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ABSTRACT

Sustainable machining of titanium alloys have deficiency of studies on the built-up edges over
the cutting tools and temperature correlation in minimum quantity cooling lubrication (MQCL)
environment.Researchersfocusedonexperimentation indry,wet,andMQL(minimumquantity
lubrication) conditions to analyze surface finish, cutting forces, and metal removal rates. This
workfocusesonthestudyofcuttingparameterseffectsontemperaturesandtoolwearanalysisby
considerationofindividualresponseandtheiroptimalitybasingonsignal-to-noiseratios.Efficacy
ofprocessparametersonwearoftoolandtemperaturesrequiresacomprehensiveunderstanding.An
elaboratedtoolwearanalysisiscarriedbasedonthemicroscopicflankwearinvestigations.Machining
ofTi-6Al-4ValloyiscarriedintheenvironmentofMQCLinformofmistusingsemi-synthetic
fluid.Correlationstudyoftoolwearwithregardtotemperaturesisanalyzedandregressionmodels
generatedontoolwearandcuttingtemperaturesindividuallyshowed83%ofgoodness-of-fitand
correlationregressionis85%.
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1. INTRoDUCTIoN

Metal cutting industries deprive of the cutting tool wear and tear studies for better production
efficienciesandoptimumcosts.Titaniumalloysareoflowmasswithrespecttostrengthandoffer
highresistanceathightemperatureswhichmakestheirsuitabilitytoaeronauticalapplications.But
theyhavealimitationoflowmachinabilityaffectingthecuttingtoolswearandtherebyencompass
theapplicationofcuttingfluidstoreducethetemperatureswhilemachiningprocessandtool-wear
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leadingtoanoverallincreaseofmachiningcost.Moreovertheα-βalloy(Ti-6Al-4V)ismostwidely
usedalloyaggregatesupto60percentofthetotaltitaniumproduce.Oflatesustainablemanufacturing
isgainingimportanceandmanufacturingsectorsareadoptingatalllevels-systems,processand
design.(DavidZelinka&BernardAmadei,2019)intheirstudytabulatedseventeen‘sustainable
developmentgoals,(SDG)’,targetsandeffectoftheirinteractionsongoalsandtargetswithsystem
dynamicmodelling.OftheSDG’slistedformanufacturingprocesshealth,environment,education,
energyandeconomyarekeyindicatorstowardssustainabileproduction.Atprocesslevelmachining
–removalofmaterialisthemajormanufacturingprocess(Jayal,Dillon&Jawahir,2010),heatenergy
isproducedowingtofrictionandplasticdeformationofwork-piecematerial.(Rahman,Sun,Wang
&Dargusch,2012)intheirworkontitaniumalloysmachiningreportedthetemperatureincutting
zonevicinitywasashighas8000cduringmachiningofβ-titaniumalloyTi-6Cr-5Mo-5V-4Al. It
isimperativetouselubricantsinhugequantitytokeepthework-pieceandcuttingtoolinteraction
zonecool.Contrary,suchhighvolumelubricantapplicationresultsinunsustainablepracticessuch
ascostparameterescalation,pollution,machiningworkmensafetyareissues.Theuseoflubrication
inmachininghasbeenathreattoenvironmentduetohazardousnatureofthelubricantandalsothe
chemicalfumestheyemanateatelevatedtemperatures.Themainintendedfunctionsoflubricantsare
toreduceheatbycarryingitaway-coolant,reducefriction–actlikeafilmandflushchips.During
highspeedmachiningtheotherdifficultynoticedislubricantactionasfilmtofrictionreductionis
verypoorresultingunderperformance.Thereforeresearchfocusshiftedtomechanismsthatreduce
thelubricationvolumeasstatedby(Dahmus&Gutowski,2004)oruseofecofriendlylubricants
withoutcompromiseonqualityorcosts.Hencealotofresearchershavefocusedonecofriendly
lubricants, nano lubricants, usage of bio oils. Avant-garde techniques developed for application
duringmachiningtoeitherreducecutting-fluidsoreliminatethemsuchasdrymachining(absence
ofcutting-fluids),minimumquantitylubrication(MQL),Mist(applicationofpressuretosupplyfluid
tocuttingzoneinformofaerosols),useofsolidsaslubricants,cryogeniccoolingandapplication
ofnanolubricants.Dryenvironmentthougheconomicalandecofriendlyposesdifficultieswhile
machiningofsuperalloys,hardalloyswithpoorconductivityresultinginoverheating,adherence
ofchiptotoolface,residualstressesandmanytimenecessitatestheuseofcostlycoatedtungsten
carbidecermets,poly-crystalline-diamond‘PCD’,andpolycrystallinecubic-boron-nitride‘PCBN’
(Singh,Dureja,Dogra&Bhatti,2016).MQLisconsidereda“greenmanufacturing”techniqueasit
offerslowerpollution,andensuresafetyatworkplace.Allthesetechniquesthoughofferreduceduse
offluidshaveeconomicalandothereffectsimplicationsontoollifebasedontheworkpieceandtool
selectioncombination.Eachofthetechniquehasitsmeritsanddemeritsbasedontool,work-piece
combinationandmachiningprocessadoptedinadditiontoprocessparameters.

Theaspectofenhancementofthecuttingtoollifeandreductionofwearattractsresearchersto
workwithtitaniummakingthesematerialsoffastestgrowingmaterialsapplications.Sustainable
machiningofhardandlow-machinabilitymaterialslikeTitaniumalloys,havedeficiencyofstudies
onthecuttingtoolswearmechanismsandtemperaturecorrelationinMinimumQuantityCooling
lubrication(MQCL)environment.Researcherstilldate,focusedmoreonexperimentationinvarying
environmentsdry,wet (flood),andMQL(MinimumquantityLubrication)conditions toanalyze
surfacefinish,cuttingforcesandmetalremovalrates.Inmanystudiesoneoftheparameteriskept
constantvaryingothertwo.Exceptforfewresearchersthetemperaturesarenotconsideredduring
turning of Ti4Al6V alloy. Therefore this paper focus on, study of cutting parameters and their
significancevaryingallparameterssimultaneouslyatfourlevelsoncuttingtemperatures(tooland
work-piece)andtoolwearanalysisbyconsiderationofindividualresponseandtheiroptimalitybasing
onSignal-to-noiseratios.Anelaboratedtoolwearanalysisiscarriedbasedonthemicroscopicflank
wearinvestigations.MachiningiscarriedonTi-6Al-4Vtitaniumalloyintheenvironmentofminimum
quantitycoolingandlubricationinformofmistwithpre-designedexperimentslikeTaguchidesign
ofexperiments.Correlationstudyoftoolwearwithregardtotemperaturesisanalyzedforeachand
everyexperimentalrun.
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1.1 Literature Survey
Plainturningoftitaniumalloys,generatecontinuoushelicalchipsduetheirpropertiesoflessyoung’s
modulusandhighhardness.Duetothefactthatthetitaniumhashighchemicalreactivity,itgenerates
fire flamesathigher levelofprocessparametersandexcessivebuilt-upedgesat lower levelsof
processparameter.Theinitialresearchfocusedonuseofnoncoatedtoolsunderfloodenvironment.
Later(Ezugwu,Silva,Bonney&Machado,2005)carriedexperimentationonlatheturningusing
CBNtoolsandhighpressurecoolantenvironmentanddonecomparativeanalysisofresultswiththat
ofuncoatedtungstencarbidetool.Theyreportedthatnon-coatedWChasexhibitedhighertoollife
inpressurizedlubricantdeliverysystemthandrycutting.ButCBNtoolshadlowerlifeinboththe
environments.TheyalsoinyetanotherstudyusedPVD(Physicalvapourcoated)toolandeffecton
roughnessofsurfaceunderfloodandhighpressureMQLreported.Surfacehardeningwasobserved
infloodmachiningconditionswhereashighpressureapplicationimprovedtheprocesscapability.
(Jaffery&Mativenga,2012)intheirstudyemployedNbN,AlCrN,Ti6Alcoatedtoolswhilemachining
Ti6AL4Vwork-materialandanalysedtheresultsincomparisonwithnoncoatedtool.Theyreported
thatcoatedtoolsoffergoodtoollifethannoncoatedtoolswithexceptionoflowcuttingspeed.The
coatinghaslesserconductivityofheatthanTialloyhenceheatisnotcarriedbytool.Moreoverthey
observedthatcoatingmaterialsreactivityandsolubilitywithalloyhassignificanteffectonwear.

(Mia,Rahman&Nikhil,2017)conductedexperimentalstudyvaryingspeed78,112,156mm/min
feedratesat0.12,0.14&0.16mm/revataconstantdepth-of-cutindryandpressureappliedlubricant
deliveryenvironment.Thecuttingtemperatureswerereportedtobedecreasedbymorethan50%
whenmachinedunderpressuredjetsincomparisontodryenvironment.Thesurfacequalitywasalso
enhancedathighspeedsandfeedsinpressurejetsconditionbutdidn’texhibitthesametrendatlesser
speeds.Theyemployedtwojetsoneonrakefaceandanotheronflankfaceforbettercoolingproperties.

(Aslantas&Cicek,2018) recommends thatTitanium (Ti-6Al-4V) tobemachined inmicro
conditionifrequiredtohavehighcuttingvelocities,variousspeedsandfeedstohavehighersurface
finishandlesscuttingforces.But(Narendra,Yogesh,&Vivek,2018)reportedthatmicromachining
includestherequirementofelectromechanicalsystemswhichleadstomorecost involvement.In
addition,thework-piececannotbetreatedashomogenousandisotropicinnature.Furthermore,micro
machiningactsaploughmechanismsratherthanchipremovalprocesswhichisrequiredessentially
inalloygrainstructures.Hencethisworkconcentratedonmacromachiningwithusageofreduced
coolantinformofmist.

(Muthukrishnan,&Davim,2011)presentedapplicationofcoolantontheceramicinserttool
wearstudywhilemachiningTi-6Al-4Vataveragespeeds(45-135mm/min)usingaceramicinsert.
Thecuttingenvironmentchosenwaswatersolublecoolantandcomparedtheresultswithdrycutting
andreportedthatdiffusioncombinedattritionismaintypeofwearmechanismobservedfollowedby
attritionwear.Intheirstudy(Mustafa,Rahman&Debashish,2017)reviewedapplicationofnanofluid
MQLinmetalmachiningandtheyreporteduseofcoolantwhilecuttingaidstoslowtoolwearprocess,
augmentsbettersurfacefinish,eradicateheatorientedeffectsandreducestickingofthework-piece
particlesonthetoolwhilemachiningprocess.Soitisimmenserequiredtousethecuttingfluids
forreducingcuttingforces,toolwearandtemperatureswhicharenotdesiredinmetalmachining
duetocoolantpollution.Sotheusageofcuttingfluidsmakesthetitaniummetalmachiningtobeof
non-eco-friendly.Apartfromit,thecuttingfluidsinfluencereductionintemperaturefireflamesand
cuttingforcegenerationduetocoolingandlubricationeffectbetweentoolandrotarywork-piece.

(Hegab, Kishawy, Gadallah, Umer & Deiab, 2018) used Nano multi walled nano-carbon
tubes(MWNCT)additivesinvegetableoilinMQLenvironmenttoenhancetheheatcapacityduring
conductionandconvectiveheattransfermodes.Theyreportedthatat120mm/minthesurfacequality
wasbest.Allexperimentswerecarriedatconstantdoc.Thechipsweresegmentedandnoserrations
observed.Onlysurfaceroughnessandchipmorphologywasstudiedandreported.(Bolzonia,Ruiz-
Navas,Neubauer,&Gordo,2012)and(Abkowitz&Rowell,1986)focusedstudyofcuttingTi–6Al–
7NballoyandTi-6Al-4Vrespectivelyusingpowdermetallurgy.Butthelimitationofhavingless
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fatigueperformanceusingtitaniumcanbefurthertreatedwithlasersurfacemodificationorblending
withpowdermetallurgycanbesubstitutedwithhotpressingfallowedbymachining,suggestedby
(Alan,Santoset.al,2019)

(Bermingham,Palanisamy,Kent&Dargusch,2012)conductedexperimentsinhighpressure
waterbasedemulsionandcryogeniccoolingenvironmentandconcludedthattheformerenvironment
isbetteringivingtoollifethancryogenic-coolingduringturningofTi-6Al-4V.Theyemphasized
positionofnozzlethroughwhichcoolantevictsasmostprimeparameterofconcern.Ontheother
hand,(Niancong,Xiang,Zheng,Huang&Wang,2019)utilizedMQLandMQCLenvironmentwhile
machiningAISI304steelandreportsthatasthespeedaccelerates,thebuiltupedge(BUE)close
tothecuttingedgeofthetooldisappearsduetodiffusionwearmechanism.(Xu,Liu,An&Chen,
2012)conductedexperimetalstudywhilemachiningalloytitaniumunderdryandMQLenvironment
withnanocoatedTiAlNandconcludedthatcoatedtoolshavebettertoollifethanuncoatedtool.
(Lin,Wang,Yuan,Chen,Wang&Xiong,2015)appliedwatercoolingandcryogeniccoolingwhile
turningofTi-6Al-4Valloyatverylowdepthofcutandcomparedsurfaceroughness, toolwear.
(Pervaiz, Rashid, Deiab & Nicolescu, 2016) had compared machinability at dry, flood, MQCL
environmentusingvegetableoilwhilemachiningofTitaniumalloyusinganuncoatedcarbideinsert
atconstantdepthofcut0.8mm.(Najiha,Rahman&Yusoff,2016)&(Groover,2002)summarized
theadvantagesanddisadvantagesofdifferentfluidsusedinmetalcuttingprocess.Theystraight
oilsasreportedbytheirstudiesareexcellentaslubricatorsbutverypoorcoolantsandalsolikelyto
causefire,generatesmokeathighspeeds.Hencethereuseislimitedtolowspeeds.Whereasonthe
otherextremethewatersolubleoilsi.e.semisyntheticsofferexcellentperformanceascoolantsand
goodcorrosionresistancebutmaycausefoamingproblemwheninfloodcondition.(Brian,2020)
inhisworkreiteratedthatanyattempttoimprovetheprocessperformancedependsonvariables
effect,modelsandconceptsinadditionareliablemeasuringsysteminplaceensurestheobjective
ofwasteminimization.Henceselectionoffactorseffectingsystem,andmeasuringsystemaccuracy
andreliabilityarealsoimportantforsystemtoimprove.

Thoughmany researchershave focusedonMQL thedrawbackassociatedwithMQL is the
heattransferratewhichislowandhencewhencutting“difficulttocut“metalswheremachining
temperatures are high, lubricant may evaporate losing its functionality hence MQL has limited
applications.Toovercometheselimitationinhisstudy(Awal,Mia&Nikhil,2017)investigatedthe
temperature,forcesandchipswhilemachiningunderhighpressurejetusingcoatedcarbideinserts.
Theyusedtwonozzlesoneforrakefaceandtheotherflankface.Thepressuremaintainedat80
barflowrateofthefluid20000ml/s.Thetemperaturevariationreportedbythemwasindrycutting
830-10650cdegcentigradeandinhighpressurecoolantusethetemperaturesdroppedby70%at
shearzone356-480degcentigrade.Thepressurizedairusageaddedpositivelytoheattransferrate,
therebyreducingtemperatureandaidstomaintaintheoilfilmstrength,leadingtobetterlubrication.

Henceapplicationofcoolantusingminimumquantitycooling&lubrication(MQCL)inthe
formofmist(aerosols)hasnotbeenfocusedwhilemachiningTi-6Al-4Vvaryingallthemachining
parametersandusingawatersolublemineraloil.Theuseofminimumquantitywatersolublemineral
oilensuresmachiningenvironmentalfriendlyandsustainabilityensured.Atthesametimetemperature
incorrelationwithtoolwearobservationswerealsonotreportedforcleanmachining.Henceinthis
work,toolwearinconjunctionwithtemperaturesontoolandwork-piecearereportedandanalyzed
asusefulinformation,whilemachiningunderwaterbasedcuttingfluidinformofmist.

2. EXPERIMENTATIoN SETUP AND MATERIALS

TitaniumalloylikeTi-6Al-4Vhaslowthermalconductivityandlowyoung’smodulusbutretaintheir
strengthsevenathightemperatures.InthiscurrentstudyTitaniumalloyviz.Ti-6Al-4V(Grade5)
withdiameterof50mmandlength200mmisusedaswork-piecematerialforstudy.Table1depicts
thechemicalcompositionofthechosenalloy.
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CuttingtoolslikePhysicalvapordepositedTitanium-Aluminium-Nitride(PVD-TiAlN)coated
inserts(i.e.KENNAMETAL-CNMG120408MSKC5010grade)areusedforplainturningoperation
onCNCTurn-Mill(TMC-XL-200ofPMKmake)centerwithFanuc-0icontrolsystemdepictedin
Figure1.

Thechoiceofcoolantissemisyntheticsduetoadvantagesofferedgoodcoolingeffecttolower
thetemperaturesatshearzones,offerrustcontrolandmicrobialcontrolathighvelocities.However
astheytendtofoamwhenusedinfloodcondition,judiciouslyminimumquantityisused(Groover,
2002).WaterbasedcoolantofservoStype(i.e.mixtureof1literofcoolantand20litersofwater)is
takenandwithacontrolledanddeterminedwayofflashingthecoolantsprayedontothetooltipand
work-pieceinterfacezoneinformofmistwithhelpofacompressor(FERMmake-24literscapacity).
Anozzlewhichhasthechamberofmixingcoolantandair(5.5barpressure)isusedforgenerating
MQCL-mistenvironmentshownin(Figure2).Thehighpressureensuresacooled/chilledairwater
mixturetoejectfromthenozzlethusensuringlowerfrictioncoefficientaidingchipremoval.The
methodologyofexperimentationisasshownin(Figure3).

Table 1. Chemical composition of Ti-6Al-4V based on weight percent

Titanium  
(%Ti)

Iron 
(%Fe)

Vanadium 
(%V)

Aluminium 
(%Al)

89.29 0.23 4.39 6.01

Figure 1. CNC Turn-Mill and MQCL setup

Figure 2. Enlarged view of MIST setup and the nozzle with coolant and air inlets
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K-typethermocouplewithshieldisusedforonlinetemperaturerecord(Figure4(b)).Work-
piecetemperaturesarerecordedonlineusingInfraredthermometer,Figure4aisapictureoftool
wearcapturedofflineusingInvertedopticalmicroscope(LeicamakewithDMILMimageanalysis
software)witharesolutionscaleof200micronsandmagnificationof10X.

2.1 Experimental Design and Experimentation
Taguchidesignofexperiments(TDOE)utilizingtheideaoforthogonalarray(OA)ischosenfor
experimentaldesign,takingintoaccountparameterslikevelocityofcut(Vc-m/min),tool-feed(Tf-
mm/rev)anddepthofcut(doc-mm)eachatfourlevelstherebygenerating16(L16)combinations
withmistconditionontheCNCTurn-millcentreasgiveninTable2.Thetool-wearinformofflank
wear(VB-micron),tooltemperature(Tt-0C)andwork-piecetemperatures(Tw-0C)aremeasured
asresponses.Thetoolflankwearimagesareanalyzedforflankwearvaluesarerecorded(Figure
5-8)allimagesareaftersamecuttinglength,henceinfewcasesthetoolhasbecomebluntdueto

Figure 3. Experimentation methodology

Figure 4. Devices for measuring Temperatures and Tool Wear
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edgemorphologychange.Ti-6Al-4V(Grade5)whichisclassifiedasalpha-betaalloyworkmaterials
aremachinedwithcoatedPVD-TiAlNcarbideinsertsinmistenvironmentusingdesignedarrayof
experiments.Thechoiceoftoolcoatingisduetotheresistanceofferedtowear.

Theresponsesliketooltemperature,work-piecetemperatureandtoolflankweararerecorded
andtheSignal-to-noiseratio’s(S-Nratios)oftheresponsesaredeterminedbasedonEquation1with
anassumptionofsmaller-is-betteroptionandarerecordedandshowninTable3:

SN
n

y
Smaller is better

i

n

i( ) = −










− −
=
∑10
1

1

2log  (1)

Figure 5. Tool flank wear in experimental run 1,2,3,4 at cutting-speeds 8cm/min

Figure 6. Tool flank wear in experimental run 5,6,7,8 at cutting-speeds 12cm/min
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ThenegativesignobservedinSNratiovaluesensurestheselectionofthelowerbettercriteria
forflankwear,toolandworkpiecetemperature.

Figure 7. Tool flank wear in experimental run 9,10,11,12 at cutting-speeds 16cm/min

Figure 8. Tool flank wear in experimental run 13,14,15,16 at cutting-speeds 20cm/min
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3. RESULTS ANALySIS

Exact temperaturemeasurementsat thecuttingzoneare tough toperformexperimentally, in the
currentstudy temperatureat the tool tip isperceivedas the temperatureatheataffectedcutting-
zone.Thevariationofthetool-tiptemperatureatvariouscuttingvelocities,depthofcutandfeeds
isshowninthetable.Itistrendobservediswithelevatedparametersofspeed,feedanddepthof
cutincreasethecuttingtemperaturesarealsoincreasedinMQCLcuttingcondition.Alsoastimeof
machiningincreases,sodoestheincreaseintemperatureasreportedby(Bermingham,Palanisamy,
Kent&Dargusch,2012).Onepossibleexplanationcouldbetheincreaseinfrictionascontactarea
overaperiodoftimeisincreased,inthecontactzonethefrictionbuildup.Thetemperatureriseis
dependentonmachiningdurationalongwithotherparameters.MoreovertheworkpieceTiAl3V4
owingtoitslowthermalconductivityheataccumulationtakesplacewhichisobservedveryhighat
speedsgreaterthan160mm/min.Thetemperaturesinthecurrentstudyvarybetween450Cto800C.
These temperatures are close to that reportedby (Thrinadh,Rakesh&Saurav2020)when they
machinedwithnanoMQL.Hencethecurrentchoiceofcuttingenvironmentprovestobegiving
goodresultsincomparisontonanoMQLthoughthelateriscomplex.Itisalsomuchlesserthanthe
drymachiningtemperaturesreportedbythem1800catspeedof52mm/min,feed0.2mm/revand
doc0.5mmwhichismuchhigherthanourcurrentexperimentwhichreported80degat80mm/min
speed.Hencetheefficacyofthecurrentworkisproved.Thelowtemperaturesrecordedduringthe
experimentsmaybeduetotransformationofthewaterdropletsprayedattheheatzoneintovapora
phasechangewhichimprovestheheattransferratebyconvection&conductioninthetooltiprake
surfaceandbyconvectionandradiationinflankface.Theoilfilmactsaslubricant,thephenomena
issimilartothatobservedby(Rosemaretal.2013)&(Awal,Mia,Nikhil,2017).

Table 2. Taguchi design of experiments

Exp.  
No

Machining Parameters Actual Parameters

A B C Vc f doc

1 1 1 1 80 0.05 0.25

2 1 2 2 80 0.10 0.50

3 1 3 3 80 0.15 0.75

4 1 4 4 80 0.20 1.00

5 2 1 2 120 0.05 0.50

6 2 2 1 120 0.10 0.25

7 2 3 4 120 0.15 1.00

8 2 4 3 120 0.20 0.75

9 3 1 3 160 0.05 0.75

10 3 2 4 160 0.10 1.00

11 3 3 1 160 0.15 0.25

12 3 4 2 160 0.20 0.50

13 4 1 4 200 0.05 1.00

14 4 2 3 200 0.10 0.75

15 4 3 2 200 0.15 0.50

16 4 4 1 200 0.20 0.25

Cutting velocity (Vc- m/min)
Feed (Tf-mm/rev) Depth of cut (doc-mm)
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Thetoolflankwearsobservedtobeinbetween76µmto638µm,whilethetooltemperatures
andwork-piece temperaturesareobserved tobe inbetween45 to84degCand38 to55degC
respectively.Theflankwearreportedby(Trinadh,Rakesh&Sourav,2020)whilemachiningusing
NanoMQL(MWCNT-AddedRiceBranOil)anddrycuttingatspeed(52mm/min),feed(0.2mm/
rev),anddepth-of-cut(0.5mm)withWCinsertreportedatoolwearof0.08and0.1mmundernano
MQLandDrycutting.Incurrentworkat80mm/minspeedand1mmdoc0.087mmflankwearis
observedwhichisalmostsameasreportedbythembutathighermaterialremovalrates.Thismethod
provestobemoreeconomicalandproductivewhencomparedto(Trinadh,Rakesh&Sourav,2020)
atlowspeedsasthetoolwearprogressionisalsoatslowrateascomparedtohighspeedsanddry
environmentinaccordancetothatreportedby(Berminghametal,2015).Thewearprofilesonflank
sideasmeasuredfromimagesobtainedfrommicroscopeusingimagesoftwareareshownin(Figure
5,6,7,8).Thechipsgeneratedinmistconditionsareashelicalspringssegmentedchipsatspeeds
of120mm/minwhereasatlowspeedsanddocthechipsarecontinuouswithstringynature.Similar
chipshapesreportedby(Awal,Mozammel&Nikhil,2017).Athighspeedsanddocthechipswere
serratedandalsoburntchipsandchangeincolorobservedforrun10,13,15,16(atspeeds160mm/
min,doc1mm).Asspeedincreasedbeyond160mm/minandhighdocthechipsdis-coloureddueto
highforcesgenerated,frictionwashighandhenceachemicalreactioninchipoccurredduewhich
thechipburntanddeformed.Theplasticdeformedchiptendstostickmoretotoolandwork-piece.
ThemicroscopicimageinFigure7(k)clearlyillustratestheflankwearveryhighalsomicrocracks,
burntmaterialchippingfromedgeaswellasfartherendofflank.Thiscanbeduetothechipshearing
actionasshearforceisuneven.Thesurfaceprofileoftheworkpieceasmeasuredshows0.61microns,
thismaybeduetosofteningoftheworkpiecematerial,alsothehardnessvalueshowedaslight
decreasewhichemphasizesthefactthatthereischangeinmicrostructure.Thewearpatternobserved

Table 3. Observations of tool flank wear and temperatures

Exp. 
No. VB Tt 

(0C)
Tw 
(0C) SN Ratio of VB SN Ratio of Tt SN Ratio of 

Tw

1 76.8 61.0 38.3 -37.7 -35.7 -31.6

2 92.8 68.0 40.1 -39.3 -36.6 -32.0

3 82.5 74.0 41.3 -38.3 -37.3 -32.3

4 87.9 81.0 43.1 -38.8 -38.1 -32.6

5 78.5 57.0 45.1 -37.8 -35.11 -33.0

6 108.7 48.0 46.3 -40.7 -33.6 -33.3

7 125.8 76.0 48.5 -41.9 -37.6 -33.7

8 110.2 63.0 43.5 -40.8 -35.9 -32.7

9 428.2 69.0 52.2 -52.6 -36.7 -34.3

10 592.2 75.0 53.8 -55.4 -37.5 -34.6

11 451.1 51.0 49.3 -53.0 -34.1 -33.8

12 183.2 57.0 48.1 -45.25 -35.1 -33.6

13 560.8 84.0 55.3 -54.97 -38.4 -34.8

14 633.8 71.0 52.7 -56.0 -37.0 -34.4

15 638.9 56.0 50.1 -56.1 -34.9 -33.9

16 611.4 45.0 48.5 -55.7 -33.0 -33.7

Tool flank wear (VB-µm)
Work-piece temperature(Tw) Tool temperature (Tt)
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wascombinationofcoatingisdelaminatedwearasfrommicrocracksandattritionwearaffiliated
toformationofprowandadhesionofparticles.Theuncutchipthicknessisalsoveryhighdueto
exposeofbluntedgeascuttingprogressed.

Atlowfeed,thechipswereobservedasstrings.At120m/minspeedathighspeedsanddocthe
chipswerebrokenbythemomentumofthejetduetoitshighvelocity.Theviscosityofthewater-
basedoilalsohelpshighcoefficientofdischargeandasthermalconductivityhighbetteristhecooling
ability.Sincethemistaerosolsarecoolaswellthewater-solubleoilhasbetterthermalconductivity,
theconvectiveheatcoefficientisgoodleadingtobrokenchipsasopposedtocontinuouschipsin
floodlubricationconditions(Nandy,Gowrishankar&Paul,2009).Sincethepressureismaintained
thejetaidstopenetratetheblanketofvaporofwaterformedduetohighheat.Andalsothepressure
aidsinimprovingtheconvectiveheattransferratesthereforecuttingspeedsof120mm/minmaybe
goodinthisenvironmentasobserved.Forrun11(Figure7(k)),at160mm/minatlowdocforinitial
40mmlengthofcutthechipswecontinuoushelicalstrings,asaerosolshitthetool&workpiece
interfacetheyaidinbreakingalso.

Fromthetoolwearprofilebeyondwecanconcludethattheadheredmaterialwaschippedoff
andamacrocrackobserved.Forspeeds200m/minitwasobservedthatinMQCLconditionalsothe
toollifeisverylessathighdepthofcuts.Afterinitialcutforfirstfewsecondssparkswereobserved,
chipswereburntduetochemicalreactionastheheatgeneratedishighandaerosolswerenotenough
toremovetheheatgenerated.Speedsbeyond160mm/minthetoollifeissignificantlylessandburnt
chipswereobservedafterinitial40mmlengthwasmachinedwhenfeedrateishigh.

3.1 Individual optimality
TheSNratiosoftheresponsesdeterminedusingEquation1andtabulatedinTable4arefurtherused
todeterminetheindividualoptimalityusingEquations2-3(Groover,2002)inFigure3andisshown
Table4where‘n’isnumberofexperimentalobservation,‘ηopt’-optimumS-Nratio,‘ηavg’-mean
SNratio,‘ηideal’-AtS-Nratioparametertheideallevel.

TheplotsoftheS-Nratiosforvariousparametersonindividualoutputsareareshownin(Figure
9(a,b,c))andthehighestamongeachgroupistakenastheiridealSNratio.Theindividualoptimaldata
revealsthat,machiningatlowprocessparametersincaseofhardtomachinematerialslikeTi-6Al-4V
generatesbetterresponsesduetolessfrictionalcoefficientandvibrationsduetolessshearing,which
isreducedduetocoolingandlubricationofthecoolant.Theoptimalvaluesfoundas57.9µm,45.3
degCand38.1degCfortoolflankwear,tooltemperatureandwork-piecetemperaturerespectively.
Theoptimalparametersinfluencingtheresponseliketoolwearandwork-piecetemperaturesarespeed
ofcutfollowedbydepthofcutwhichenlightensthattherelativityamongthetoolandwork-piece
thataretobecontrolled.Ontheotherside,theoptimalparametersinfluencingthetooltemperatures
aredepthofcutfollowedbycuttingspeedwhichshowstheshearingofchipfromhardtomachine
work-piecematerialanditsinfluenceontoolsurfacegeometryforcontrollingthetoollife.

Table 4. Individual optimal results of variables of process under consideration

Responses
Minimum-Value Combinations Optimal-Response

Vc Tf Doc

Toolflankwear 80 0.20 0.50 57.9(µm)

ToolTemperature 120 0.20 0.25 45.3(0C)

Work-pieceTemperature 80 0.20 0.25 38.1(0C)
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3.2. Regression Modeling
Regressionanalysisandmodelinguniversallyacceptedmethodtopredictthegeneralbehaviorof
responsewithrespecttoparametersmodeledunderconstraints,whichaidsinselectionofparametersat
nontestedlevelsalsoforresponseunderconsideration.Thesurfaceresponseparametersinmachining
canbederivedfromtheexperimentaldatabyusingthefollowingrelations:

ResponseToolweari=C*Vca*Tfb*doce (4)

whereC,a,b,earemodelcoefficients tobeestimated fromexperimentalvalues.Theexponential
equationformofoutputistransformedtolinearmodelofsecondordervialogarithmicfunctionas
showninTable5andtheresidualvalueplotsforobtainedregressionequationsareshownin(Figure
10(a,b,c,d)).

Theregressioncorrelationbetweenthetoolflankwearwithprocessparametersandtemperatures
arecloselycorrelatedwithagoodness-of-fitof85.7%,astabulatedinTable5andtheresidualplot
(Figure10(d)).Thecorrelationregressionequationconfirmsthetemperaturestobemoredominant
thantheprocessparametersingeneratingthetoolflankwear.Thiscorrelationrevealsthattheeffect
ofprocessvariablesunderstudyinfluencethetemperaturesgeneratedinthework-piecematerial&
tool,asresultofshearingactionandtherebyinfluencingtoolwearandbuilt-up-edge(BUE).]

3.3. observations and Discussions
DuringthemetalremovingprocessbycoatedcarbidetoolforTi-6Al-4Valloy,thesignificantwear
mechanismnearthetool&work-pieceinterfacezoneisacombinationofdiffusive&abrasivewear
machiningtitaniumalloyswhenusingmetallictoolsisreportedby(Rosemar,Álisson,Emmanuel,
John&Wisely,2013).From(Figures5to8)itisobservedthatinspeedsbeyond160mm/minthe
coatingdelaminatingandgallingeffectonthetool.Forlargercuttingvelocities,theflankportionwear
onthetoolandtemperaturesnoticedtobeatthemaximumwhichisthereflectionofthehardnessof

Figure 9. S-N ratios of parameters on a) tool-wear b) tool temperature c) work-piece temperature
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thework-piecematerialanditslow-machinability.Ontheotherhand,work-piecematerialwhichis
veryhardtomachineisexpectedtoshowmuchhighertemperaturesfromliterature,butitwasnotso
andisduetotheMQCLeffecttheaerosolssprayedintheformofmistandwaterbasedfluidwhose
latent-heatofabsorbtionismore.Thisphenomenacanbeexplainedbythefactthatthepressureair
lubricantmixturecouldpenetratethroughthevaporformedbythewaterphasechangeduetoheatat
shearzonetherebycoolingthework-pieceandalsoformingalubricatingfilm(Ezugwuetal2005).

In this study, the formation of built-up-edge is been observed at lower cutting velocities in
combinationwithlowerdepthofcuts(i.e.experiments1,2,5and6)in(Figures5(a,b),6(e,f))which
isduetostickingofabrasionwearofwork-piecematerialontotheheatedcoatedtool.Butasthe

Figure 10. Residual Plot for a) tool wear b) tool temperature c) Correlation of tool-temperature and flankwear

Table 5. Regression models generated while machining Ti-6Al-4V in mist conditions

Mist MQCL 
Environment    Second Order Linear Order Model Goodness of 

Fit (R2)

For Tool flank wear (VB)

58.17-3.01644*Vc+3388*f-396.51*doc+0.0276172*Vc*Vc+366.6*doc*doc
-14720*f*f 83.2%

For Tool temperature(Tt)

84.65-0.52875*Vc-27.5*f+29.7*doc+0.00171875*Vc*Vc+6*doc*doc-50*f*f 89.9%

For Work-piece temperature (Tw)

20.5275+0.284937*Vc+36.6*f-6.38*doc-0.000679687*Vc*Vc+10*doc*doc
-200*f*f 89.7%

For Tool flank wear correlation with temperatures

4834.53-32.2655*Vc+632.177*f-183.684*doc+58.6545*Tt-
229.398*Tw+0.105759*Vc*Vc+489.577*doc*doc+788.43*f*f-
0.637086*Tt*Tt+3.23003*Tw*Tw

85.7%
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depthofcutsincreased(i.e.experiments3,4,7and8(Figures5(c,d),6(g,h))theabrasionwhich
increasedduetomoreshearingactionofthework-piecematerial,fellapartduetoanincreasein
temperatures(tool&work-piece).

Atcuttingvelocity(like160m/min),thelowerdepthofcuts(likeexperiments11and12)engraved
correspondinglylessertoolflankwearprobablyduetotheformationofAl2O3aslubricatinglayer
helpedinlowertoolwearprocess(Sharif,Rahim2007)whencomparedwithhighercuttingvelocities
buttheabrasionwearofthematerialleftonthetoolintheformofchippingduetothetoolheated
surface(Figure7(k,l)).Ontheotherhandathigherdepthofcuts(likeexperiments9and10(Figure
7(i,j))duetolargeshearingbetweentool&work-piece,burningofthetoolflankstartedtoemerge
andherebyraisingtoolflankwearandtemperatures.

Athighercuttingvelocities,incontextwithahigherdepthofcuts(i.e.experiments13and14,
Figure8(m,n))thefireflames,toolflankburningandchangeincolourofthechipareobserved
whichmaybeduetohighpenetrationoftoolintohighrotatinghardmaterialgeneratinghighfriction,
temperaturesandalsoflankwear.Butinexperiments15and16(Figure8(o,p)inconjunctionwitha
smallerdepthofcuts,thefiresparklesobservedduetothebuilt-upedgewhichwasthrownassparkles
asithasbeenmeltedduetohigh-temperaturegenerationandinaddition,therewasnochangein
colourthechipasthetoolhaslesspenetrationintowork-piecehencenoburning.

Overall,athigherfeedratesandlowerdepthofcuts,thebuilt-up-edgesgotwipedofeasilydueto
thepresenceofmistsprayedontothetoolandshowedlessertoolflankwear,themistactedaschip
wiperandalsolubricantcombinedwithcoolingeffectasevidentfromthetemperatureswhicharelow
forbothworkpieceandtooltip.Butasthecuttingvelocities,feedanddepthofcutsascended,itcan
beobservednobuilt-up-edgeduetoabrasionduetoincreaseintemperaturesonbothtoolandwork-
piece,whilefilamentsofchippingofwork-piecematerialcanbeseenduetosurfacetemperatures.

4. CoNCLUSIoN

This work investigated the metal machining and the performance of process parameters while
machining Ti-6Al-4V with MQCL conditions in generating the responses like tool wear and
temperatures.Basedontheexperimentalvalues,models&observationsduringmetalalloycutting
processunderMQCLMISTenvironment,thefollowingconclusionsandinferencescanbedrawn:

• Fromtheexperimentalrecordings,itcanbeinferredthattheMQCLinformofmistisbetter
suitableformachiningofhardalloysatlowtomoderatecuttingvelocitiesinprovidingcooling
effectaswellaslubricationfunctionbythewaterbasedsyntheticlubricant;

• Thecuttingvelocityreflectstobemosteffectiveparameteringeneratingresponsesontoolflank
wearandwork-piecetemperature,whiledepthofcutactsasthemosteffectiveprocessparameter
indeterminingtooltemperatureswhichisduetopenetrationandshearingofmaterialoftool
andwork-piecerespectively;

• Duringlowcuttingspeedswith lowfeedsanddepthofcuts, theBUEnear thecuttingedge
appearedduetolowmachinabilityofmaterialcausingabrasivewear.Whileontheotherhand,
athigherfeedsanddepthofcuts-thebuilt-upedgeadhesivesfelloffduetodiffusionwear;

• The results of tool wear and tool temperature are compared to published results with nano
MQLandareincloselyaccordanceatlevelonespeedsandalllevelsofdocandfeedrates.This
reinforcesthatMQCL-mistispotentiallyabetterlubricatingtechniqueowingtolowcostthan
nanoMQCLwhichiscomplexprocesswhencompared.Thetoolwearratewasreducedby20%
andtooltemperaturesby25%whencomparedtodrymachiningandfloodmachiningat80m/
minspeedandalllevelsofdoc;

• TheresultsareindividuallyoptimizedusingSignal-to-noiseratios.Theexperimentalverification
resultedwiththeregressionmodelsconstructedkeepingtoolwearandtemperaturesasobjectives
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shown prediction errors to be of 2.15%, 5.15% and 4.38% VB (microns), Tool temperature
(degree)andwork-piecetemperature(degree)respectively;

• Atthehighcuttingvelocitieslike200m/min,thehelicalchipwerebrokenduetospeedyinteraction
betweentoolandhardwork-pieceandontheotherhand,higherfiresparkswereobservedathigher
depths,butfiresparkleswereobservedatsmallerdepthofcutsduetobuilt-up-edgemelting;

• Beyondcuttingspeedsof160mm/mininMQCLenvironmentthetoollifeisverylessandtool
coatingiscompletelyremovedbyadhesiveparticlesonthetoolandlatermeltsofthesamedue
toheatgenerated.Thechipsalsoareburntindicatingachemicalreaction.HenceforMQCL
applicationspeedsbelow160m/minarerecommendedforPVDcoatedcarbidetool.
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