@=0) (4.4)

Therefore, intercept of power law gradient line at@gO0 (value of y axis where x = 0)

will give the value oK.
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Figure 4.2, Rheometric curves of FG®log¢ log axesunder ramping shear rates in different
temperatures (40, 60, 80, 100, and 120 AB( the range of shear thinninjy
Table4.10, Calculated flow behavior indegn) for all tested sample blends

Sample

FCO S1 S9 S9A S24 S24A  S30 S32 S35

Gradient -
(n-1) -0.463 -0.473 -0.446 -0.461 0.459 -0.461 -0.461 -0.457 -0.476
n 0.537 0.527 0554 0539 0.541 0539 0.539 0.543 0.524

Note: né denotesthe flow behavior index

Figures4.28i 4.30reveal thepseudoplasticityr(< 1) of all tested sample blends including
reference oil (15W40). Moreovet,may be the effect of solidshear thickening appears to
occur at high shear rates for all samples including 15VWWHE. isa measurement artefact,

which could be ascribed to:

a) Cooling-down of fast spinning upper cone because of air flow across to cooldown thg
cone spinning motor.
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b) Slight material ejection from the edge of cone and plate conjunistijoossible because
of high spinning velocities of the cone at high shear rates.

c) Only the stationary bottom plate is equipped with heating, and cooling arrangements
control the temperature, albeit upper cone without heating and the spinning area is n
enclosedElevated temperature of the bottom plate may cause evapooétilds or
temperature difference between top and bottom giasg create temperature difference

between fluid layersould havebeeninfluenced this effect.

From Figure 4.2it is observed that the FCO exhibits greater shear stability than 15W40
particulary at elevated temperatures. Perhaps this effect could be attributed to the additi
of PMMA as viscosity modifier during formulation of raw coconut oil (CCO). PMMA is
constituted with large molecular chains having expanding capability to entangle with th
solvent molecules (Section 4.2.2). The result, which improved the viscosity dependance
temperature of FCO with enhanced VI, compared to 15W40 and CCO (Tabfé #.8).
Nevertheless, this pseudoplastic behavior of lubricant with ramping shear ralédeou
restricted to avoid viscosity reduction further by regulating the fluid temperature. Becaus
fluid temperature is inversely proportional to the viscosity, in case if it is difficult to control

the ramping high shear ratés.

0.0

a) 1 - 15W40 —d40"°C
——60°C
—80°C

Log Dynamic viscosity (Pa s")

2.0 -

T T T T T T T T
1 2 3 4 1 2 3 4
Log Shear rate (s} Log shear rate (s'')

Figure4.28, Rheometric curves log-log axesfor a) Skreference oil (15W40), and b) FCO.

Figure 429(a-d) presents the nelNewtonian behavior of lubricants with graphene (G)
and graphene oxide (GO) as additives for sample blends with 15W40 and FCO as base sto
From the results it is evident that the blends with G, as additivenarestable than the
blends withGO in both 15W40 and FCO base stocks.
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Figure 4.3, Rheometric curves for lubricant samples with G and GQ@dditivesin log-log axes
a) S 15W40+G 0.1wt.%, b) SIAL5W40+GO 0.1 wt.%, $24¢ FCO+G 0.25 wt.%, andSD4AC
FCO+GO 0.25 wt.%.

Figure 430 (a-c) illustrates the flow curves for sample lubricants blended using FCO and

different nanocomposites; T#D-GO, TiG/G and AbOs/G as base stock and additives

respectively. From the outcomes it is observed that the sample S30 had shown the best shear

stability among all three blends. The results suggest tha#/fF&D nanoparticles are more
stable than other nanocomposites used as additives under different temperatures w
ramping shear rates. This may be attributed to functional groups attached-fi6G@D

nanocomposite, whichgreeswith the results of FTIR spectra for Ti®-GO. Moreover,

ith

broadened XRD peaks with scattered SAED images proposes low crystallinity or amorphous

state. Thus, may have contributed to colloidal stability leadintheéabowe rheometric

observations.

Shear thickening behavior illustrated by all samples at high shear rates after the pows¢
law region may be attributed to the testing conditions as explained above. It is hypothesiz
that the temperature difference between lagetdd have influenced thgerformance. If not
shear thickening, most néviewtonian fluids will reach a viscosity plateau at high shear rates

according to CarreaMasuda and Cross modaledctions:® ¥¥IFromthe other hand shear
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thickening iscritical at high shear rates to maintain lubricant viscosity in real ICE operation.
The remedies are as mentioned above to regulate ramping shear rate if possible. If not
maintain the temperature of lubricant or by improving pieisoous behavior of the

lubricant, which will increase the entrain velocity of the lubricant to separate the sliding
asperities apart? 183Viscosity/pressure and viscosity/temperature relatiosstiia fluid

are depending on the properties of elements associated with that sBlutidiact both

parameters, shear rate and fluid entrain velocity, depend on the relative velocity of the

surfaces in motion (piston ring cylinder liner interface). Thusieasing fluid pressure and

to

cooling lubricant temperature by external means is the solution suggested to overcome the

situation.

~ 0.0 0.0 0.0

c . \ 0,

2 a) S30 - FCO+TiO,/r-GO 0.25% | b) $32 - FCO+TiO,/G 0.1% ©) $35 - FCO+AI,0,/G 0.1%
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Figure 430, Rheometric test results for sample lubricants of FCO with different nanocomposites
as additivedn log-log axes a) S30; FCO+Tigr -GO 0.25 wt.%, b) SIZFCO+TiedG 0.1 wt.%, and
c) S35 FCO+ ADy/G 0.1 wt.%

4.4. Dispersionstability of formulated nano-lubricants

Dispersion stability of formulated sample blends were studiading U\tvis
spectrophotometry measurememigh reference to therocedure explained vi&ection

3.3.3.in two stages.

1. Samples selected with optimum nanoparticle concentration to reduce friction from
each group aftdPhasel LRT tests, before improving the physicochemical properties
of CCQO

2. Samples selectedith enhanced tribological performanager phasdll, LRT tests
following improvingthe physicochemical properties of CCO
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Spectral absorbendgst result$or stage lare presenteih Figures 431 and 432. Figure
4 .31 showsthe UV-vis spectra for five weeks overlay on nanbricants based with 15W40
(samples S3, S7, S9, and S28) &iglre 432 for nanelubricants withCCO samples S17,
S20, S24 and S31Qut of both groups sample Sflicatesbetter dispersiowith colloidal
stability, which could be attributed to functional groups attached-GO. Because

nanoparticle surface functionalization is an important factor to create repulsive or attractiy
forces among molecular substrates within the sol(ffid#f:

20- a) $3: 15W40+A1,0, 0.1%

Week 1 20+ p) S§7: 15W40+Ti0O, 0.25% Week 1
—— Week 2 —— Week 2
——— Week 3 — Week 3
A, —— Week 4 Week 4

154 [V eeka 14.5-
‘ ————_—— Week5 — Week S

—

. (a.u.

0.5

400 600 800

S ! c) S$9: 15W40+G 0.1%
73 i
2 1.0 — Week 1 1] —— Week 1
— Week 2
— Week 2
— Week 3
— Week 3
— Week 4
0.5 Week5 [057 — Week 4
——— Week 5
400 ' 600 ' 800 : 400 ' 600 ' 800 '
Wavelength (nm) Wavelength (nm)

4.31, OverlayedUV-vis spectra(stage 1)for five weeks onformulated nanclubricants having
15W40 with different Figure nanomaterials as additives with their optimum concentration to
reduce friction a) S3, b) S7, ¢) S9, d) S28

From CCO grougample S 31 is showing better dispersion stability with relatively poor
absorbance than all other nalmbricants (Figure 82), again the stability could be ascribed

to r-GO group attached to T#d-GO nanocomposite. Samples with graphene in both groups

show ahigher degree of absorbance, which could be assigned to high specific surface anea

of graphene (~2630 fig1),1%2 albeit with inconsistent dispersion stabili§ther samples:
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S3, S7, S17 an820arealso illustrating better absorbance, albeit inconsistency in colloidal

stability is the concern need improvement.

15 15
a) $17: CCO+AI,0, 0.1% b) $20: CCO+TiO, 0.1%
—— Week 1 — Week 1
_ 104 ——Week 2 [1.0- Week 2
3: i —— Week 3 — Week 3
L) — Week 4 — Week 4
9 —— Week 5 — Week 5
<051 ; o
0.0 T T 0.0 T T
400 600 800 400 600 800
1.5 15
— . N d) §31: CCO+TiO,/r-GO 0.5%
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I — Week 3 — Week 4
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Figure 432, OverlayedUV-Vis spectra (stage 1) for five weeks on CCO based Haboicant
formulations having different nanomaterials as additives with their optimum concentration to
reduce friction a) S17, b) S20, c) S24, d) S31

Dispersion stability is &undamental requisitef a lubricantfor consistentribological
functioning Particle size, method of agitatiashuration of agitation surface potentiagtc.,
areessential factors affecting improvemétit®® 184In view of aboveultrasonic mixemwas
used, which uses ultrasonic waves for agitafidns isin place of magnetic stirrer to avoid
coagulation, flocculation leading tagglomeration This includeskeepng nanoparticle
equallydispersedn the solutiopwhile keeping particlsize asninimum as possibl&°From
the nanoparticle characterization results it is observed that grapbedén this researdh
with less oxygen functional groups (Ramésiic = 0.21, XPS: €94.3%: O- 5.7% Section
4.1). As illustratedin Figures 431 and 432, nanocomposite with-GO group is showing
better dispersion stabilitghus blended two more samples S9A &24 A using GO instead
of G, as nano additiveSample descriptionsre elucidatedin Table 3.3b. In addition to

120




TiO2/r-GO, TiO2/G and AbOs/G nanocomposites wesynthesized andsed to blendnore
samples to enhance overall performance of formulatimatuding colloidal stabilityby
integrating qualities of individual nanoparticle to a composite element.

FromFigure 4.3 it is confirmed that theample S9A, which is with GO as naadditive
is stable thathe sample with G (S9), which could hgpothesized that functional groups
(C=0, -COOH, -OH) attached to GO may have been functionalized wating chain
molecules of 15W4Q15W40 isa multigrade mineral oil consisig of long chainand high

molecular weight hydrocarbomgith more than 30 carbon atoms in each molectiléj.

44 a) S9: 15W40+G 0.1% 4 b) S9: 15W40+G 0.1%
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Figure 4.3, Overlayed UW:is spectra for samples S9 and $3) &c) 0-72 h overlay in 24 h
intervals, b)& d) 5 weeks overlay in weekly intervals respectively

Absorbencytest results fosamples S24 and S24epresentedn Figure 4.3, which
indicates mixed results compared to the 15W40 based formulations S9 anB@&9Ahe
samples(S24, S24A)are shoving better absorbance wirticonsistent colloidal stability

which could beassigned to dissimilar intermolecular reactions of FCO.
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Figure 434, OverlayedUV-vis spectra foithe samples S24nd S24A, a& c)0-72 hoverlayin 24
h intervals b) & d) 5 weeks overlay in weekly intervalespectively.
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Figure 435, Overlayed gtical absorbance vs time profiles for samples S9, S9A, S24, and S24A

Figure 436, Stability observations for samples S9, S9A, S24, and S24A at a) 0 h, b326tér
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Figure 437, Overlayed optical absorbance spectra fsamples S30, S32, and S35 from TR h in

24 h intervals and up to 5 weeks in weekly intergagh) & b) S30, C) & d) S32, e) & f) S35
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