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ＡＢＳＴＩＲＡＣＴ 

Thematerialremovalmechanisminmicroultrasonicmachining（ＭUSM)wasinvestigated 

fbrthehrsttimeTheremovalmeChanisminconventionalultrasonicmachming(USM)hasbeen 

reportedbymanyresearcherswhohaveclarifiedthatitisbaseｄｏｎｂｒｉｔｔｌｅ丘acmreHowever,ｉｎ
ＭＵＳＭ，thesizeofabrasiveparticles，themachinmgfbrceandtheultrasonicvibration 

amplｉｍｄｅａｒｅｓｏｓｍａｌｌｔｈａｔｔｈｅｒｅｍｏｖａｌｍｅchanismcannotbeanalogizedwiththatm 
conventionalUSMPreviousstudiesonerosionhaveshowmhat,merosionofbrittlematerials， 

thebrittle-ductiletransitionintheremovalmechanismoccurswhenｔｌｌｅｓｉｚｅｏｒｔｈｅｓｐｅｅｄｏｆ 

ａｂｒａｓｉｖｅｐａrticlesbecomesverysmalllnaccordancewiththisresearch，itispossiblethatthe 
brittle-ductiletransitionisobservedintheremovalmechanisminMUSMwherethesizeof 

abrasiveparticlesissmallerthanllmlandthevelocitywithwhichparticlesstrikeworkpiece 
materialsisverylowbecauseofthesmallvibrationamplimdeScanningelectronmicroscope 

(SEM)observationshowedthattherewasnoevidenceofbrittlehacmre,whichcanbeidentified 
assharpedges，onthesurfaceofglassmachinedusiｎｇＭＵＳＭ・Themachmingcharacteristics
wereinvestigatedandtheresultsindicatedthatUlemachiningrateofbrittｌｅｍaterialssuchas 
glassandsiliconwａｓｏｎｌｙｌ５－２０ｔｉｍｅｓｔｈａｔｏｆｓｔａｉｎｌｅsssteel，whichisaductilematerial， 
whileconventionalUSMremovesbrittlematerials20timesfasterthanductilematerials・Onthe

basisoftheseresultswecanconcludethatthebrittle-ductiletransitionalsooccursinthecaｓｅｏｆ 

ＵＳＭ,asincuttingorgrinding 

Ｉ１ＮＴＲＯＤＵＣＴＩＯＮ 

ＡｎｅｗｍｅｔｈｏｄｆｂｒＭＵＳＭｗａｓｄｅｖｅｌｏｐｅｄｔofabricatemicroholesonhardandbrittle 

materials［llInordertoobtainhigh-precisiontoolrOtation,workpiecesarevibratedduring 
macｈｍｍｇ，whiletoolsarevibratedmconventionalUSMUsmgthismethod，ithasbecome 

possibletomachinemicｒｏｈｏｌｅｓａｓｓｍａｌｌａｓ５ｐｍｉｎｄｉａｍｅｔｅｒｉｎｑｕａｒｔｚｇｌａｓｓａｎｄｓｉlicon，The 
experimcntswerecarriedoutusｉｎｇａＯ２１｣mdiamondabrasivewithavibrationamplimde 
smallerthanllLmThematerialremovalmechanisminMUSM，however，hasnotbeen 
mvestigatedyet 

ConventionalUSMisusuallyusedfbrmachinmgbrittlematerialsanditstoolsarefabricated 
丘omductilematerialssuchassteelinordertoavoidtoolwear，sincebrittlematerialsare

removedmuchfastcrthanductileones・Manyresearchershaveclarifiedlllatthematerial
removalmechlmiRmmconventionalUSMofbrittlematerialsisbasedonbrittle丘acmre，

However,thesizeofabrasiveparticlesandthevibrationamplitudeinMUSMaresosmallthatit 
cannotbesaidthattheremovalmechanismisthesameasthatinconventionalUSM 

ThisworkisaimedatstudyingthematerialremovalmechanisminMUSMthathasnotbeen 
clarifiedbefbreThestudywillbeｃａｎｉｅｄｏｕｔｂｙｃｏｎsideringpreviousstudiesonerosioｎａｎｄ 
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machmingcharacteristicsinMUSM 

ZＳＴＵＤＹＯＮＭＡＴｗｎＲＩＭｋＬＲＥＭＯＶＡＬＭＥＣＨＡＮISM 

ConventionalUSMutilizesacollidmgactionbetweenabrasiveparticlesandaworkpicce、

Figureldescribestheprocessofmachmingbrittlematerials・Theulhasonicallyvibratingtool
hammersparticlesmtheslilrrymtotheworkpiecesurfaceandcausesnncrocracksbybrittle 
廿acmresmitTheworkpiecesurfaceisremovedaschipsaregeneratedbytheintersectionof
tllecracksThehacturetype,brittleorductile,isdetermmedbytheworkpiecematerial,thesize 
ofabrasiveparticlesandthespeedofcollidmgparticles・Inmostcases，brittle丘acmresare
fbrmedmbrittlemateTiH1Rwhileductilｅ丘acturesmductilematerials．

VYQIkpjlqqp Microcrack1 

Figo1USMprocessofmachiningbrittlematerials 

However,prcviousstudiesonerosionhaveshｏｗｎｔｈａｔｄｕｃｔＵｅｈａｃｍｒｅｃａｎｂｅｓｅｅｎｏｎthe 
surfaceofbrittlematerialswhentllesizeorthespeedorabrasiveparticlesissmall[Z][3］After 
erosionwitha91JLmabrasive,thesurfHceofglass,whichisabrittlematerial,hadripplepatterns 
onit,indicatingthatthematcrialremovalmcchanismwasbasedonductilchacmre・Furthermore，
ｔｈｅｒｅｍｏｖａｌａｍｏｕｎｔｏｆｇｌａｓｓｗａｓａｌｍｏｓｔｔｈｅｓａｍｅａｓｔｈａｔｏｆａｌｕｍｉｎｕｍ，whichisaductile 
material，whilethefbnnerwas50timesgreaterthanthelatterwithal271mlabrasive,This 
resultalsovalidatedthat，withasmall-sizedabrasiIve，notbrittlcfacmrebutductilefacmre 

occurredevenonabrittlematerial,sincetheremovalamountbyductile丘ａｃｍｒｅｉｓｍｕｃｈｓｍａＵｅｒ
ｔｈａｎｔｈａｔｂｙｂｒｉttlehacmre、Thisphenomenonisreferredtoastllebrittle-ductiletransition，
whichcanbeseeninothermachiningfIeldssuchascuttingandgrinding、A1thoughllle
machinmgratedecreaseswiththeocculrenceoftransition，theroughnessofmachinedsurfaces 

improvesandhighmachiningaccuraｃｙｃａｎｂｅｏｂｔａｍｅｄ． 

m誠職鰡蝋鯛蹴揺錨雛:難:鱒Jli:111h，;雛醗i鵲{鯛H麓
andthevelocitywithwhichparticlesstrikeworkpiecesisverylowbecaｕｓｅｏｆｔｈｅｓｍａU 
vibrationamplitudeResultsthatconfirmthisassumptionwillbeprovidedinthenextsection 

ＳＶＥＩＲＩＦＩＣＡＴＩＯＮＯＦＢＩＵＴＩＬＥ－ＤＵＣＴｍＬＥＴＲＡＮＳＩＴＩＯＮ 

３．１ＳＥＭＯｂｓｅｒｖ窟ｉｉｏｎｏｆＭＦｌｃｈｍｅｄＳｕｒ歯ces

ltisusefiJ1toobserveworkpiecesurfacesaftermachininginordertoseewhetherbrittle 
hnctureorductile丘acmreoccurredTheobservatiollheｒｅｗａｓｃａｌＴｉｅｄｏｕｔｕｓｉｎｇａＳＥＭ・Figure

Zshowsasurfaceofglassmachinedwitha501mlsiliconcarbideabrasiveusingconventional 
USMSharpedges,whicharetypicalofbrittlehacmre,canbeseenonthesurfhce 

However,ａｓｃａｎｂｅｓｅｅｎｉｎＦｉｇ３,asurfaceofglassmachinedusmgMUSMwitha０．２１Im 
diamondabrasivedoesnotshowanysharpedges,butmsteadshowswavepatternsThisresult 
impliesthatthebrittle-ductilelransitionoccurred，ｗｈｅｒｅｔｈｅｂｒｉｔｔｌｅｈａｃｍｒｅｉｓｎｏｔｆｂｌｍedand 
onlyductiledefbnnationremamsbecauseOfthesmallabrasiveparticlesize． 
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Fig.２Surfaceofglassmachined 

usingconventionalUSM 

(Abrasive:siliconcarbida501JLm） 

Fig.３SurfaceofglassmachmedusingMUSM 
（Abrasive:diamond,Ｏ２Ｕｍ） 

ThesurfaceroughnessRawasmeasuredfbrthesurfaceinFi９．３usmgascanninglaser 
microscope、Ｉｔｗａｓ丘ｏｍＯ１１ｍｌｔｏＯ５１－Ｌｍ・Thisisslightlyhighconsidermgthｅａｂｒａｓｉｖｅｓｉｚｅｏｆ
Ｏ２Ｕｍ 

3.2ＭａｃｈｍｉｎｇＲａｔｅａｎｄｒｏｏｌＷｅｍＰＲａｔｉｏ 

Ｔｈｅｍａｃｈｍｉｎｇｒａｔｅａｎｄｔｈｅｔｏｏｌｗｅａｒｒａｔioweremvestigatedandcomparedwiththosem 
conventionalUSMHerethemachinmgrateisdeEnedasholedepthpermachiningtimeandthe 
toolwearratioastheratioofthelengllloftoolweartoholedepth・

ＩｎａｓｔｕｄｙｏｎｔｈｅｍａｃｈｍｉｎｇrateandthetoolwearratiomconventionalUSM,itwas 

reportedthatthemachinmgrateofbrittlematerialssuchasglassandsiliconwas20timesthatof 

stainlesssteel,aductilematerial[４１Thetoolwearratioofbrittlematerialswasonly1％ofthat 
ofstainlcsssteeLTheseresuｌｔｓａｒｅｄｕｅｔｏｔｈｅｆａｃｔｔhatbrittle丘acmreremovesmaterialslTmch

fasterthanductile廿acmre

MUSMhowever,hasadifIerenttendencyintennsofthemachmingrateandthetoolwear 

ratlo,asindicatedinFig4・ThemachiningconditionsareshownmTablelThemachmingrate
ofbrittlｅｍａｔｅｒｉａｌｓｉｓｏｎｌｙｌ５－２・OtimesthatofstainlesssteeLThemachmmgratedifIerence
betweenbrittlematerialsandductilematerialsismuchRmnllerlha、thatinconventionalUSM

Thisresultcanbeexplainedbythebrittle-ductiletransitionWiththelransition，evenbrittle 

materialsareremovedbyductile丘acture，ｂｙａｒｅｍｏｖａｌａｍｏｕｎｔｗｈｉｃｈｉｓverysmallcompared
withthatofbrittlehacmre． 
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TablelMachiningconditions 
ToolmaterialPianowire 

Tooldiameter lO5ILm 

Toolfbeddepth３５PLm 
MachiningloadO2-0.4mN 

VibrationamplitudeO8um 
AbrasivcmaterialDjamond 

Abrasiveparticlesizc q2LLm ； 
０ 

GlassSilicmStamlessstscI 

WmlKpicccmaterial 

Fi9.4Machｍｉｎｇｒａｔｅａｎｄｔｏｏｌｗｅａｒｒａｔｉｏ 
ｉｎＭＵＳＭ 
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Ｔｈｅｗｅａｒｒａｔｉｏｏｆｇｌａｓｓａｎｄｓｉｌｉｃｏｎｉｓ５０－９０％orthatofstainlesssteel，whichismuch 

higherthanthatinconventionalUSMThisresultcanalsobeattributedtothebrittle-ductile 
bnnsition・InconventionalUSM，atoolismadeofductilematerialsmordertoavoidtoolwear，
sｉｎｃｅｔｈｅｒｅｍｏｖａｌａｍｍｍｔｏｆｄｕctilematerialsismuchsmallerthanthatofbrittlematerials、

Therefbre,thetoolwearratioofbrittlematerialsisverysmallinconventionalUSM・However，
whenthebrittle-ductilelransitionoccurs，theremovalamountofbrittlematerialsmarkedly 
decreasesandthediH1sTencemtheremovalamountsofbrittlematerialsandductilematerials 

becomessmall,leadmgtothehightoolwearratioofbrittlematerialsinMUSM 

3.3ParticleApproachAngle 

Figure5showsthematerialremoval/defbrmationmechanisminductilemodewhenan 
abrasiveparticlestrikesatargetsurftice・Ifaparticlcapproachesatashallowangletothe
surfHce,ａｓｉｎＦｉｇ５（１）,itremovesapartofthesurfncebyacuttingactiolLInFig5(2),a 
particleverticanystrikingthesurfacecausesaductiledefbrmatioｎｏｎｉｔａｔｉｍｐａｃｔＴｈｅｓｕｒｆａｃｅ 
ｉｓｏｎｌｙｄefblmedandnotremovedbythisaction、However，apreviousexperimentonerosion
hasshownthatitisremovedwhenabrasiveparticlesapproachatarightangle[5］Thiscanbe 

explainedasfbllows:aparticleatimpactmakesadefbnnationonthesurfhceThedefbnnedpart 
isneitherflatnorverticaltothedirectionhomwhichotherparticlesapproach・Therefbrc,when
anotherpalticlestrikesthepart,ｓｏｍｅａｍｏｕｎｔｉｓｒｅｍｏｖｅｄｂｙｔｈｅｃｕｔｔｍｇaction． 

Abrasivcparticle 

Target 

(1)Cutting (2)Defblmation 

Fig､５Matenalremoval/defbrmationmechanisminductilemode 

A1thoughductilehPactureisdominａｎｔｉｎｔｈｅｒｅｍｏｖａｌｍｅｃｈａｎｉｓｍｉｎＭＵＳＭ，amachined 

surftlcehaswavepatterns，ａｓｉｎｄｉｃａｔｅｄｉｎＦｉｇ３，ａｎｄｉｓｎｏｔａｓｓｍｏｏｌｈａｓａｌａｐｐｅｄｏｒｐｏｌished 
surfaceFurthennore,tllesurfaceroughnessisslightlyhighfbrtheabrasivesize・Theseresults

canbeatlributedtolhefacｔｔｈａｔｉｎＭＵＳＭ，abrasiveparticlesstrikeaworkpiecesurfaceata 
rightangletoit,notatashallowangle,asinlappingorpolishing,leavingmanydefbnnedparts 
onit・Consideringthis，itispossiblethatiftheparticleapproachangleismadeshallow，a
machinedsurfacewillbesmootheveｎｉｎＭＵＳＭＡｎｅxperimentwascarriedoutmorderto 

verifytllisassumptiolLFigure6（１）describestheprocessThetooltipisaflatsurfacewithan 
mclinationof45degreestotlletoolaxis,lettingabrasiveparticlesapproachat45degrecstothc 
surfaceAO21Lnldiamondabrasivewasusedfbrtheslurry・Figure6(2)isthephotographofthe
machinedSurface，whichismuchsmootllerthaｎｔｈｅｓｕｒｆａｃｅｓｈｏｗｎｉｎＦｉｇ、３．Thisresult

mdicatesthatcuttingwasmoredominantthandefbrmation． 

４ＣＯＮＣＬＵＳＩＯＮ 

ThematerialremovalmechnTliRminMUSMwasstudiedPreviousresearchonerosion 

suggestedlhatlhebrittle-ductiletransitionoccurswithamechanismbasedonductile台acture
Thisassumptionwasinvestigatedandthefbllowingevidencesthatsupportitwerefbund． 
（１）Nosharpedgescausedbybrittlehacmreareobservedonamachinedsurface 
(2)Ｔｈｅｄｉ錠renceinthemachinmgratesofbrittlematerialsandductilcmaterialsismuch

RmallerthanthatinconventｉｏｎａｌＵＳＭ． 
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(1)Tooltipisaflatsurfacewithinclinationof 

45degreestotoolaxis 

(2)Machinedsurface 

Fig.６Experimentwith45-degreeparticleapproachangle 
（Abrasive:diamond,Ｏ２Ｕｍ） 

(3)ThetoolwearratioofbrittlematerialsismuchlargerlhanthatmconventionalUSM 

(4)Withanabrasiveparticleapproachangleof45degrees,thewolkpiecesurfacewasmachmed 
smoothasmlappmgorpolishing・
ＯｎｔｈｅｂａｓｉｓｏｆｔｈｅｓｅｒｅｓｕｌｔｓｗｅｃａｎｃoncludetllatthematerialremovalmechaniRmin 

MUSMisbasedonductilehacmre,ｎｏｔｏｎｂｒｉｔｔｌｅ丘acmreasinconventionalUSM
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