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＼Vithrandomorien（ationinthevicinltyOfgrainboundaries，inhomogcneousEydefomIedreg‡OnS．Ontheotherhand，iltthetaters【ztgeofstalic  
recrystallizalion，neWgrainsformedfroIr）thereglOnSSufferedfromrelELtivelyhoIT10gerleOuSdefolmalion．A＝11isstage，111Cmaincomponent  
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InpreviousexperimentalworksonSRX，rO11ingwasusu－  
allyusedascoldwol■kingprlOl－tOtheannealing，However，  
COldrollingdevelopstheso－C壬I11edrollingtexturehavingon  
Ofthemチincomponent（123）（634）5）characterizedbyboth  

preferentla11yorientedrollingplaneandro11ingdirection，SO  
therezLrisesapossibilitythattheorientationdistributionof  
newgrainsvariesfromthatofiniti壬111ynucleatedgrainsbe－  
CauSeOfthepreferentiaIgl■aingrowthintherollingrtextured  
matrix．lnthisstudy，therefore，uniaxialcompressionwas  
usedascoldworking；itdevelopstheso－Calledfrbertextul■e  
butanyorjentedlleWgrainswouldnotbeinaspeciaIrela－  
tionshipofpreferentialgrowthtothe伝beトteXtul■edmatrix・   

Thepl■eSentauthorshaveconsideredthatthecharacteriza～  
tiollOfboththemicrostructureandcl‘yStalorientationisnec＋  
essal’yforunderstandingtheprocessofmicrostI■uCturefol‘ma－  
tiondul▲ingrecl▲yStallization・2，3）Thepurposeofthisworkisto  
understandthepl■OCeSSOfSRXinarangeofprlmaryreCryS－  
tallization and make clear the di仔el・enCe between SRX and  

DRXfromamicrostruCturalviewpoInt．   

2．Rxpel■imentalI〉rocedtlre  

Purenickelof99．9mELSS％purlty WaS uSed fol■the test．  
Cylindricalspecimenswithadiameterof8mmandaheight  
of12mmwerelTlaChinedn・OmaCOlddrawnl・Odandannealed  

atlO73Kfol■3，6ks．The aveI■age gl－ain size afterthe an－  
nealingwas80トLm．Uniaxialcompression testswel■eCOn－  
ductedatI‘00mtemPerature（293K）underatruestrainrateof  

l・0×10M3sMluptodesiredstrains・Annealingofcompressed  

SPeCimenswel－eCarl－iedoutinasaltbath（CaC1246，NaC1  
54inmass％）atatemperatureof905Kforvariousperiods  
（10s，】5s，20s，30s，60s，0．3ks，0．6ks，l．8ks，3．6ks，7．2ks  
and28，8ks）．Aftel■annealing，thespecimenswel■edl－OPped   

1．Introduction  

Staticrecl’yStallization（hel■eaftel’abbreviatedasSRX）alld  

dynamicl■eCryStallizatioll（DRX）inmetalsarede伝nedasthe  
recrystallizationoccul■1’lngduringannealingafterplasticde－  
formationandduringhightemperaturedeformation，reSpeCH  
tively．AlthoughSRXand DRXaresimilal■phenomenain  
aviewpolntthatthenewgrainsarefol■medinthedefol’med  
lllatrix，Onlyafewwol■kshavebeendonetoknowthedif－  
ferenceinthemicrostructureformationpl‘OCeSSinSRXand  
DRX，thatis theeffectofsimultaneousdeformEttion on the  
microstructureformatioll．1）   

ThemechanismofnewgrainformationunderDRXthatoc－  
CurSduringhightemperatul－e，uniaxialcompl■eSSionofpoly－  
CrySta11inepurenickelhasbeenexaminedbythepresentau－  
thorsL2・3）Itwasfoundthatnewgl・ainsforminthevicinityof  
grainboundaries，Wherethedeformationisinhomogeneous，  
With random orientation thl■Oughout the whole process of  
DRXinadeformationconditionoflowtemperatしtreandhigh  
Strainrate．ForSRX，Ontheothel－hand，ithasbeenl－ePOrted  
thatthenucleationsiteofnewgrains4）andalsotheI▲eCryS－  
［allizationtexture5）changewiththedegreeofcoldworking  
befDrereCryStallizationannealing．However，mOS［ofworks  
OnSRXwel■edoneforaratherlargeprestl－ain．Forundel’N  
Standingthedifferenceinthemicl‘OStl－uCtt11‘efoI‘mationpl－0－  

CeSSbetweenDRXandSRX，aneXPerimentonSRXafterde－  
forlllationtoaslnallel■Stl■ainthatnearlyequalstheinitiation  
StrainofDRX，i，e．aboutl．OintrueStrainorless，isdesired，  
thoughsuchworksarefew．  

＊1ThisPaperwasOriginallyPublisl－CdinJ・JapanIns【・Metats66（2002）   
40－－45．  

＊2Gl・aduilleSludel－t，Ⅶkollam乙1NこItiona【Ullivers】【y・PresentこIddl・eSS＝Ⅰ】－－   

StituteofIrldustl■ialSciellCe，TlleUl－iversllyofTbkyo・Tbkyo153－8505，  
J乙1p乙1n・  
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takenasacl・iticalva】uefordistinguishingl－eCl－yStallizedand  
unrecrysta11izedgl■ains・   

3．ExperimentalResults   

3．1ChangesinmicroNVicker5hardnessandmicrostruc・  
tureduringstaticrecrystallization   

FigLu・e2showsachangeinthemicro－Vickel・Shardness  
withannealingat905Kaftercompl－eSSionatroomtempera一  

intowatel・forquenchingthemicrostruCture・Aftel’thetests，  
midwplanesectionsofthespecimenswel■epreparedbyme－  
chanicalpolishingL MicrostructurewfLSObservedbyoptlCaI  
microscopyandSEMafterchemjca】etchingL Measurement  
ofVickel・ShELrdnesswasalsoconductedonthemid－Planesec－  
tions．   

Tbxturemeasurementwaspe1ibrmedonthemid－Planesec－  
tions by theSchulz－l’eflection methoduslng nickel別tered  
Cu－Kc”・adiation．ThedifFractedX－1■aylntenSitiesweremea－  
suredonl11，200and220ref】ectionsand＝＝け（200）and  
（220）polefigul’eSWereCOnStruCted・Basedonthesethree  
poleligures，anODF（orientationdistI■ibutionfunction）was  
calculatedbytheDahms－Bungemethod・6）Themaincompo－  
nentandtlleShal・PneSSOfthetextureweredeterminedn・01n  
inversepole色guresdel‾ivedfrollltheODF・   
OrientationmeasurementsbyEBSPtechniqueweredone  

atintervalsof2LLm，andminirnumrotationanglesObetween  
neighboringpolntSOfmeasurementwel‘eCalculated・WhenO  
isbetween5Oand120，itwasjudgedthata］owanglebound－  
al▲yeXistsbetweenthetwopolntSLWhenOislargel■than12O，  
theboLlndary wasde蝕1edasahighanglegl－ain boundary・  
FiguresofhighEtnglegrainboundariesweredrawnfromre－  
sultsoftheabovementionedorientationmeasurements．The  

甫guresarecalled‖grainstructuI・emicrographs”irlthepresent  
paper．ThelowerlimitofOforahighangleboundal’ies（12Q）  
waschosensincethegrainstructuremicrographwellcoin－  
CideswiththemicrographobtainedbyoptlCalmicl’OSCOPyand  
SEM．   

Recrystallizedgrains and unrecl■yStallizedgrELins can be  
distinguishedfromtheirsizeattheearlystageofSRX；the  
formerissmallerthallthelatter，AtthelaterstageofSRX，  
however，thel■eCryStallizedgrainsmaypossiblybelargerthan  
theunrecrystallizedgrainsbecauseofthemlgrationofgl‘ain  
boundariesofrecrystallizedgrainsintothesurrounding，unr  
recrystallizedl‘eglOnLInthiscase，bothkindsofgrainscannot  
bedistinguishedonlyfromtheil－Size・Concemlngthemis－  
orientationdistributionwithinthegl■ains，howevel－，itshould  
bealwayslargerintheunrecrystallizedgrainsbecauseofa  
higherdensltyOfdislocationsirltrOducedduringcoldwork－  
1ng，eVenthoughthedislocationstructul■ehasbeenthermally  
recovered．Inthisstudy，therefore，reCl、yStallizedgrainsand  
unrecl・yStallizedgrainsweredistinguishednotolllyfromthe  
rnicrostructurebutalsofromtheavel－agemisorierltation・   

Theavel・agemisorientationwasde蝕一edasEtnaVer壬Igeangle  
ofmisol・ientationbetweentheneighboringtwopotntsoforト  
entationmeasul・ementinonegl’ain，FigurelisahistogI‘am  
ShowlngarelationshipbetweentheaveragemisorientatioJl  
（abscissEL）anditsfrequencyrepresentedbytheareafraction  
Ofgrains（ordinate），SpecimensweredeformedatI■00mtemM  
PeratureuPtOatrueStrainof－0・66（Fig・J（a））andthenfully  
annealedat905KfDr7．2ksfo］－thecompletionofprlmaryre－  
crystallization（Fig．1（b））・InFig・1（a），theareafl－aCtionof  

grainstakesamaximuminthemisorientationbetween2・4O  
and2．80arldthemisorientationminimumisinbetweenl．6O  

and2．OO．InFig．1（b），Ontheotherhand，theal■eafractionof  
grainstakesamaximuminthemisorientationbetweenO・40  
andO．8E）andthemisorientationmaximumisinbetweenl．2O  

andl．60．Fur［her，itcanbeseeninFig．1（b）thatmoI■eth壬In  
99％oftherecrystallizedgrainstakesthemisorienta［ionless  
thanl，20．Therefore，thevalueofmisol‾ientationofl．2OwELS  
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Ofrecl・yStallizedgrainsattheearlystageofSRXisalmostat  
random．   

Figure6（a）isthegrainstruCturemicrographforthemi－  
crostructureafter60sannealing（Fig．3（c））atthelaterstageof  
SRX．Althoughtheunrecrystallizedgrains（darkarea）stillre－  
main，mOStOftheareahasbeenoccupiedbytherecrystallized  
gmins（whitearea）．AsattheearlystageofSRX，almostallof  
thegrainboundariesbetweenrecrystallizedandunrecrystal，  
lizedgrainsarehighangleboundaries，andtherearemany∑3  
coincidenceboundariesbetweenrecrystal1izedgrainsL The  
crystalorientationofrecrystallizedgrainsisshowninFig・  
6（b）intheformofinversepole丘gure．ThevalueofPMAX  
isagalnnOtSOhigh，Onlyl・7timesofthelevelforrandom  
ol・ientation．IncontrasttoFig．5（b），however，theposition  
ofPMAXisin（011）．Inotherwords，neWlyformedgrains  
have（011）orientationbutconstructhighangleboundaries  
withunrecrystallizedgrains．Therefore，itmaybereasonably  
consideredthat，atthelaterstageofSRX（primaryrecrystal－  
1ization），neWgrainsdevelopbythegrowthofsmallregion  
withintheunrecrystallizedgrains，aCCOmPanylngtherotation  
around［011］axis．   

4．DiscussioI1   

4．1I）ifferencein the recrysta11ization processes after  
rolling and compression 

TbxtureformationduringSRXhasmainlybeenstudiedaf，  
terrolling，nOtaf［ercompressivedeformation，PrObablyfor  
thepracticalinterestinthemechanismofcubetextureforma－  
tion，Itisknownatpresentfornickelthatthesharpcube  
texture（001）（100〉develops during annealingafterheavy  
rolling（rollingl－ate＝88L9％），butthedefol－mationtexturere－  

mainsintherecl・yStallizedstructLtl‘eafterlightrolling（30・6  
and64．7％）．5）   

Althoughthemechanismofcubetextureformationisstill  
underdiscussion，itis usually considered thatthe areaof  
cubeol▲ientationgrowsencI‘OaChinguponthedeformedma－  
trixoftheSorientation（123†〈634）thatisoneofthemaill  
componentsoftherollingtexture・Tnthiscase，theorienta－  
tionofrecrystallizedareaandthatofdeformedmatrixare  
inarelationshipoffavol’1nggrOWthaccompanylng400rota－  
tionaroundthecommon〈111〉axis（hereafterwrittenas“40O  
（111〉払voringgrowth”）．Thisl－elationshiphasbeenl■ePOrted  
toholdnotonlyfortheunidirectionalrollingbutalsoforthe  
compressionro11ing・7）   

On the other hand，in contrast to the SRX texture after  
rolling（cubetexture），themaincomponentoftheSRXtexM  
tul▲eafteruniaxialcompressionisthesameasthatofdefol－－  
mationtexture（011）．Inaddition，ithasbeenreported5）that，  
evenafterrolling，thedeformationtexturestillremainsinthe  
fu11ySRXedstructureiftherollingl・ateislow・TherefoI・e，On  
mightarguethatnochangeinthemaincomponentoftexture  
（011）duringSRXafteruniaxialcompression（Figs・4（d）and  
6（b））isascribedtoarathersmallcompressivestrainof－0・66  
Whichcorrespondsto48％inthero11ingrate・   
Tbanswerthisquestion，theSRXtexturewasexamined  

aftercompressionuptoalargerstrainof¶1・7thatcorre－  
spondstotherollingrateof82％・Inversepolefigurestaken  
beforeandaftertheannealingat905Kfor3・6ksareglVenin  
Figs．7（a）and（b），l‘eSPeCtively・ThevalueofPMAXis5・6   

011001   

PMAX＝4．6at（45，0）  PMAX＝3・9at（45，0）  

了11  

（C）  

011001   

PMAX＝2．3at（45，0）  PMAX＝2．Oat（45，0）  

00  

（e）  

001  011  010   

Fig，4lnversepolellgurCSSllOW】ngthedis［ributiollOfpoledensitiesoFthe   
compressiorlplane．TlleaVeragedcnsitiesareused之1SLEnits・Thecornpre5L   
sionwascarriedou【atrOOmlemperatureuptoatruestrainofc＝－0・66  
（a）．AfterthecompressiorL，theannealingwasconduc［edatT＝905Kfor  
（b）／＝15s，（C）1＝60sand（d）1＝7．2ks．TllepOSiLiorLOfmaxilr）u［n   
poledensity（α，β）isgivel－beloweachrlgUre・ThedefinitiorLOFanglesα   
andβisgivenin（e），  

3．3 Changeintheorientationdistributiomofrecrystal－   
1izedgrainswiththeprogressofSRX   

Figure5（a）showsthegl■ainstructuremicrogl■aphforthe  
microstruCture developed during annealing fol－15s（Fig・  
3（b）），thatisattheearlystageofSRX．Inthefigure，thinlines  
arehighanglegl－ainboundaries（0≧120）andthicklinesare  
∑3coirlCidencegminboundaries（twinboundaries）・Recrys－  
ta11izedgrainsandunrecrystallizedgrainsarerepresentedby  
whiteanddarkareas，reSpeCtively．Almostallofthegrain  
boundariesbetweenrecrystallizedgrainsandunrecrystallized  
OneSarehighangleboundaries・InthecasethatlLeCryStallized  
gminsmutuallyadjoin，aboutahalfofthegrainboundaries  
betweenthemare∑3coincidencegrairlboundariesL Figure  
5（b）showsthecrystalol‘ientationofrecrysta11izedgrainsin  
theformofinversepolefigureinwhichtheaveragedensities  
areusedasunits．ThepositionofPMAXdispersesaround  
theorientationof17Oawayfl－Om（001）to（O11），andthevalu  
ofPMAXisonlyl．5timesofthelevelfortherandomori－  
entationdistribution，Thesemayindicatethattheorientation  
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PMAX＝1・5at（17，0）  
100トLm  ［：：コRecrysta‖izedGrain  

UnrecrystallizedGrain   

Fig▲5 Grains11■uCtUre－－－icrograptl，COnStrllC【edbyEBSIミa■－＝ealedil仁r＝＝905Kl’0】・′＝】5s乙1rte】・CO‖11）1・eSSiollatrOOl111e】111）el一之Ilul▼el11】  

toil（rueS【rair）OFg＝－0・66（ll）and（1－einversepoLef］gurCOrrCCrySLallizc（［gminsnucLeilredbythe（inle（b）．  
boundary．ヰ：lwinboun血ry．  

：higll之l】lgl巳  

001  

PMAX＝1．7at（45，0）  

160um  ［二］Recrysta＝zedGrain  

UnrecrystallizedGrain  

Fig・6 GrainsLrucLurel－1icrogl・叩h，COnStruCLcdbyEBSP，al－11e乙11edatT＝905Klbr（＝6OsilrterCO］一IPreSSio［”［roo川【e－nPCralurCuP   
toa11◆uestr21iz10fE＝rO・66（a）andthei・一VerSePO）eflgUrCOrreCryStal］izedgr；linsr）lZCLeil【edbytllCtime（b）．＋＝higLl乙1ng）e  
boundary・一皿：【whboun（1ary．  

intheas－defol・medstateanddecreasesto2・9bytheanneal－  
ing・However，thepositionofPMAXremainsin（011）during  
SRX・Thisindicatesthat，incontrasttothecaseofro11ing，  
therelationshipof400（111〉hvoringgl‘OWthdoesnotholdin  
theSRXafteruniaxialcompression・lnotherwords，nOPl・e－  
ferredlyorientedgraingrowthoccursbecausethefibertex－  
tureformedbyuniaxialcompressionhasvariousorientations  
inthedirectionsmakillgarightangletothecompl・eSSiveaxis  
［0‖］．Hence，theexaminationofSRXELfterLmiaxialcom－  
pressionmaybeusefulforundel－Standingthenatureofnew  

gl－ainねrmationinthedefol－medmatI’ix．   

4.2 Process of static recrystallization 
Theformationofnewgrainsin SRXis known to occul－  

Prefel－entiallyinthel’eglOrlSOfinhomogeneousdeformation  
SuChasthevicinltyOfgl■ainboundal’ies，deformationbands  
and／orsheal・bands・4）Infact，aftercompressiol－uPtO－0・66  
intrueStraln，neWgrainswerefoundintlleVicimtyofini－  
tialgrainboundariesasseeninFigs．3（b）and5（a）．Atthe  
PreSentStage，［hemicrostl■uCtuI‘eeVOlutionandtexturedeveト   
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gI・ainsfol・meddLu－jngDRXinNi3A18）suppol・【stheconcept  
mentionedabove．  

5．Conclusions  

rrbundel・StalldtheprocessofsLaticrecrysta11ization（SRX），  
polycrystallinepurenickelwasdeformedintlniaxialcom－  
pl・eSSion atroom temperatureand then annealed at905K  
fo＝eCl・yStallization・Microstructul・eS atVarious stages of  
SRX wereobserved byoptlCalmicroscopy andSEM，；tnd  
theorjentationdistributionofgrainswasexaminedbytex－  
turemeasurementandEBSPtechnique．Resultsobtainedfor  
SRXwerecomparedwiththepreviotlSlyobtainedresultsfol・  
DRX．3）MELinconclusionsal・eSurnmarizedasfollows．  

（l）InSRXafteruniaxialcompression，therelationshipof  
400（111）favoringgl・OWthdoesnotholdbetweentheoJ‘ienta－  
tionsofdeformedmatrixandrecrystallizedal■ea，incontrEISt  
tothecaseofpJ・e－deformationbyro］ling・Thismaybedue  
toafactthatthepreferredlyol－ientedgraingrowthdoesnot  
occurbecausetlle伝bertexturefol’medbytheuniaxialcom－  
pressionhasv壬Iriousorientationsinthedil・eCtiol－Sthatmakea  
rightatlgletothecompl－eSSiveaxis［0111L  

（2）AttheearlysLageofSRX，theorientationdistl■ibution  
ofnewgminsisatrandom．Atthelatersrage，however，the  
maincomponentofnewgl－ainstakes（011），thoughthetex－  
tureitselfisweak．Thesephenomenacanbeunderstood丘om  
afactthatnewgrainsnucleateinthevicinltyOfinitialgl■ain  
boundarieswherethedeformationisinhomogeneousatthe  
earlystage，buttheynucleateinthereglOnSOfl－elativelyho－  
mogeneousdeformation，namelyinthegl▼aininterior，atthe  
laterstage．  
（3）IncontrasttoSRX，neWgrainsfLIwaysnucleatewi［h  

l・andomorientationinDRX，ThismfLybeduetoafactthat，  
duringconculTentdeformation｝inholnOgeneOuS］ydeft）1・med  
reglOnSCOntinuetodevelopinthevicinltyOfgrainboundaries  
oflleWlyformedgl・ainsandnewgI・ainsnucleateinsuccessiol－  
inthesereglOnS，l・eSultingintherandomoriel－tationofnew  
grains．   
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PMAX＝5．6at（45，0）  PMAX＝2．9at（45，0）  

Fig・7lnvel・SepOlengure5S】10Wlngthedistribし1【io】10rPOl巳de】－Si【iesol◆t】－e   

co】】1PreSSioElpJlmC．Thccompressio］一W之ISCilrriedoutatroo【11te】叩eraLure   

up10atl■し1e5trilinofg＝一1■7（a）・Ar【ercol－－preSSion，tlleanl】Ca】j】1gWi15   

co】1（lucledatr＝905KforJ＝3．6ks（b），  

OPmen［duringSRXinnickelcanbeul－derstoodsummarily  
asf81lows．   

ThedeformationintlleVicinltyOfgrainboundariesises－  
Sentiallyinhomogeneousbecauseoftheplasticconstraintdue  
togl・ainboundaries；mOL－eSlipsystemsareactivatedandlocal  
dislocationdensitybecomeshighercompa．■edtothei11teriol－  
ofgl・ains・Therefore，attheeal・1ystageofSRX，neWgrainsI一し1－  

cleatewithrandomorientationinthevicinltyOfinitialgrain  
boundaries．InthesLlbsequentgrowthofnewgl■ains，twinning  
occursinsuccessiondLu’inggl■ainboundarymlgration，aSeXM  
pectedfromFig．5（a）whereaboutahalfofmutualboundal▲ies  
betweenrecrystallizedgrainsweretwinboundaries・Atthe  
laterstageofSRX，theformationofnewgrainswith（0‖）  
orientationoccursinthereglOnSOfrelativelyhomogeneous  
deformation，thatisinthegl■aininterior．Ofcourse，eVenin  
thegrainillterior，VerySmall，inhomogeneouslydeformedre－  
glOnSmayeXist，andtherluCleaLionofnewgrainswithran－  
domol・ientationmayoccurillthesereglOnS．Howevel－，the  
preferentialgrowthofsuchgrainsmaynotoccurbecausethe  
relationshipof40q（111〉h、′01‘inggl－OW【hdoesnothold・Asa  
result，mOStOfnewgrainshavetheorientationdist］■ibutionof  
（011）thatisthestableorientationforthecompression・Asat  
theearlystageofSRX，tWinnlngOCCurSduI■inggl■aingrowth・  
ThismaybethereasonwhythevalueofPMAXI‘educeswith  
theprogressofSRX，thoughthepositionofPMAXremains  
at（45，0）（Figs．4and7）■   

4．3 Er托ctofconcurremtde鮎rmation on therecrystal・  
1izationbehavior   

LetuscompareheretheprocessofSRXwiththatofdy－  
namicrecrystallization（DRX）thatoccLlrSduringplasticde－  
formation・3）TheformaLionprocessofnewgrainsissimjlal・  
bothinSRXandDRX；neWgl－ainsforminthevicinltyOfini－  
tialgl▲ainboundaries．InthecaseofSRX，ir．homogeneously  
deformed］・eglOnSneargrainboundal・iesare貢1・StCOnSumedby  
thenewgrainformationandfurtherformationofnewgrains  
atthelaterstageoccursintheuniformlydefol■medl－eglOnS，  
thatisinthegraininterior・InthecaseofDRX，howevel－，  
the concul・rent deformation continues to develop theinho－  
mogeneousmicl・OStruCtureinthevicinltyOfnewlyformed  
gl・ains・Therefol・e，theorientationdistributionofthenewly  
nucleatedgrainsisalwaysatrandomevenatthelaterstage  
ofDRX．The result on the orientation distribution ofnew  




