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Abstract

In the present study, the tribological performance of waésed emulsion
(lubricant) was investigated by blending carbon fillers such as graphene
nanoplatelets and multiwall carbon nanotubes usingpidisc tribometerlt

was noticed that addition of f® and MWCNT in watebased emulsion
(conventional lubricant) increases the thermal conductivity and viscosity as
compared to conventional lubricant$ie nanolubricants were supplied with
minimum quantity lubrication (MQL) technique at a constant flove raatd



pressure in the sliding zon€he addition of 0.8 wt.% concentration GhP
showed 58.39% reduction in coefficient of friction and 61.80% reduction in
wear depth compared to the conventional lubricant. Similarly, for 0.8 wt.%
concentration of MWCNThowed 26.27% reduction in coefficient of friction
and 47.35% reduction in wear depth compared to the conventional lubricant.
The sliding surface micrographs were also investigated to explain the
synergistic effect of nanopatrticles.

Keywords: Nandubricants Wear depth, Gefficient of fricion MWCNT,
GnP
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1 Introduction

Friction and wear are the natupienomend two mating bodies have relative motion between
them.In the industry, rost of the machiery parts have relative motiobetween thenwhich
generates hedte to frictionand wearAs aresult,it degrads the ife of moving parts. Theontact
between two sliding materials leads to the loss of material that deteriorates the dimensional
accuracy and performandgin et al., 2015) The higher values of coefficient of friction can
generatanore wear and consumagargeamount of energy in moving parighich reduces the
efficiency of the mechanical syste(Bhahnazaet al, 2016) Therefore, reducing wear and
coefficient of friction can be considered as a great saving to make the pemmessMical
(Padmanabhan et al., 201Reducingthewear and frictioris one of the majochallengsin any
sliding surfaces thahoverelative to each othdLi et al., 2015) Basically, dirability, reliability
and efficiency of componendependn the frictionand wear osliding surfacegXie et al., 2016)
Over decadedlifferent types ofubricantswere used to reduce the friction. However, friction and
wear cannot be eliminated completblyt can be minimized up to an extent by proper utilization
of lubrication between the sliding or moving surfe(®ingh et al., 2017)n theindustry,wearing

of the tool material during machining processes is a major cofidamda et al., 2017) o reduce
the coefficient of friction and wear variolihricantsare usedEzugwuet al., 2004) The water
based emulsion emerged as a good coolant and lubricants becauseavaitatility as well as
betterthermal conductivity and low viscosit)Xia et al., 2017) However, odbased lubricants
oxidize easily at high pressure and temperature itmmdwhich deteriorates the performance of
moving partgfAmiril et al, 2017) In most oftheengineeringpplications, lubrication was unable
to performeffectivelydue tovarious reason@rolczyk et al., 2016)The effectivenessf lubricant
also reduceander extreme pressure (EP) and high load condifiang and.i, 2014) The water

based emulsion cannot be oxidized easily at high temperature, pressure and load condition because



of its high specific heat capacity and thermal conductivity. Moreover, Wat&d emulsions show
good lubrication properties and caarry away the generated heat at rubbing surface more
efficiently under extreme condition due ttee ability of thin film formationat the contact zone
(Liang et al., 2017)Due to continuous usage, thibricantstendto lose their properties. Hence
there is a needf their maintenance to sustain their propertiesaflamgerduration. As the fluid
degradesind becomes unsuitable for furthese therefore i is disposedFurthermore, the usage

of synthetic and senrsynthetic lubricants may also cause environmental praidecause of their
hazardous nature and nbiodegradaitity (Wu et al., 2017)Thishasledto research in the field

of application of nandubrication between moving parts. Therefore, a suitable lubricant is required
which has excellent tribologicand thermaphysical propertiesAddition of metallic and non
metallic nanesized particles itonventionafluid improved its thermoeghysical and tribological
properties(Sharma et al., 2016)The nanofluid belong to a new class of cutting fluids with
enhanced thermphysical properties and heat transfer performance. The viscosity and thermal
conductivity ofnanofluidsincreaseawith anincreasen the concentratiorof nanoparticlegSingh

et al., 2017) Over a decade, the number of researchakse beeninvestigatingthe effect of
nanofluids on friction and wear dgais and it has been noticed that dispersadrznO with
paraffinic mineral oireduceghe friction and weatompareo base oi(Gara and Zou, 2013Jhe
nanoparticles act as a third body like solid lubricants, separate the loodiestactand thus
prevent wear byeducing thdriction (Rodrigues et al., 201.7The ranoparticleslepositon the
sliding surfaces anform a boundary layer between the moving pddiset al., 2011) The
depositions of nanoparticles at thernoutsurfaceseduceshe shear stress, whitilrtherreduces

the coefficient of friction(TahaTijerina et al., 2013)However, sometimes nanoparticlase
oxidized to form a protective fillkhnown adribo-film andprevent the wear of moving components
(Rodrigues et al., 2015)nterestingly, theoptimum concentration of nanoparticles iine
conventionallubricant is effective and beyond the optimum concentraitodeterioraés the
performance of the nanofluidSingh et al., 2017)The srfactants are used to avoid the
agglomeration of nanoparticles alodenhance the thermal stability of nanoflu{Bss et al., 2017,
Tiara et al., 2017)Furthermore, the thin lubricating filrbetween moving surfasecontains
nanopairtles thatare brokenin smaller particles and reorient themselves at Hmpd and
temperature conditioand reducethe coefficient of frictionShrivastavaet al, 2017) In another

study of(CongMao et al., 2014)the additionof Al-Os nanoparticles in deionized wateduced



the friction coefficient by 34.20% and woout the weight of the workpieceby 43.40% as
compared to pure deionized watgloreover,waterbasedcerium dioxide nanofluideave shown

a significant reduction in friction and wear due to nanoparticle deposition on worn out surfaces
(Zhaoet al, 2013) Load bearing capacity of friction pairs was foundéincreasd on addition

of fullerenelike-WS; in oil (Rapoportet al, 2003) Many other nanopatrticles like Si@Sharma

etal., 2017)TiO2(Sharma et al., 2016MoS (Pendleton et al., 2010; Kalet al.,2012) Alumina

(He et al., 2017; Sharma et al., 2018ppperCu) (Yu et al., 2007)Fe and C¢Padgurskas et al.,
2013) ZnO (Hernandez Battez et al., 2006; Alves et al., 2@h8) CuQWu et al, 2007)etc.have

been mixed t@nhancehe lubricating characteristics of their base oil by reducing frictional forces
and wearThe wnusual morphology of MWCNT and graphene platelletsh other nanoparticles
attracts many researchers. MWCNT nanofluids are also found effective betigsisgoophology,

high flexural strength, high tensile strength and high modulus of elagtfdigng et al., 2014)
Moreover thecarbonbasechanoparticles have potential in reducihgfriction and wear because

of their superiorthermaephysical propertiesThe carbonbasedhanoparticles have better thermal
conductivity and low densityver othemetallic nanoparticle8ermanet al, (2014)has reviewed

the literature orapplication ofGnP and found that GnP is a new emerging and potential self
lubricant as well as an additive to the lubricating dilse gaphene nanoparticles hasieeetlike
structure that increases its surface areartittcesnetal to metal contaeind transmitbied more
efficiently and reduces friction and wea@hang et al., 2017Rasheed et al(2016)noticed that
addition of graphene nanoflakes improves the thermal conductivity and viscosity of nanofluids
compareto lubricantfluid. Yang et al.(2017)concluded that graphetimsed lubricants reduces

the wear and coefficient of friction by 91% and 53% respectivaynparedto conventional
lubricant. Furthermore(Huang et al, 2016) observedthat addition of cylindrical shaped
nanoparticles (MWCNT) inubricant fluid improves thermal conductivity that leads to the
reduction of grinding force and improves the surface roughness in grinding opeviireover,
(Sharma et al., 201&And(Hu et al., 2011¢oncluded that mixing ahore than twamanoparticles
(hybrid)inwaterb ased emul si on, i mproves t hfectidnwmir i cant
wear, extreme pressure and load carrying capacity of lubricants. MWCNT and graphene shows
similar physical and chemical characteristics such as conjugate electraciare and surface
propertiesn spite of exhibitingdifferent morphologyYu et al., 2008Maruda et al., 2015 he

surfactant functionalized MWCNT has been found to improve lubricating properties of a lubricant



such as lod carrying capacity, antvear characteristics and friction reduction propertigsng,

Hu and Wang, 2007}Jurthermore, ranyinvestigationshave shown promising resultsgarding
improvement of tribological properties of oityy addingGnP nanoparticleéLin et al, 2011;
Mehrali et al., 2014; Zhao et al., 201&)d MWCNT nanoparticle€hen et al., 2005; Wang et
al., 2010; Ettefaghi et al., 2013)herefore, study of tribological behavimrMWCNT andGnPis
important toexplorethe impacbof carbonbasedchanoparticlesn friction andheirwear behavior.
Furthermore(Katiyar et al., 2016hoticed that addition of MWCNT has shown excellent wear

resistance and with graphite is superior in tribological performance.

In the presentstudy, friction andvearbehaviorof MWCNT and GnP invaterbasedemulsion
(nanclubricants)areinvestigatedat differentnanoparticleconcentration and rotating speezh
pin-on-disc tribometerDifferent nanofluid sampleare preparetly mixingof MWCNT and GnP
in a waterbasedemulsion.A comparative analysis is carried out undkiferent lubrication
conditions (dry, pure emulsion andriousconcentrations oMWCNT and GnPnanofluids) at
different sliding speesl Thefield emission scanning electron microscopy (EES analysisis
conducted tanvestigatethe influence of narlobricantson wear and coefficient of friction.
Furthermore, the mechanisms behith@ reduction of friction and wear undéne different

lubricating conditiorarealsoexplained
2 Materials and Methods

This studymainlyfocusse®n tribological performance of different nanofluid samplepioron
disc tribometerTo conduct the tests differesamplesof MWCNT and GnP nanoparticles were
selectedAll the tests were performed on thie on disc tribometeunder different lubricating

conditions
2.1 Samplgreparation andcharacterizatiorof nanofluids

All the nanofluid sampleare preparedby mixing two differentcarbonbasednangarticlesin
conventional lubricantIn this study, two different morphology of nanoparticlessuch as
multiwalled carbon nanotubésylindrical shape, 25 walls, 525 nm outer dia2-8 nm inner dia
and21 0 ¢ m i and grapmegetnanpplateletth average thickness: 12D nm and average
particle size: & mareused The solidcarbonbasechanematerias and surfactantvere procured

from Alfa Aesar®.To prepare the emulsiohd industriaimetalworkingfluid Servo cuS ol is



selecteecause of itextensiw application in various machining processEsis oil forms milky
solutionupon mixing with water whicHorms baselubricantfor the present investigationThe
conventional lubricanvas a watebased emulsion which consists of 5% ¥oéconcentratiorof
servo cwS oil and 95%eionsedwater.

Figurel FESEM images of (a) graphene nanoplateletsn{idji-walled carbon nanotubes
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(@) (b)

Fig. 1 shows thdield emission scanninglecton microscopyFESEM) of multiwalled
carbon nanotubeand graphene nanoplatelet$ie nanofluid sampleim various concentrations
were preparetly the dispersion of MWCNT and GnP mwaterbasedemulsion.The surfactant
CTAB (cetyltrimethylammoniumbromide) was added tthe conventionalfluid to avoid the
agglomerationThe ultrasonic vibrator (mak€oshiba, India) generating ultrasonic pulse36ai3
KHz at100W powemvas usedor sonication of nanofluid samples. All the nanofluid samples were
ultrasonicated for 4 hours to get the uniform dispersion of nanoparticlezdnventional

lubricant

The different concentrations 0.05, 0.2, 0.4, 0.6, 0.8 and 1.0 wt.% of naneiknepreparedith
theadditionof MWCNT and graphene nanoplateletaiwaterbasedemulsion. Every timéresh
samples werpreparedo measure the thermhysical properties. For each concentration, thermal
conductivity and viscosity of the nanofluid samplesre measuredt four different temperatures.

The effect of temperate and nanoparticles concentration on thermal conductivity and viscosity
were analged The transienhot-wire instrument (KD2 Thermal Properties Analyzer, Decagon
Devices, Inc., USA) was used to measure the thermal conductivity of nanofluid samples. The
instrumenthas a variable heat source that can record the thermal conductivity and thermal



resistivity at different temperatures. Furthermore, digital viscometer apparatus was used to
measure the viscosity of nanofluid samples. The setup contains vaeiadglerature control unit
to adjust the temperature of bath and probe. The measuring probe of viscometer was submerged

in nanofluid samples to measure the viscosity at different temperatures.

Figure 2 Thermal conductivity (W/rK) versus wt. % concentratiaf (a) GnP (b) MWCNT at
different temperatures, and variation of viscosity (cP) with different wt. % concentration of (c)
GnP (d) MWCNT at different temperatures.
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The carborbasedhanoparticles mixed nanofluids shows a significant improvement in the

thermal conductivity compare to wateased emulsiorconventionalubrican). Fig.2 (a, b) shows



the enhancement in th#nermal conductivity of GnP and MWCNT mixed nanofluids with the
increaseof nanoparticleconcentrationcompareto the conventionallubricant Furthermore,
thermal conductivityincreasesvith increase in theemperature of nanofluid sampl@$e increase

in the temperature accelerates the Brownian motion of nanoparticles, that reanitecheaseof
thermal conductivity with temperatur&éhe addition of graphene nanoplatelgtsconventional
lubricant observed an improvement @f93% to 12.33% in thermalconductivity for varying
concentration (from 0.05 to 1.00 wt.%g compared toonventionalubricantat 80 °C. However,

the additionof multi-walled carbon nanotubes observed an improvement 663d%18.34% in
thermal conductivity for varying concentration (from 0.05 to 1.00 wt.%) as compared to
conventionalubricantat 80 °C.Therefore thethermal conductivity of GnP and MWCNixed

nanofluids depends on the concentration of nanopatrticles as well as temperature.

To measure the viscosity of various nanofluids samples LWBNro Brookfield digital
viscometer (cone and plate) with a computentrolled was used. The setup consistsawfable
temperature control bath to set the nanofluid temperature at different Valsiesilar trendwas
observedduring the measurement of viscosity of GnP and MWCNT mixed nanofluids samples
with thevariation of temperatureéll the nanofluid sampleshowedmprovement in th&iscosity

with anincreasan nanoparticleconcentration. Fig. (c, d) showghat theaddition of graphene
nanoplatelets iconventionalubricantobserved aimmcrementof 7.88% to 3077 % in viscosity

for varying concentration (from 0.05 to 1.00 wt.%) as comparedmwentionalubricantat 80

°C. Similarly, the additionof multi-walled carbon nanotubesbserved an improvement 57 7%

to 23.07 % in viscosity Pbr varying concentration (from 0.05 to 1.00 wt.%) as compared to
conventionallubricant emulsion at 80 °CHowever, it hasbeen noticedhat increase in the
temperature reduces the aasity of all nanofluid samples.

The measurementesult confirmsthat thermal conductivity and viscosity of all the nanofluid
samples have increased with increase in the concentadti@moparticlesind slows temperature
and concentratiordependenbehaviar. The increase in the thermal conductivity of nanofluid
samplegmparts thecooling between the pin and disc while higher viscasitglers thespray of
nanolubricantvith minimum quantity lubrication (MQL) techniqu&o balance the positive effect
of thermal conductivity antbss of pumping power due higher values of viscosignoptimum
concentration of nanoparticlésas been usedn the conventionallubricant All the nanofluid



samples are kept dhe ultrasonicvibrator for at least-3 hours toget the table and uniform

dispersion ohanoparticles.
2.2 Materialsand Tribological tests

Two materials indirect contact always have some coefficient of frictialue However thisvalue

can beminimisedusingproper lubricationTherefore, ® measure theictional force and wear of
materialseveralexperimentsvereperformedunder different lubrication condition§herotatory
pin-on-disctribometer(DucomInstrumentPvt. Ltd., Indig was used toneasure the wear rate as
well asthe coefficientof friction. The tribometer hemaximum 2000 RPM and 1000 N load
capacity The AlSI 304 stainless steelas selected gun and disc materidb test the tribadgical
performance of two different nanofluidg ambient temperature 25 °C. The cylindrical pin
having 3 mm diameter arg®) mm lengthand disc with 155 mm pitch circle diameterd 8 mm
thicknesswere selectedor experimentationThe hardness and surface roughness value of disc
surfacewas 130£5 HV and0.258 pm, respectively.Table 1 illustrates the experimental detail

about the test on tribometer.

Table 1Details of the material, different nanofluids and test ongoialisc tribometer.

Name Description

Pinron-disc tribometer Make-DUCOM
Load rangé 10-200 N
Rotational speed 200-2000 rpm
Frictional forcemeasuremerit 0-200N
Material- AISI304 Stainless steel

Disc and pin specimen

3 mm diameteof Pinand150 mm pitch diameter ahedisc

Servo cut S

Flashpoint 150 °C minimum
Kinematic viscosity 20 cSt @40°C

Conventional lubricant

Waterbasedemulsion (95% water + 5% Servo cut S Oil)

Nanofluids

MWCNT and GnP nanoparticles mixed nanofluids

Test environment

Dry, conventional lubricant, 0.2, 0.4, 0.6, 0.8 and 1.0 w
concentration of MWCNT and GnP

Sliding distance 450 m

Sliding speedariation 20, 40, 60, 80, 100 and 120 m/min
Load 40 N

Nanofluid flow rate 20 ml/min




Figure 3 (a) Pinon-discexperimental setup (b) Sliding tracks on rotating disc (c) Pin and disc
machine (d) closed view of sliding pin on rotating diSsgh et al., 2017)

Fig. 3 shows the complete experimental setup used dtivaygn-on-disc test. The load
(40 N) and sliding distance (450 mpas kept constant throughout the experimeritse pin
specimen is pressed against the disa specified load usualby means o&n arm or lever with
attached weightsl'o minimise the errorsliding trackof the dischas been changed feachrun.
To ensurghe smooth operatigmlisc and pirwerefixed properly in thénholder, andthe new pin
was usedor eachrun. The instrument has variable RPM selecidine RPM may be changedn
orderto maintain theconstant sliding speedfter eachrun. The discwas properly cleaned with
acetonego remove the debris and oil mark frohesurface.The tests were performed at various
sliding speed$20, 40, 60, 80, 100 and 120 m/mimder different lubricatig conditions (dry,
pureconventionalubricant 0.2, 0.4,0.6, 0.8 and 1.0 wt.% concentrations of GnP and MWCNT
mixed nanofluids)All the nanolubricantswere suppliedn the mist form at a flow rate of 20

ml/min at a pressure of 4 baith orientation angle of 45° and 50 mm standoff distafice values



of frictional forceand wearwith time were recorded aifferentsliding speeds under different

lubricating conditions at constant load throughout the experiments
3 Results and Discussion

The experimental result®gardingwear and frictional forcesvere recorded anednalysed for
different lubrication conditions. The variation of wear and coefficient of friction with sliding speed
underdifferent nanofluidshasbeeninvestigated The FESEM imagesvere used toanalyse the
wear outthe surfaceof the pin, andthe metallurgicalmicroscope was used tmalyzethe disc
tracksfor the differentlubricating condition Additionally, the comparative tribological analysis
was carried out for GnP and MWCNiiixed nanolubricants

3.1 Analysis of war depthusingMWCNTand GnP mixed nariloids

The experimental values of weaere investigatedwith respect tcasliding speed as well dbe
concentratiomf both nanoparticle§ig. 4 shows the variation of wedepthwith respect taliding
speed at different lubricating conditions. From results, ibleas noticedhat addition ofsnP and
MWCNT in conventionallubricant significantly reduces the wear as comparedhedry and
conventionallubricant For boththe nanofluids wear ¢ materialreduces withincrease in the
concentration andecomeslmost constant after 0.8 wt.% concentration. Fig. 4#)ahowsthat
use of 0.8 wt.% GnP basadnolubricanteduces the wear 81.80%, 59.0%%0, 54.5%0, 48.14%,
42.60%6 and39.54%6 compardo conventionalubricantat 20m/min, 40m/min, 60m/min, 80m/min,
100m/min and 120m/min sliding speedsspectively. Similarly, at 0.8 wt.% MWCNT mixed
nanolubricantreduces the wear b47.35%, 747.18%44.926, 41.33%, 37.93% and35.7%%6 as
compared taconventionallubricantat 20m/min, 40m/min, 60m/min, 80m/min, 100m/min and

120m/min sliding speedsespectively.

The wear of pin material increases with increase in the sliding spbeedmay be due to the
generation of more wear debris at higeedswhich starts the breaking ofano thinlayer of
nanoparticles between the surface and leads to abrasive wear. Furthermore, at lower sliding speeds
the nanoparticles aectinglike a roller bearing and creating the rolling effect between the sliding
surfaes. However, at higher sliding speeds vathincreaseof nanoparticle concentration the

proper flushing of wear debris could not take place and thus increases the w&iraateset al,

2015)



Figure 4. Variation of wear of pin material with varying sliding speeds abacentratiorof (a)

GnP and (b) MWCNTnixednanofluid.
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Moreover,Fig 6 (i) and fig (l) alsoshowthat smoother surfacegere observeavith the
increase ofGnP and MWCNT nanoparticles concentration in conventional lubricihe
grapheneébasednanofluids werdound more effective in reducing the weaompare tomulti-
walled carbon nanotubesixed nanofluids.The GnP has a two-dimensionalstructure with
multiple platesandhas weak Vander wall forces betweereth nanolayergDai et al., 2016)The
sheetlike structuresact as a third body solid lubricant, whidhes high strength and shear
capabilities making the rubbing surfaces smoother. Furtherriitese nansheetsstructureof
graphene allows it easitp slide at the sliding zonevhich forms a nansized thinlayer between
two matingsurface. Due to th@loughingaction anumber ohanoparticlesnight havdfilled into
theasperitieof thesurfaceswhich reduces théepth of wearSimilarly, theadditionof MWCNT
in conventionallubricant reducesthe wear withan increaseof concentration.The MWCNT
particles are cylindricah shapgFig. 1(b))and have high flexural and tensile strength that reduces
the shear stresBuring the test, thenultiple cylindrical tubes of MWCNhave beeracting as a
bearing between the pin and disc. These carbon nanotdredilledinside the asperities of the

pin and disc surfaces, whidbrther reducedhe wear depth.
3.2 Analysis oftcoefficient offriction usingMWCNT and GnPnixednandfluids

Thefrictional force valuesvere recordeduring the tribological tests on tribometer. The constant
load 40Nwas appliedduring all the experiments. Furthermorthe coefficient of friction was



determinedall the frictional forces under fierent lubricating conditionsFig. 5 shows the
variation of coefficient of friction with respect tosliding speedunder different lubricating
conditions.The experimentalesultsshow thathe addition ofGnP and MWCNTin conventional
lubricant significantly reduces theoefficient of friction compareto dry andconventional
lubricant Furthermorepoth the nanofluid samplefiave showrsignificantamountreduction in
the coefficientof friction with theincreasen the nanoparticleconcentrationand after 0.8 wt.%

friction coefficient hadhecome almost constant.

Figure 5. Variation of the coefficientof friction with varyingsliding speeds at @oncentratiorof
(a) GnP and (b) MWCNTmixednanofluid.
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Fig. 5 (ab) showsa reduction inthe coefficient of frictionfrom 58.4% to 52.54%as
comparedo conventionallubricantwith a variation of sliding speeds athe disc (from 20-120
m/min) at 0.8 wt.% GnP mixedhanolubricant Similarly, use of 0.8 wt.% MWCNT mixed
nanolubricanthas reducedhe coefficient of frictionfrom 28.64% to 26.2& as compared to
conventionallubricantwith a variation of sliding speeds ahe disc (from 20120 m/min).The
GnPspossessheetlike structure whileMWCNT has cylindrical shapes. The thin graphene sheet
has weak Vander wall forces, which sligesilybetween the rubbirgliding surface andreduces
the coefficientof friction. This sheetlike graphenebasednanolubricanforms a thin film at the
interfacial spacehat reduces theoefficient of frictionbetween pin and disc surfac@fhe GnP
nanoparticles also entrappiedthe sliding surface of pin and di§ig. 6). Theworn-out surface
of pin materials provides the clear evidence of forming a thin film that rhiaye reducedhe



coefficient of friction. The metallurgical microscope images aisc tracks at a dry, wet and
different concentration of nanolubricami©videanevidence of reducedear debris that leado
decrease in friction coefficienMoreover the FESEM images of pin surface under diéfet
MWCNT nanolubricansampla wereinvestigated The micrographshowedclear entrapment of
MWCNT nanoparticlesnthe pin surface anfdrmeda protective film thateducedhe coefficient

of friction. The cylindrical shape of MWCNT may act like roller bearing during sliding action,

which further reducedhe coefficient of friction.
3.3 Analysis of wrn-out surface underdifferentlubricating conditions

The sliding surfaces opins werestudiedusingFESEM during piron-disctestFig. 6 showshe
FESEM micrographsinder different lubrication conditionghe images were recorded under
different magnification starting from 100 X to 50.00 KX to get the qualitative difference in the
sliding surface morphology=rom FESEM imagest is noticed that smootler surfaceswere
observedunder GnP and MWCNTnaneclubricants compardo dry and pureconventional

lubricant

Figure 6. FESEM images of pin surface undercjeDry, (df) Pureconventionalubricantand
(g-1) 0.8 wt.% MWCNT nanofluid and ¢kn) 0.8 wt.% GnP nanofluid test condition (pin dia. =
3mm, sliding speed = 60 m/min, load = 40N).
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The FESEM images analysis reveidlat addition of GnP mixedanolubricanperformed
better and best quality tfie surfaceis observedis compared to MWCNT mixetanolubricant
The higher magnification (20.00KX to 50.00 KX) of sliding surfaces show the clear evidence of
entrapment of GnP and MWCNT into the pin surfaces. diteapmenbf GnP and MWCNT
nanoparticles forms a thin protective film that reduces the wear and coefficient of friction between
the sliding surfaces.
Figure 7. Metallurgical microscopic images of disc tracks at different test conditions (Dry,

conventionalubricant MWCNT and GnP nanofluid §bin dia. = 3mm, sliding speed = 60 m/min,
load = 40N).
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The application ofraphenebasedchanolubricansample$ias shownbetter resultsompare
to MWCNT based nanofluiddvioreover, both nanolubricantsbehaveddifferently due tothe
differencein the morphology oGnP and MWCNThanoparticles. Fig. 7 shows theetallurgical
microscopicimages of disc track surfaces under depnventionallubricant and different
concentrations of GnP and MWCNianolubricantMore numberof nanoparticle®reakat higher
sliding speeds and makes the fluid film thicker and blocks the rubbing surfaces that leads to the
adhesive wearfThe thin graphene sheet slides easily between the rubbing/sliding surfaces and
MWCNTs act like rollerbearing.The metallurgical microscope images of sliding tracks confirm
theclearentrapment o6nP andVMWCNT onthe disc track surface. The metallurgical microscope
imagesof disc tracks show that at higher speed more wear panieesdeveloped thaadhere

to the surfaces which eventually incrediee coefficient of friction.

3.4 Synergstic effectof GnP and MWCNT mixed nashobricants



The tribological test shows that applicationGxiPandMWCNT conventionalubricantreduced

the wear andoefficientof friction. The structure or orphology of nanopatrticles plays a vital role

in the tribological performance of nanolubricants. Tl@nPshave higher surface area than
MWCNT while MWCNTs have higher aspect ratio th&mP. This higher aspect ratof MWCNT
increases the thermal conductivity, which enharkhe heat carrying capacitf nanolubricant
Theexfoliated nanesizedgraphene sheets have weak Vander wall forces that easily slides during
sliding and forms a narsized layer. The FESEM imagconfirm the presence of thilayerand
entrapment of nanoparticlegarpin and disc surfaces.

Figure 8 Effect of different lubrication condition (a) Dry (b) conventional lubricant (c) GnP
mixed lubricant (d) MWCNTmixedlubricant and (e) graphical representation of pin and disc

surfaces
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The £hematic diagranfFig. 8) shows the mechanism that takes plaoderdifferent
lubricatingconditions.Moreover, it gives an insight view of reductiontivewearand coefficient
of friction under various lubricatingpechanismsThe shearing othin graphene sheetssults in
the buckling, rippling, exfoliation, puckerirandsome caseupturingdue toweak Vander wall
forces This graphenebasednanolubricanforms a thin film at the interfacial space that reduces
the coefficient of friction between pin and disc surfa€és. 8(e) illustrates the contact thie pin

on rotating disc and a nozzle was attached to supplyahelubricantatthesliding zone.



