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Abstract:AninnovativemethodcalledsemiＧcontinuousequalＧchannelangularextrusion(SCＧECAE)hasbeendevelＧ
opedtoproduceultrafinegrainedsteelbyinducingsevereplasticdeformation．Incontrasttotheexternalforcesthat
areexertedonspecimensintraditionalECAE,thedrivingforcesareappliedonthediesinthenovelSCＧEACE
process．CommercialinterstitialＧfreesteelsheetswithwidthof１６０mmandthicknessof２mm wereprocessedreＧ
peatedlytovariouspassesatroomtemperatureusingthismethod．Themicrostructuralevolutionwascharacterized
usinghighＧresolutionelectronbackscatterdiffraction(EBSD),andthemechanicalpropertieswereinvestigatedby
tensiletesting．TheEBSDimagesindicatedthatthefractionofhighＧangleboundaries(HABs)begantoincrease
graduallyafterfourpasses;aftersixpasses,elongatedHABstructureswithnearlysubmicronＧscaleaveragespacings
wereformed．ThetensiletestingresultsshowedthatstrengtheningwasaccompaniedbyadecreaseintensileductiliＧ
ty,butnosignificantanisotropywasobserved．After１０passes,afinalHABfractionofabout９０％ andanoverall
grainsizeof０５５μm,yieldstrengthof６３８７MPa,anultimatetensilestrength(UTS)of７１０３MPa,andatotal
elongationof１２０％ wereobtained．
Keywords:severeplasticdeformation;semiＧcontinuousequalＧchannelangularextrusion;IFsteel;ultrafinegrained
structure;EBSD

　　Grainrefinementisoneofthemostbasicand
important methodsfor microstructuralcontrolin
metallicmaterials．Theresearchboominsevereplastic
deformation (SPD)techniqueshasbeenprevalent
formanyyearsbecauseoftheabilityofthesemethＧ
odstoproduceultrafine microstructuresandeven
nanoscale microstructures．SPDtechniquesinclude
equalＧchannelangularpress (ECAP)[１,２]orequalＧ
channelangularextrusion(ECAE)[３],highＧpressure
torsion[４],accumulativerollbonding[５,６],andasymＧ
metricrolling[７]．Thesemethodsarealsoattractive
inthesteelindustry,andmanyattemptstointroＧ
duceSPD methods,suchascontinuousconstrained
stripshearing[８]andECAPＧconform[９]andcontinuＧ
ousfrictionalangularextrusion[１０],tosteelproducＧ
tionhavebeenmade[１１,１２]．However,thepotentialof
thesetechniquesisstillbeingexplored,andsome
disadvantagessuchaslimitedscalability,highscrap
rate,highloadrequirement,andlow productivity
remainchallenging．Asoneofthenovelmethodsbased

onSPD,semiＧcontinuousequalＧchannelangularexＧ
trusion(SCＧECAE)incorporatesECAEtoachieve
severedeformation[１３],whileallowingtheeasyproＧ
cessingoflargespecimensbyexertingtheexternal
forcesonthediesinsteadofonthespecimens．The
main benefits of SCＧECAE areitscapabilityto
processlargematerialstovariousextents,highproＧ
ductivity,low scraprate,andreducedextrusion
forcerequirement．Themainobjectiveofthepresent
investigationistorefinethemicrostructureandimＧ
provethe mechanicalpropertiesofinterstitialＧfree
steelusingSCＧECAE．

１　Experimental
　　TheprincipleoftheSCＧECAEmethodisshown
inFig１．Thefirstextrusionchanneliscomposedof
DieAandPlaneC,andthesecondchannelismade
upofDieAandDieB．Thesecondchanneliskept
shorterthanthefirstonetoreducetheresistanceto
thespecimenexertedthroughthesecondchannel．The



Fig１　SchematicofSCＧECAE

contactsurfacebetweenDieAandthespecimenis
groundassmoothaspossibletoreducethefriction;
incontrast,thecontactsurfacebetweenPlaneCand
thespecimenisrough．Theprocessisasfollows．
First,thespecimenisfedtotheinitialpositionin
thefirstchannelandheldinplacebytheforceNexＧ
ertedonDieA．Second,DieBismovedbyforceP
fromPositionXtoY,whichisdefinedasstepΔs．
Under this condition,the specimen is pushed
throughtheextrusionangleΦanditentersthesecＧ
ondchannel,coveringthedistanceΔs．Third,the
forcesNandParereleased,allowingDieAandDie
Btoreturntotheirinitialpositions．Subsequently,
theaboveprocessisrepeateduntiltheentirespeciＧ
menhasgonethroughtheextrusionangle,whichis
calledonepass．Thespecimenisprocessedthrough
variousaccumulativepasseswiththeorientationreＧ
mainingconstantthroughout．Theadvantageofthis
methodisthatseveraltypesofforcesactonthedies
insteadofthespecimen．Thus,itiseasiertoapply
eachforce,allowingthespecimensizerestrictionsto
beloosened．ThiscangreatlyenhancetheworkabiliＧ
ty,inparticularfortheprocessingofsheets．Thus,
SCＧECAEcanpotentiallymeettherequirementsfor
practicalapplications．
　　ApilotSCＧECAEsetupwasrecentlyestablishedfor
thepresentinvestigation．CommercialinterstitialＧfree
(IF)steelsheetswiththicknessof２mm,widthof
１６０mm,andlengthof１０００mm wereusedforthe
SCＧECAEprocessing．Thechemicalcompositionof
theinvestigated materialisgiveninTable１．The
materialwascoldrolledandannealedat８２０ ℃for
４０min,givingafullyrecrystallizedstartingmicroＧ
structurewithanaveragegrainsizeof２４μm．DeＧ
formationwasconductedatroomtemperaturewith
arateof００１m/s;thedetailedparametersareshown
inTable２．Thesheetswereprocessedtovarying
numbersofaccumulativepasses(upto１０),givinga
maximumequivalenttruestrainof４８,withthesheet

orientationremainingconstantthroughout．PlaneC
wasmechanicallyroughenedtoenhancefriction,and
anMS２spraywasemployedtolubricatetheinterＧ
facebetweenthespecimenandDieA．ThedeformaＧ
tionstructuresoftheSCＧECAEＧprocessedsheets
wereexaminedbyFEGＧSEM equipped withhighＧ
resolutionelectronbackscatterdiffraction (EBSD)
onthetransversedirection (TD)planeafter meＧ
chanicalpolishingandelectropolishing．TheEBSD
datawereanalyzedusing HKLＧChannel５software．
ThemechanicalpropertiesweretestedbyaZwick
Z１００tensiletester．

　 　Table１　Compositionsofthematerial　 　mass％

C Si Mn P S Cr＋Ni＋Mo

０００１４ ０００６ ０１３４ ≤００２０ ≤０００５ ≤００１

Table２　ParametersofSCＧECAEprocess

Passnumber ２ ４ ６ １０

P/kN ３５０ ４２０ ４３０ ４８０
N/kN ５５０ ６５０ ７００ ７５０

２　ResultsandDiscussion

２１　Microstructuralevolution
　　AsshownintheSEMimagesinFig２,themiＧ
crostructuralrefinementgenerallyintensifieswithinＧ
creasingthenumberofdeformationpasses．SevereplasＧ
ticdeformation,whichwasessentiallycausedbysimＧ
pleshear,wasfoundinanarrowregionalongtheinＧ
tersectionalplaneofthetwoextrusionchannels(reＧ
ferredtohereafterasthedieshearplane)afterevery
pass．Inaddition,thestressesontheTDplanesof
thedeformationstructuresobtainedfromthesamＧ
plesprocessedtoalllevelsofstrainwerereasonably
uniformovertheentirecrossＧsectionsofthespecimens．
　　AsshowninFig２(a),theinitialequiaxialgrains
beganelongatingaftertwopasses．Inthefollowing
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