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Abstract

Thegrainboundary丘acturewasinvestigatedforthesimulatedweld

fuwiththevarioussizeofaustemitegrain.TⅣOmethodsofcrackingtests

Wereemployed;theconstantloadandthcconstantextensionalrateofthe

SPeCimen.ThebrmerWaStheordinarycreepruPtureteSt,andthelaterhas

becnnewlyproposedinordertosimulatethephenomenaoffracturcalong

thepnor-auStenitcgrainboundary.ThegralnSizeafftctsthecrack-initiaト

Ingtimeandthefracturemode.Thegrainboundaryfracturewasobserved

attwodifferentcxtensionalrates,thatis,about20andO.02nm/S.The

CraCkingtestwiththeconstantextcnsionalratewasusefu1toexaminethe

grainboundaryembrittlingduringreheating.

K亡yWOds

Grainboundaryfracture,CreepruptureteSting,AustenitegralnSize,Strain

rate,Heat-afftcted-Zone,Deformationofgrainboundary

1.Introduction

ThegrainboundarycrackinglSOneOfseriousproblemsoccurrlngintheheatafftcted

ZOneOfstccIwelds.Typicalcxamplesareknownasthcrcheatcracking[1】,thcunderclad

CraCking【2],thelowductilityCreePfracture[3]andsometypesoftemperembrittlement[4].
ThercareseYeralcommOnnaturCSaSfo1lowings･1)Thecrackpropagatesalongprior-auSten-

itegrainboundariesinthecoarsc-graincdIIAZ.2)Thccrackoccurswhentheweldmentis

rehcatedaftertheweldingtothetemperatureofabout800K･3)Thecrackoccursinthc
Weldmentofthesteelscontainingchromiumandmolybdcnum,anddoesnotoccurinthe

weldmentofthemildsteel.

Thcsecracksseemtobesimilarfromtheviewpointsofappearanceoffracturesu血c-

es.Howevcr,thereisslgni丘cantdi脆renccinthesituationofoccurrlngCraCks.Anunderclad
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CraCkoccursinHAZ,WhentheHAZisreheatedbyasubsequentbeadduringmultipuss

Welding･InthiscaseICraCkinitiatesintheveryshor(timerange･Thereheatcracking,Which

isorigina11ytermedasthestressreliefcracking,OCCurSinthetimerangeof3to30hours,
duringheattreatmentofstressreliefannealing.Thelowductilitycreepfractureoccursinthe

timerangeoflOOOtolOOOOhoursinactualweldedconstruCtions･FurthermOre,SOmetyPeSOf

temperembrittlementarereportedtheyoccurintheverywidetimerangeofltolOOOOhours･

ThesephenomenaareidentifiedrespeCtively,becauseofthedifferenceincrack-initiating

･time.However,allofthesecrackingsareconnectedtotheweakeningthegrainboundariesat
theelevatedtemperature.

ManyteStmethodswereemployedfortheinvestigationsofgrainboundarycracking･

nerehcatcrackingtestshavebeencarriedoutbyreheatingamodelspecimenofactualweld

joint[5].ThemodifiedimplantteStWaSalsoemployedinordertoexaminethestresschange
duringthereheating･Becausethestrain,Whichisthetotal'ofelasticandplasticstrains,iskept

COnStant,thestressapplyingtothespecimenhasbeendecreaslngduringthetest･natis,the

SPeCimenwouldbefracturedwithstressrelaxation･Thistestingconditionwi11beclosely

Similartothatoftheactualweldment.However,itisdi班culttodeterminetheefftctofthe

StreSSOnthecrack-initiatingtimebythesetestingmethod[6].Creeprupturetestsarepe卜
formedwiththeconstantload,Ortheconstantstressontheassumptionthatthecrosssectional

areaofthespeCimenisconstant.Inthecaseofconstantloadtest,theefftctofstressisclearly

de丘ned,however,thedeformlngrateOfthespeCimenwillbelargerthanthatofactualweld-

ment,eSpeCiallyattheendofcrackingtest.Ifthestrainrateisoneofthefactorsaffectingthe

OCCurrenCeOfgrainboundarycrack,theconstantloadingtestwi11beunfavorabletoinves-

tigatethecrackingphenomena･

Tbenewcrackingtestmethodwasemployedinthispapertoinvestigatetheinfluence

Ofthestrainrateontheoccurrenceofgrainboundarycrack･TheloadingdevicecontroIsfor

theextensionalrateofthespecimentokeepconstantduringthetest･Theconditionofthis

methodwi11difftrtoactualweldment,however,itwi11beusefu1fbrobtainingthefundamen-

talinfbrmationaboutthegrainboundaryfracture.
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2.Experimentalprocedurcs

2.11七sthgmacbine

Fig.1showsthetestingmachineusedinthepresentpqper.Thismachinewasforthe

OrdinarycrecpruPturCtCStwithconstantload[7].Theweight(W)suppliesthetensilestressin

aspecimen(S),Whichismultipliedbythefactorof7usingthelever(I.).Thismachinecanbe
usedfbrthecreepruptureteSt,takingoffthecontrollingdevicementionedbelow.

TheleverofthemachinewasequlPpedwiththecontro11ingdevicetothedeformlng

rateofspecimens･Theleverisliftedbythescrewbolt(SV),Whichisfittcdtothesupport
pi11ar(SP).Thereforc,よ1lofthedeadloadoftheweightdocsnotactdirectlytothcspeClmen,

andtheapplyingloadtothespecimenisthedi脆rencebetweenthedeadloadoftheweight
andthefbrceapplyingthescrewbolt.Theloadappliedtothespecimenismeasuredbythe

loadcell(Lq･ThescrewboltwasrevoIvedveryslowlybythewoamgear(WG)drivenby

thesteppingmotor(SM).Therevolutionrateofthemotorwascontrolledbyapersonal
COmPuter.Asthescrewvoltrotatedandloosed,theforceappliedtothescrewdecreased,and

theforc9aPpliedtothespecimenwasincreasedreversely.

Forcontrollingtheextensionalrateofthespecimen,therigidityofthetestmachine

WaSmeaSured.Thedisplacemcntsatfourpointsweremcasuredusingdialgagesatroomtem-

perature,aSShowninFig･1･ThenumberofrevolutionsofthestepplngmOtOrWaS3･47×10-5

rpm.Fig.2(a)showsthedisplacementandtheloadmeasuredbythecell.Thedisplacementof
DGlisproportionaltothetime,howeverthatofDG2i岳notproportionalduetothebending

Ofthelever.TheextensionofthespeCimenwasexpressedbythedifferencebetweenthe

displacementsofDG3andDG4･Thisvaluealsowasnotproportionaltothetime.Fig.2(b)

Showsthedisplacementsagainsttheload.ThecurveSforDGl,DG2andDG3deviatesfrom

theproportionalrelation･ThecurveOftheextensionofthespecimendeviateswhentheloadis

Smallerthanabout600kN.However,aStheloadexceeds800kN,theextensionispropor-

tionaltotheload.ThedeviationhTiththesmallloadwascausedbytheclearancesofthescrew

POrtions.Tbeextensionalrateofthespecimenwereconverted丘■Omtherateofthedisplace-

mentatthepositionofDGl,uSlngtheproportionalratioshowninthis丘gure.
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2.2.Spccimcn

StecIspeCimcnfbrthccrackingtestisshowninFig･1･Itwasmadcfromthcplateof2

1/4Cr-1Mostecl,OfwhichchcmicalcompositionsareshowninTbblel･Thea女isofthe

speCimenwaslaidonthcrollingdircctionofthestecIplate･neSPeCimenhasthecircumftr-

cntialnotchofO･5Ⅱ皿depthinordertosimulatcthestrcssconccntrationofactualweldments･

Strcssconccntrationfhctorisabout3.

ね地Jαe椚icαJco〝甲0∫肋那げ2〃4α-J〟b此eJ
C Si Mn P S Ni Cr Mo Cu As

O.14 0.16 0.56 0.006 0.002 0.03 2.17 0.90 0.01 0.004

TbsimulatcthemicrostructureofHAZ,thesimulatorofweld-thermaトcyclewas

used･Thcspecimenwashcatedwiththeheatingratcof92KhuptoaglVenPeaktempera-

ture･Thepeaktemperaturewaschanged丘om927to1327K･ThetemperatureOfspecimen

waskeptforl,100rlOOsccatthepeaktemperaturefbrchanglngtheaustemitegralnSizeof

thespecimen,andthenrapidlycooledbywaterjet･neumifbrmmicrostruCtureOfHAZwas

madeinthccentralportionof20mmin1cngthofthcspccimen･Thesizeofaustenitegralnis

exprcssedbythetermsofthemcanlinearintcrccptIinthispaper･Fig･3showsthceffectofthe

processingconditionsonthemeanlinearintercept(MLI)ofaustenitegrain･TheMLIis
changedffom2to200LAmWiththeprocesslngCOnditions･TheMLIislinearlyincreased

whenthepeaktemperatureriseswiththeconstantholdingtime･andwhenthelogaritlmofthe

holdingtimeisenlargcd･

3.Rcsultsofthecrackingtests

ThecreepruPtureteStSWereC乱打iedoutwiththeconstantload,takingoffthescrewunit

fbrcontrollingthepositionofthelevcr･Forthistests,thcdcadloadwasdirectlyapplicdtothe

speCimenatroomtemperaturelandheateduptothetcstingtemperaturefbrabouthalfhourby

theelectricfurnaCe･ThetemperatureofthespeCimenwasheldat8730r823K･netimeto

fractureisshowninFig.4(a)and(b)forthctestingtemperaturcsof873and823K,reSpeCtive-
1y･hthis丘gurelthenumbermeanSthelinearinterceptofaustenitegralnOfthespeCimen･
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Thecrackinitiatesintheshorttimefbrthecoarscnedaustenitegrain,forexamPle〉the

Muis126pm･ThetimetofractureisprolongedwiththedecreaslngOftheappliedstress･

ThcMLIisabout50tolOOpmintheactualSMAWweld,andtheinitiatingtimeofthe

rcheatcrackingislto20hours･Therefbrc?thesecracksc弧beclassi鮎dtothereheatcrack-

1ng･ThetimestoffacturcareplottedagainsttheMLIvalueinFig･5･Generally,thetimeis

shortenedwithincreaslngtheMu･ThedependenceonthegralnSizeismorerematkablcwith

thehighstressatlowertcmperature,SuChasthetestsof540MPaat823K･

TheobservationsbySEMcertihdthatthespeCimensfracturedbytheintergranular

mode.Andthereductionareawasaslowasseveralpercentage,independentofontheMLI

valueandthetesttemperature･Thefractionofthegrainboundaryffacturecouldnotbe

detcrminedbytheoxidized丘1monthesu血ce･

Fig･6showstheloadingcurvesobtainedbythecrackingtestwiththcconstantexten-

sionalratebrthethreesizeofaustenitcgralnS･Thetimeisexpressedinlogarithmicscale･At

first,thestresswaszero,andthenincreasedinproportiontothetime,Ofwhichinclination

wasdependedontheextensionalrateofthespecimen･Inthis重gure,thestressseemtonenot

proportionaltothetimebecauseoftheexpressionoftimeinlogarithmicscale･Actually,the

stresswasproportionaltothetimetillthestressreachedtoapointmarkedbyalittleopen
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Circle.ThestresswasdeterminedbythebalanCebetweentheextensionalratcandtheelastic

deformationofthespecimen,includingpartlycreepdcformation.

Thestresscurvesareclassi丘edintotwotypes.Thcstressincrcasedbeyondthepropor-

tionallimit(aopcncircle),andreachedtothemaximumlevel,markedbyasmal1sdlidcircle.
Inonecase,thespecimcnfracturedimmediatclyatthistime.Itisimagedthatthcplasticflow

OCCurredinalittleamOuntbetweentheproportional1imitandthemaximumlevel.hanother

CaSe,thespecimendidnotfractureatthemaximumlevel,andthestressdeq℃aSedsimilarto

theordinarytensiletest.Theareaofthenotchrootwasdecreasedduetotheoccurrenceof

CraCksorthelocalneckinginthestressdecreaslngStage.Thcformerwasobscrvedforthe
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1argeraustenitegrainwithhigherextensionalratcatlowtemperature･Onthecontrary,thc

laterwasobscrvedfbrthesmal1grainwithlowcrrateathightemperature.
neproportiona11imitwaslowerforthetestingtemperatureof873Kthanthatof823K,

anddecrcascdwithslowingthecxtensionalrate,aSShmbydottedlinesinthe年gures･

4.TheembrittlingrangeOfthegrainboundary

Tbeobscrvationswerecarried outaboutthefracture modeandthereduction ofarea

forthespeci血ensfracturedbytheconstanteXtCnSionalratetest.Fig.7showstheperCentage

Ofgrainboundarymodeintheffacturesurface.Thepercentageofgrainboundaryfractur

dependsontheaustenitegralnSizeandtheextensionalratc.Thegrainboundaryfractureisnot

recognizedinthespccimenofrefinedaustenitegraln,SuChastheMLIof40r6pm.The

PerCentageisincreasedwithcoarsenlngthegralnSize.ThereexiststhecriticalvalueofMLI,

Extensionalrate,nm/s Extensionalrate,nm/s
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belowwhichthcgrainboundaryfracturedocsnotproduce,aSShownbyadottedcurvedline

inthis丘gure･ThecriticalMuiss見Ⅰ℃elychangedbythetestingtemperature,however,itis

afftctedbythcextensionalrate･ThecriticalMLIbccomessmallwhentheextensionalrateis

relativelyhighabout20nm/Sandvcrylow,SuChasO･02nds･
Thesimi1artendencywasrecognizedinthe血angeOfthereductionofarea,aSShown

inFig･8･hthis丘gureIthedirectionofaxesareoppositetoFig･7･

Asmentionedabove,theconverserelationshipwasrecognizedbetweentheoccur-

renceofgrainboundaryfractureandthereductionofarea･Thelaterwillcorrespondtothe

elongationofthespecimcnatthcfracture･Fig･9shoYStherelationbetweenthetimetofrac-

turc(tJandthccxtcnsionalrate(ed)･Plotslaidroughlyoneachstraightlinccorrcspondingto
thcgralnSizc,andthis払ctmeanSthatthcfo1lowlngequationwi11beapplicablelbecausethe

丘guresaredrawnonbothlogaritlmicscales･

tfedn=K K:COnstant

ThcvalueofindcxnisaboutO.93,andindependentofthegralnSizcandthetestingtempera-

ture.TheconstantKisdecreasedwithincreaslngthegralnSizefrom2･51×105to7･08×105･

Theaboveequationseemstobesimilartoarelationthataproductofthestrainrateandthe

timetofractureisconstant.Thissimilarityisveryinterestingfromtheもiewpointsofthe

considerationsaboutthecritcrionforthcgrainboundaryfracture･Buttherearesomcpointsof

difftrcncebctwcentwo rclations.AtBrst,thevariablcofthe extensionalratehasadlmen-

Sionoflength^ime,anddoesnotstrain^ime･ThespeCimenusedinthcpresentinvestigation

hadthenotch,therefore,itwasverydifficulttodefinethegagelengthofthespeCimen･

Secondary,tWOfracturingmodes,grainboundaryandductiletransgranularffactures,are

includedinthepresentresults,Ontheotherhand,theductile丘acturemodeisonlyobserved

forthcordinarycreepruPtureteSting･

neplotsinFig･9arescattercdnearthccorrespondinglines･nisscattcringwidthis

narrowmentionedabove,however,requiredtobediscussed･Theelongationcanbecalculated

fromthedataofthetimetofractureandtheextensionalrate･nePrOductoftheextensional

ratc andthetimetofracturemeanStheelongationofthcspecimenatthefracture･Ifthe timc
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to丘acturciscxprcssedbytheabovccquationItheclongationofthespccimcnshouldbckept

ontheconstantvalue･Fig･10showstheelongationwiththcextensionalrate･Thcopenmarks

meanthatthefracturesu血cecontainsnograinboundaryfracture,andthesolidmarkscon-

tainsgrainboundaryfracturemorcorless･Theelongationatthefractureisincreasedwith

decreaslngthcgralnSizeforbothtestingtemperatureS,anditisalsoincreascdwithincrcaslng

thecxtensionalrate.Howcvcr,thesma11hillsareobservedinthecurvesfortheMLIsof15

and20匹mat873KandfbrtheMusoflOand15LAmat823KTheseplotscorrespondto

thedisappearanCeOfgrainboundary丘actureshowninFig･7･

General1y,theelongationissmallforthespecimenswhichcontainthegrainboundary

血acturc,Shownbysolidmarks･Howcver,thcelongationinFig･10containsthedeformation

notonlytnearthegrainboundary,butalsoingralninterior,Whichmaynotberelatedtothe

grainboundaryfracture･Theauthorssupposethattheelongationofthespecimcnisdominated
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34 J.SUZUKI,K.TAMAKIand H.SUZUKI

bythedeformationingralninterior,WhenthestressexccedstheproportionallimitinFig･6･

Thatis,Wethoughtthatthcgrainboundaryfractureinitiatedatthislimit.Fig.11showsthe

elongationofthespccimentakingplacetillthestressreachestheproportionallimit･Inthe

CaSCOftheelongationattheproportionallimit,thesevalucsarescarcelyinfluendedbythe

gralnSize,howcver,itisincreasedwiththecxtensionalrateleSpeCiallyforthedataat873K.

Thegrainboundaryfracturecanbesimulatedbybothmethodswiththeconstantload

andtheconstantextensionalrate･Thefracturesurfhccobt島inedbytheconstantloadtest

revcaledonlythcgrainboundaryffacture,Ontheothcrhand,tWOgrainboundaryffactures

WereObservcdfortheconstanteXtenSionalratctest･This払ctsmcanSthatthcgrainboundary

Cmbrittledtwiccduringthereheating･Inthe飴SeOftheconstantloadtest,thesecondembriト

tlementwasscreenedbythe丘rstembrittlement.Therefore,theconstantextensionalratetest

Wi11bcusefu1totheinvestigationsaboutthephenomenaofgrainboundarycmbrittlement･

5.Conclusions

ThegrainboundaryfracturewasinvestigatedfbrthesimulatedweldⅢAZof21〃Cr-

1Mosteelwithvarioussizeofaustenitegraln,uSlngthetwotypesofcrackingtests;the

COnStantloadtestandtheconstantextensionalratetest.neresultsaresummarizedasfollow_

ings.

1)ThegrainboundaryfracturewasobtainedbyboカCraCkingtestmethods.ncgrainbound-

aryfracturewasconstantmOrCthan80%fortheconstantloadtest,Onthcotherhand,WaSin-

CreaSedwithdecreaslngtheextcnsionalrate.

2)T加ograinboundaryfracturewereobservedbytheconstanteXtenSionalratetest.

3)Thecrack-imitiatingtlmewasdelayedastheaustemite･grainwasrefinedfbrtheconstant
loadtest,howevcrthee晩ctofgralnSizewassma11fbrtheconstantextensionalratetest.
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