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ABSTRACT

Titaniumisknownforitspoormachinabilitycharacteristicsduetoitslowthermalconductivityand
highchemicalreactivity.Thisarticleexploresthemachinabilitycharacteristicsofselectivelaser
melting(SLM)titaniumalloyTi-6Al-4Vusingwirecutelectricaldischargemachining(WEDM).
Fortitaniumalloys,exploringnon-traditionalmachiningoperationsuchasWEDMiscriticalfora
materialfailureorsuccessinadesignapplication.Theresearchistostudytheeffectofparameters
suchasservovoltage,pulseon/off,andmachiningspeedwithrespecttowiretensionandwire
feedrateonmachinability.Theoutputsunderconsiderationforevaluatingmachinabilityaremetal
removalrate(MRR)andsurfacefinishunderminimalinterruptionduetowiresnaps.Thearticle
concludesbyidentifyingtheoptimalfactorsresponsibletoproduceanefficientandaccuratecut
withaminimumdowntime.
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INTRODUCTION

Titaniumalloysarereputedfortheirmaterialpropertiessuchashighspecificstrength,biocompatibility
andcorrosionresistance.Despitetheirsuperiorproperties,theirextraction,fabricationandproduction
areexpensiveduetotherequirementofaprotectiveenvironment,highenergyconsumptionandvarious
othermanufacturingassociatedproblems(Boyer,2010).Titaniumalloy,Ti-6Al-4V,havingsuperior
mechanicalproperties,isoftenreferredtoastheworkhorseoftitaniumalloysandispreferentially
usedinavarietyofapplicationsintheaerospace,chemical,biomedicalandautomotiveindustries
(Shunmugavel,Polishetty,&Littlefair, 2017).Todecrease theoverall cost of production and to
improveproductivity,researchonalternativemanufacturingmethodsoftitaniumalloyhasbeenthe
primarypointoffocus(Lutjering&Williams,2007).Inrecentyears,additivemanufacturing(AM)
hasbeenwidelyusedforfabricatingnear-netshapetitaniumalloy(Ti-6Al-4V)productsduetoits
advantageous features like freedom of design, on-demand manufacturing and high productivity.
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Titaniumalloysareusedtomanufacturecomponents,wheretherequirementsofdesignreliability
andsuperiormaterialpropertiessuchashighcorrosionandthermalresistance,highrobustness,high
strengthtoweightratioandoutstandingtendencyofalloying,isapriority(Koster,Field,Kahles,Fritz,
&Gatto,1970).Thehighermeltingpointoftitaniumalloymakesitasuperioralloyincomparisonto
othermetals.However,someofthematerialpropertiesoftitaniumsuchaslowthermalconductivity
andhighchemicalreactivityleadstopoormachinabilitycharacteristics(Che-Haron,2001;Polishetty,
Shunmugavel,Goldberg,Littlefair,&Singh,2017).Thematerialused for thisproject isaSLM
titaniumalloy,Ti-6Al-4V.SLMissuitableforrapidgenerationofmetal3Dprintprototypes.The
materialpropertiesofSLMtitaniumalloy,Ti-6Al-4VaregiveninTable1.

Selective Laser Melting (SLM)
The development of Additive Manufacturing (AM) technology has made it possible to lower
the production cost and the energy consumption as well as the carbon footprint compared to a
conventionalmanufacturingprocess.ThechemicalcompositionofTi-6Al-4VisgiveninTable2.
ThecharacteristicsofAMensuresfeasibilityfordentalandorthopedicimplantsinthebiomedical

industryprovided,therequiredfinishandformisachieved(Ahnetal.,2017).Consideredtobethe
futureofmanufacturing,AMprintersandthematerialshaveevolvedrapidlyinthelastdecade.Huang
etal.pointsoutthebenefitsofAMoverthetraditionalmethodswithrespecttoproductionflexibility,
materialefficiencyanddirectkitting(Huang,Liu,Mokasdar,&Hou,2013).Theseadvantagesenable
AMtobeagoodreplacementforconventionalmanufactureofcomplexstructures(Mellor,Hao,&
Zhang,2014).AMhasmovedfromprototypingapplicationstotheactualpartsproductionwiththe
rapidadvancementofmaterialandmanufacturingtechnologies.AMhascreatedfreedomindesign
ofaproductcomparedtotheexistingmanufacturingtechniques.Thisshifthascreatedanewspace
forAMintheindustriessuchasaerospace,healthcareandautomotive.WiththeadvancementofAM
technology,SLMdevelopedin1995,hasturnedouttobeaprominentmetallic3Dprintingprocess
becauseofitsbetteraccuracyandefficiency(Li,Kucukkoc,&Zhang,2017).ASLMmetalprinter
manufactured, supplied, and technologypatentedbySLMsolutions andused in this research is
showninFigure1.SelectiveLaserMelting(SLM),isatypeofAMtechnique,whichinvolveslayer
bylayermanufacturingusingamicrometersizedparticlepowderandlaserbeamassourceofheat
tomeltandbindthepowder(Polishettyetal.,2017;Shunmugavel,Polishetty,&Littlefair,2015).In
ordertoavoidoxidationofthemetalpowder,itisrecommendedthattheSLMprocesstakesplace
inaninertatmosphere.Toachievethis,avacuumchamberwithanitrogenorargonatmosphere

Table 1. Material properties of SLM titanium alloy, Ti-6Al-4V

Material Density, lbs./inch3
Ultimate Tensile 
Strength (UTS), 

MPa
Yield strength, MPa Youngs Modulus, 

GPa

SLM Ti-6Al-4V 0.16 950 880 114

Table 2. Chemical composition of SLM Titanium alloy, Ti-6Al-4V

Al V Fe C O N H Ti

SLM Ti-6Al-4V 6.82% 4.20% 0.325% 0.025% 0.20% 0.041% 0.0047% Bal.
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withminimalamountofoxygen ismaintained.An initial layerofpowder isdistributedoveran
electronicallycontrolledplatformandismeltedwiththehelpoflaserbyscanningthroughthelayer.
Tobeginwith,acomplete3DmodelofthespecimenismadeusingCADsoftware.Themodelis
thendividedintovariouslayersofmicrometerthicknesswiththehelpofacustomizedAMsoftware
(Polishettyetal.,2017).Afreshlayerisspreadoverthemeltedpowderandfusewiththeprevious
layer.TheprocessrepeatstilltheentirecomponentisfinishedaspertheCADdata.InSLM,thelaser
performsanessentialoperationofscanningofthethinlayerofthepowderwhicharedepositedon
thebaseofthechamber.Theprocessofmaterialforminggoesinthesamedirectionoflaserbeam
scanning.Sequentially, elongated linesofmoltenpowderare filled ineverycross-sectionof the
part.ThequalityofthespecimenmanufacturedbySLMmethodwilldependonthelayerthickness,
powdersize,powerofthelaserbeam,scanningspeed,hutching,theorientationandbuild-direction
(Shunmugaveletal.,2015).Hence,SLMmanufacturingprocessisparametersensitiveprocess.SLM
manufacturedspecimensshowhightensile,compression,hardness,andpartdensityascomparedto
wroughtmaterials,thisisbecausethepartsaresubjectedtohighcoolingratesduringmanufacturing
processwhichresultsinashortgrainmicrostructure.Though,theyarereportedwithlowfatigue
strengths,causedbythedefectsduringproductionlikeporosity,inclusionsandanisotropy(Shamsaei,
Yadollahi,Bian,&Thompson,2015).

Currently, there are more than ten materials compatible for this fabrication method which
includeshighqualitysteel,nickel-basedalloys,aluminiumandtitanium.Thepowdergrainsizeof
thesematerialsrangesfrom10μmto60μmandtheaccuracyofpartproducedwillbeatatolerance
of±50μm(Bartolomeuetal.,2017).

Figure 1. SLM 125 metal printer made by SLM Solutions, Germany
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Wire Cut Electrical Discharge Machining (WEDM)
ThephenomenonofElectricalDischargeMachining(EDM)wasinitiallyobservedbyaphysicist,
JosephPreistlyin1770.Duringanexperiment,duetoelectricdischargestherewassomematerial
removed from the electrode. Later, further research on the observed phenomena had led to the
developmentof theEDMprocess(Krar,2003).EDMisamachiningprocess inwhichadesired
shapeisobtainedbypathguidedwirecutsusingaseriesofelectricdischarges.Inthisprocess,the
twoelectrodes-anodeandcathodearesubmergedintothedielectricfluid,whichwouldactasthe
controlmedium.Oneoftheelectrodeswouldbethetoolwhichcarriesthehighvoltageandsecond
electrodewouldbethematerialitselfwhichwouldbereceivingthehighvoltage.Inthisprocess,
therewouldbenorealcontactbetweentoolandthematerialformetalremoval.Instead,thetoolis
placedveryclosedtothematerialatmicronsdistanceandthishelpsingeneratingastrongelectric
fieldorplasmaregioninthegap(Ho&Newman,2003).Thehighvoltagecarriedinthetoolwould
createanelectricsparkonthematerialorworkpiecesurfacegeneratingtemperaturearound8000-
12000oCwhichishighenoughtomeltmostmetals.Thedielectricfluidhelpsincontrolofspark
generationandindirectlyhelpsinpreciselyremovingoftherequiredmaterial.Also,theremoved
moltenmaterialwouldbe flushed away from theworkpiece through thedielectric fluid leading
to superior surface finishwithout leavinganyburr.Moderndaydesign requirementswithmore
emphasisonhighproductivityandbetterqualityespeciallyinbiomedicalandaerospaceindustryhas
ledtotechnologyenhancementwithaminimumdowntime.Therearevariouswaystoachieveoruse
thetechnologysuchasEDM,WEDM,StripElectricDischargeMachining(SEDM),DryElectric
DischargeMachine(DEDM)and5-AxisElectricDischargeMachine(5-axisEDM)(Suryakant&
Allurkar,2016).WEDMhasbeenusedinthisresearchwork.

InWEDM,ametallicwireisusedinsteadofabasictool/sacrificialmetallicelectrodeasused
inEDM.Thisprocessismostlyusedforcreatingtheblankingpunchesandtheextrusiondiesfroma
hardmaterialwhicharedifficulttomachine.WiththehelpofaCNCcontroller,veryaccuratecutscan
bemadeonthematerial.WEDMwouldalsoprovideabilitytoachievetaperedcutandtransitioning
shapesoranyintricateshapes.Skimcutsforremovingexcessmaterialpostmachiningisalsopossible
usingWEDM.Forskimcuts,thewireismadetopassbackwardandforwardoveraroughsurfacewith
relativelylowvoltageforremovingtheexcessmaterial.WEDMinvolvesconductivewirerunningina
closedloopandtraversingalongadefinedpathcutstheworkpiecetogeneratetherequiredshapeand
profile.Theworkpieceactsasanelectrodeforthisprocess.Thiscuttingprocesshelpsinachieving
veryaccurate2Dprofilecuttingofthematerial(Krar&Gill,2003).Fewparameterswhicheffect
theWEDMprocessarewirediameter,dischargecurrent,voltagerating,wiretension,wirematerial,
workpiecematerial,pulsewidth,pulseduration,pressureofdielectricinjectionandpolarity(Patel&
Achwal,2013).ThecommonareasofapplyingWEDMaremedical,aerospaceandsemi-conductor
industry;industrialdieandtoolindustry;hardextrudeddiecutting;gears,punchordiecuttingand
micromanufacturingsuchasmicrotoolsormicromachiningprocess(Krar&Gill,2003).

LITERATURE REVIEW

TherearevariousresearchworkscarriedoutontheSLMprocessespeciallytitaniumalloys,mostlyon
alloyTi-6Al-4V.TheresultsshowthattheSLMprocessedspecimensofTi-6Al-4Valloycanachieve
highspecificstrengths,evenincaseofrepeatedloadingandcrackgrowth.However,foroptimizing
propertieslikeductility,hardness,etc.specifictreatmentswerenecessaryaftertheSLMproduction
process.Thiswasduetothedefectssuchasporositycausedduringtheproductionprocess.Majumder
et.alstudiedtheeffectofmachiningparametersonthematerialremovalrateandelectrodewearduring
EDMofmildsteel.Theinputparameters-supplycurrent,pulseontimeandpulseofftimewhere
comparedagainstoutputparametersMetalRemovalRate(MRR)andelectrodewear(Majumder,
2012).Anishet.alcarriedout researchonpredicting thesurface roughness inaWEDMprocess
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basedonresponsesurfacemethodology.Thematerialusedinthisresearchwascommerciallypure
titanium.Theeffectofparameterssuchaspulseon,pulseofftime,peakcurrent,sparkgapvoltage,
wirefeedandwiretensiononsurfaceroughnesswasevaluated(Kumar,Kumar,&Kumar,2012).
Harpreetet.al.studiedtheeffectofpulseon/offonmachiningofsteelusingcryogenictreatedcopper
electrode.Thematerialusedinthisresearchwassteel(Singh&Singh,2013).S.V.Subrahmanyam
et.al.evaluatedtheoptimalparametersformachiningwithWEDMusinggrey-taguchimethod.The
materialusedinthisresearchwasahotdietoolsteel.Theeffectofinputparameterssuchasdischarge
current,pulseon/offtime,sparkvoltage,wirefeed,wiretension,servofeedandflushingpressure
wasevaluatedusingoutputparametersMRRandsurfaceroughness(Subrahmanyam&Sarcar,2013).

EXPERIMENTAL DESIGN

TheaimofthisprojectistostudytheoptimalparametersthataffectthecuttingprocessofSLM
Titaniumalloy,Ti-6Al-4VusingWEDMindifferentmachiningconditions.Thecutthicknesswas
approximately5.25mmandcutlengthwas16.25mm.TheWEDMprocesswasdoneusingMakino
U3wireelectrodischargemachineasshowninFigure2.Zinccoatedbrassroundwireofdiameter;

0.012inchwasused.Thedielectricusedduringtheprocesswasde-ionisedwater.Thewiretension
remainsconstantforallthetrials.Thetrialswererepeatedfourtimesforeachcutconditiondepending
uponthematerialavailabilityandsize.Hence,therewereatotalof12samplestobeanalysedatthe
endofthemachiningtrials.Thecutsamplesweresubjectedtosurfaceroughnessanalysisusingan
opticalprofilometrytechnique.Alicona3Dopticalprofilometerwasusedfortogenerate3Dsurface
profiles.Themetalremovalrate(MRR)wasalsocalculatedforeachcut.Meanvalueofthefour
instanceswasconsideredforresultsandanalysis.Theexperimentaldesignconsistsofconducting
thetrialsusingtheWEDMunderthreecutconditionsviz.C1-speed;C2-precisionandC3-single
pass.ThecuttingparametersforconditionsC1,C2andC3aredefinedinTable3.Thesampleused
forthemachiningtrialsisaSLMtitaniumalloyTi-6Al-4Vofapproximatedimensionwidth-5mm
and16mmwidewhichalsorepresentsthecutareaasshowninFigure3.

Figure 2. Makino Wire Electro Discharge machine
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RESULTS AND DISCUSSION

Thedataobtainedfromtheexperimentsareanalysedanddiscussedinthissection.Theoutputsunder
considerationaretheMetalRemovalRate(MRR)andsurfaceroughness(Ra).Thevariationofthe
MRRwithrespecttothepulseonandservovoltageforthethreeconditionsC1,C2andC3isshown
inFigure4andFigure5respectively.

FromFigure4,MRRwascomparativelylowforasinglepasscondition(C3).Theprobable
reasoncanbetheincreaseinmachiningtimetoensureacutwithoutthewiresnap.Wiresnapis
theworstoutcometoexpect inaWEDMas itcandrasticallyreducetheproductivitydueto the
machinedowntime.TherewasnobigdifferenceintheMRRforaspeed(C1)andprecision(C2)cut
indicatingthatabalancecanbeachievedbetweenthespeedandprecisiondependingonthedesign
requirements.AcomparisonoftheMRRwiththeparameter,servovoltage(V)wasalsodone.Servo
voltageistheworkpotentialrequiredtoperformthenecessarycut.AsobservedinFigure5,MRRis

Figure 3. SLM titanium alloy, Ti-6Al-4V sample

Table 3. Cutting parameters for conditions, C1-Speed, C2-Precision and C3- Single pass

Parameters Speed Precision Single pass

PulseonA(µs) 38 37 3

PulseonB(µs) 45 44 3

Pulseoff(µs) 105 112 35

Current(Amp) 19 18 28

WireTension(N) 9 9 9

WireFeedrate(mm/s) 18 16 16

Sparkgapwidth/Servo
voltage(v) 138 140 65
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directlyproportionaltotheservovoltage.Analignmentintheresultscanbeobservedforasinglepass
condition(C3)asithasalowervoltagetoensureasuccessfulcutandhence,alowerMRR.TheMRR
variationswithrespecttothesurfaceroughnessisshowninFigure6.FromFigure6,forasinglepass
condition(C3)havinglowMRR,abettersurfacefinishorlowsurfaceroughness(Ra)isobtained.

Anin-depthanalysisofthesurfaceroughnessvariationswithrespecttothemachiningspeedfor
thecutconditionsC1,C2andC3isshowninFigure7.AnanalogysimilartothegraphinFigure6
canbeharmonisedtotheobservationsinfigure7asmachiningspeedisdirectlyproportionaltothe
MRR.Mostlyforanycutconditions,C1,C2andC3,asthemachiningspeedincreases,thesurface
roughness(Ra)increases.

CONCLUSION

ThefollowingconclusioncanbedrawnfromthisresearchonparameteroptimisationoftheWEDM
processespeciallyforanadditivemanufacturedmaterialsuchastitaniumalloy,Ti-6Al-4V.

Figure 4. MRR variation with respect to the pulse on for cut conditions C1, C2 and C3

Figure 5. MRR variation with respect to servo voltage for cut conditions C1, C2 and C3
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Figure 6. MRR variation with respect to surface roughness for cut conditions C1, C2 and C3

Figure 7. Surface roughness (Ra) variation with respect to the machining speed for cut conditions C1, C2 and C3
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• TheMRRforasinglepasscondition(C3)wasverylowcomparedtotheothercutconditions,
C2andC3buttheproductivitywasoptimumasasuccessfulcutwasgeneratedwithoutthewire
snap/machinebreakdown.

• TherewasnosignificantdifferenceinMRRforaspeed(C1)andprecision(C2)cutindicatingthat
abalancecanbeachievedbetweenthespeedandprecisiondependingonthedesignrequirements.

• The inputparameters such as servovoltage influence themachining criteria and alter the
designrequirements.

• SurfaceroughnessisinfluencedbyMRR.Abettersurfacefinishorlowsurfaceroughness(Ra)
canbeobtainedforasinglepasscondition(C3).

Futureworktostudytheeffectofvaryingthicknessoftheworkpieceoncuttingperformance
duringaWEDMprocesscanbeundertaken.
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