
Res.Rep.Fac.Eng.Mie Univ.,Vol.23,pp.1-12(1998)

OriginalPaper

Effect of stress-relief annealing for preventinglowLductility

CreeP-fracture of HAZ of Cr-Mo steel

HiroshiKAWAKAMI,KoreakiTAMAKI,JippeiSUZUKI,

NobuhiroAKAOandShiroMORISAWA

(DepartmentofMechanicalEngineering)

(ReceivedSeptember16,1998)

Abstract

Lew-ductilitycreep-fracture(LDCF)occuredoccasionallyinheataffected

ZOne(HAZ)ofCr-Mosteelsunderlong-timeservice.EffectofSRtreaト
mentforLDCFof21/4Cr-1Moandll/4Cr-1/2Mosteelwasinvestigated

fromtheviewpolntOfimprovlng ductilityofspecimen･LDCFwasrcpro-

ducedinlaboratorybyusingsyntheticHAZspecimenandcreep-ruPture

test･Twotypesofintergranularfracture(TypeIandTサPeII)wereobserved
infracturesurfacesofspccimens･SRtrcatmcntwascarricdoutat975K

and925Kfor21/4Cr-1Moandforll/4Cr.1/2Mosteels,reSPeCtivcly.Thc

timeforSRtreatmentrangesfrom2to200hr･DuctilityofHAZspecimen

WaSimprovedverymuchbySRtreatmentproduclngtheductilefractureof

typeIIIwhenthetreatlngtimewaslongenough･Whenthetreatingtime

WaSShort,theductilitylnShorttimerangewaslargebutitdecreasedinlong

timerangeproduclngthefractureoftypeII･TheoptlmumCOnditionofSR

treatmentis20hrat975K and200hrat925Kfor21/4C卜1Mosteeland
forll/4Cr-1/2Mosteel,reSPeCtively.

Keywords:Cr-Mosteels,low-ductilitycreepfracture,heataffectedzone,

SyntheticHAZspecimen,SRtreatment,Segregationofimpurlty,1ntCrgranu-

larfracture,SeCOndaryhardening･
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Cr-Mosteelshavegoodweldabilityandmechanicalpropertiesinthemediumtempera-

turerangeandusedbrconstruCtingboilersandpressurevessels･hw-ductilitycreep-fracture

(LDCF),however,OCCurredoccasionallyinheataffectedzone(HAZ)ofthesewelded｡｡nStru｡-

tionswhentheyareusedattheservicetemperaturesaround800K[1-3].SomeweldedconstruC-

tionsareusedwithoutstress-reliefannealing(SR)treatment,andothers｡re｡Sed｡fterSRtre｡ト

ment[4]･Thistreatmentmayeffectivelyimprovetheductilityincreep-fracture,aSWe11as
reducestheresidualstress･TheauthorsintendedinthisresearchtoconfirmtheeffectofSR

treatmentforpreventlngLDCFanddeterminedtheoptimumSRconditionbr21/4Cr-1Moand

ll/4Cr-1/2Mosteels.

LDCFin21/4Cr-1Moandll/4Cr-1/2Mosteelswasreproducedbycreep-ruPtureteSt

OnthesyntheticHAZspecimen[5]･Thecreep-ductilityofSR-treatedspecimenwascompared
WiththatofHAZspecimen･ChangesinDuctilityandfracturemodesofeachspecimenwere

measuredwiththelapseoftimetofracture.

2･Experimentalsystem

2･1SimulatedⅢAZspecimen

ll/4Cr-1/2Moand21/4Cr-1MosteelsshowninTbblelwereusedforexperiment･A

SimulatedHAZspecimen,insteadofrealHAZ,WaSuSedR)rCreeP-ruPtureteSt,becauseareal

HAZwasnarrowinareaandslanttoplatesurface,anditwasd此culttotakeoutthetestspecト

menfromweldedzone･Thewelded-thermalcycle,WhichwasglVentOHAZbytheR)llowlng

arcweldingconstructions,WaSrePrOducedinasteelbar[5]･Thisthermalcycleproduceda
microstruCtureSameaSthatofrealHAZintheas-Weldedstate.

TablelChemicalcompositionsofsteelplatesused,Wt%.

Steeltype C SiMn P S Cr Mo As N AIsol

2MCr-1Mo(A) 0･150.120.520.0040.0012.401.050.0020.00590.015

1MCr-1/2Mo 0.150.740.600.0050.0031.400.520.0020.00330.015

arcvoltage24Vweldingcurrent18OA,Weldingspeed15cm/min,heatinput17.3kJ/cm,a
beadweldingwithoutpreheating･

ThemicrostruCtureSOfeachsteelare25%martensiteand75%bainitefor21/4Cr-Mo

Steeland2O%martensiteand80%bainiteforll/4Cr-1/2Mosteel･Theaveragediameterof

PrlOr-auStenitegrainsofeachspecimenwas13叫m.

2･2ThermalcycleofSRtreatment

ThethermalhistoriesglVentOtWOgrOuPSOfsimulatedHAZspecimensareshownin

Fig･1･Onegroupwassubjecteddirectlytocreep-ruptureteSt･Theotherwassuqectedtothetest

afterSRtreatment.

TheconditionsofSRtreatmentwere975Kbr2to200hoursbr21/4Cr-1Moand925K

h)r2to2OOhoursbrll/4Cr-1/2Mosteel･ThespecimenswerecooledfromSRtreatmentby

Water-quenChingtoavoidtheembrittlementinducedbytheSRtreatment【6].Thecoolingrateis
4K/s.
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Fig･1Twotypesofthrmalandloadinghistoriesinexperiment･

2.3Creep-ruptureteSt

Anotchedspecimenforcreep-ruPtureteStisshowninFig･2･TheuniformmicrostruCture

isproducedincenterportionof20mminlength･Thespecimenwasheatedtotesttemperatureof

775Kor825Kinlhrandkeptforlhrat thistemperaturebeforeloading･Themaximumh･aCtua-

tionfromeachgiventesttemperaturewas5K･Thestressesofcreep-ruPtureteStWere200to

800MPa.

Thecreep-ruPtureteStWaSmadealsoonthebasemetalspecimeninas-reCeivedstate･

彗よ王●●.●‥●.
Fig.2specimenforcreep-ruPtureteSt･

3.DuctilityandfracturemodeofHAZspecimens

3.1Ductility

Thediagramsofstressandtimetofractureofll/4Cr-1/2Moand21/4Cr-1Mosteels

areshowninFig･3･Thetimetofracture ataglVen StreSSislongerR)rHAZspecimenthanthat

ofbasemetalspecimeninahigherstresslevel･Thisrelationship,however,isreversedinalower

stresslevel.Suchthetendencyshownaboveagreestheresultsofpreviousresearches[1-3]･
Thereductioninareawasmeasuredtoevaluatetheductilityoffracturedspecimens･The

reductioninareaofeachspecimenisshowninFig･4･Thereductioninareaofbasemetalspeci-
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menislargeinshorttimerange･Itreduces,however,inthelongtlmerange･Ontheotherhand,

HAZspecimenexhibitsaverysmallreductioninarea,thatis,thelow-ductilitycreep-fracture･
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Fig･3Resultsofcreep-ruptureteSt;HAZspecimensofllACr-1/2Mo

and21ACr-1Mo steels.
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Fig･4Changeinreductioninareawithincreaslngtimetofractue;HAZspecimens

Ofll/4Cr-1/2Mo and21ACr-1Mo steels.

3.2Classificationof蝕･aCturemOdes

FracturesurfacesofallspecimenwereobservedbyaSEMwithmagnificationsoflOOto

5OO･FracturemodeswereclassifiedintothreetypesbytheirappearanceasshowninFig･5･

Typicalfeaturesofeachtypeofh･aCtureareaSR)llows.

TypeI(Fig･5(a)):Thistypeexhibitsatypicalintergranularh･aCtureWhichoccursalong

grainboundariesofprlOr-auStenite･Thesurfacesofeachcrystalgrainareflatandsmooth,and

edgesofeachgrainareverysharp.

TypeII(Fig･5(b),(C)):Thistypeoffractureoccursalonggrainboundariesofprio卜
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a｡SteniteasthecaseoftypeI,butitdiffersfromthatinthefollowingspeCialfeatures=(1)each

crystこ11grainisdeformedinsomeextent,(2)awavypatternisobserved(mSOmeSurfaccsofa

gmin,(3)somccracksrunjntothecrystalgrains･Thisfracturemodewas【}bservedatbothof
HAZ(Fig.5(b))andSR-treatedspecimcn(Fig･5(C))･

T),PCllI(Fig.5(d))=Thistypcbelongstotheductilefractureoftransgranularmode･1tis

obscrvedinalloffracturesurfaccofbasemetalandsomeSRtreatcdspecirncnwithhighductili-
ty,andatccnterportionoffracturesurfaceofHAZandsomeSRtrcatedspccimenwithlow

ductility.

(b)TypeII(HAZspecimen)

(C)TypeII(SR-treatedspecimen) (d)TypeIII

Fig･5ThreetypesoffracturemodesofHAZandSR-treatedspeclmenS;

11/4Cr-1/2Mosteel,teStedat825K

3.3Changeinfraeturemodewiththelapseoftimeto什acture

Theareこ10fthreetypeSOffracturemodcsweremeasuredfor allHAZspccimens{一fl

l/4Crrl/2Moand21/4CrLIMostccIs.ThcDiagramsofthefrilCtionoffrこICturetyPeagalnStthe

timctofracturearcshowninFig･b･Thesolidcircleindicatesthefractionofarcaoftypcl;The

distancefromtheopencircletothesoljdoneindicatesthefractionofareaofTypeII･

lnc;lSeOfll/4CrLl/2Mosteeltestedat825and775K(Fig.6(a)and(b)),tyPeSlandIll

wcreobservedinshorttimerange･Thefractionofareaoftypelincreasesuntilcertaintime
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Periodandthendecreasestozerowiththelapseoftime･TypeIIIisobservedonthecenterpor-
tionoffracturesurfacebrallspecimens･FractionofareaoftypeIIIislargeinshorttimerange,

butitdecreaseswithlapseoftime･TypeIIbeglnStOaPpearafterfractionofareaoftypeI

becomesmaximum･ThefractionofareaoftypeIIincreaseswiththelapseoftime.Fig.6(C)and

(d)showchangesinfracturemodesofthespecimensof21/4Cr-1Mosteel.Thechangesinthe

fracturemodesaresimilartocaseofll/4Cr-1/2Mosteel･ButthetimeateachtypeIIappearsis

laterthenthecaseofll/4Cr-1/2Mosteel.

OnlyTypeIIIisobservedinthebasemetalspecimensofeachsteels.
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Fig･6FractionofareasoffracturetypesI,IIandIII;●fractionoftypeI,

○fractionsoftypesIandII.

4･Ductilityand丘･aCturemOdeofSR-treatedspecimen

4.1Ductility

DiagramsofstressandthetimetofractureofSR-treatedspecimensofll/4Cr-1/2Mo

and21/4Cr-1MosteelsareshowninFig･7･ResultsofHAZspecimensarealsoshowninthose

figures･Incaseofll/4Cr-1/2Mosteel(Fig･7(a)and(b)),SR-treatedspecimenfracturedearlier

ataglVenStreSSthanHAZspecimendidinhigherstresslevel･However,ith･aCturedlaterthan

HAZspecimendidinlowstresslevel･SRtreatmentincreasestimetoh･aCturemOreremarkably

brthetesttemperatureof775Kthanbr825K.

Incaseof21/4Cr-1Mosteel(Fig･7(c)and(d)),SameinfluenceofSRtreatmentasthe

CaSeOfll/4Cr-1/2Mosteelisobserved.

ThereductioninareaofSR-treatedspecimenisshowninFig･8･lncaseofll/4Cr-

1/2Mosteel(Fig･8(a)and(b)),thereductioninareaof2OOh卜SRislargeinalltimerange.
Althoughthereductioninareaofspecimensof2and20hr-SRislargeintheshorttimerange,it

decreasestothevalueofHAZspecimenwhenthetimetofractureexceedsacertaincriticaltime.
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Fig･7Resultsofcreep-ruptureteStOnSR-treatedspecimen;11/4Cr-1/2Mo

and21/4Cr-1Mo steels.
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Fig･8ChangeinreductioninareawithincreaslngtOmetOfracture;

HAZandSR-treatedspecimens;11/4Cr-1/2Moand21/4Cr-1Mosteel･
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Incaseof21/4Cr-1Mosteel(Fig･8(C)and(d)),reductioninareaislargestbrthespecimenof
20hr-SRthroughalltimerange･Forthespecimenof2hr-SR,thereductioninareadecreases

aftercertaincriticaltime･forthespecimenof2OOhr-SR,reductioninareaissmalleventhoughit

doesnotdecreaseinthelongtimerange.

ThoseexperimentalresultsinformthattheoptlmumCOnditionsofSRtreatmentfor

improvlngtheductilityofHAZofspecimenare925Kfor2OOhrbrll/4Cr-1/2Mo,975Kfor

20brbr21/4Cr-1Mosteel.

4.2Changeinfracturemodewiththelapseoftime

FracturesurfacesofallSR-treatedspecimenswereobserved;Changesinffacturemode

Withthelapseoftimetofractureat825Kareshownforthespecimensof2to2OOhr-SRas

Fig･9･Incaseofll/4Cr-1/2Mosteel(Fig･9(a)to(d)),tyPeIIIaloneisobservedinshorttime

range･Inthespecimensof2and20hr-SRtypeIIbeglnStOaPPearataCriticaltime･Thiscritical

timemeetsthetimeatwhichthereductioninareabeglnStOdecrease･Inspecimenof2OOhr-SR,

OnlytypeIIIisobservedaswellinthelongtimerange.
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Incase｡f21/4Cr-1Mosteel(Fig.9(e)to(h)),Changesofh'aCturemOdesaresimilarto
thecaseofll/4Cr-1/2Mosteel･Inspecimenof2hr-SR,tyPeIIappearsaswellwhenreduction

inareadecreases･Inspecimenof20and200hr-SR,tyPeIIIaloneisobservedinallthetime

range･

EffectsofSRtreatmentonfracturemodesaresummarizedasfollows･

(1)DuctilefracturetypeIIIaloneappearsinallthetimerangeinspecimenof20and2OOhr-SR

(21/4Cr-1Mosteel)･

(2)IntergranularfracturetypeIIappearsinlongtimerangeinspecimenof2and2Ohr-SR,eVe

thoughtypeIIIaloneappearsinshorttimerange(11/4Cr-1/2Mosteel)･

(3)ThecriticaltimeatwhichtypeIIbeginstoappearmeetswellthatatwhichreductioninarea
decreasesabruptly･

(4)乃PeIdisappearsbySRtreatment･

4.3Changeofhardness

HardnesswasmeasuredonHAZandSR-treatedspecimensof21/4Cr-1Mosteel･The

changeofhardnesswiththelapseoftimeat825KisshowninFig･10･Inthisfigure,thetotal

temperlngtlmeWhichthespecimenexperiencedistakeninabscissa,aSthespecimenwasheated

hoursbeforeloading･IncaseofHAZspecimenabnormalincreaseofhardnessisobservedin

shorttimerangecomparlngWiththenormalhardnesscurve,inwhichhardnessdecreasessimply

withthelapseoftemperingtime(dottedline[7])･Thesecondaryhardeningisinducedbypre.
cipitationof血emolybdenumcarbide,Mo2Creplacingpre-eXistingcementite[8-10]･

IncaseofSR-treatedspecimens,hardnessdoesnotincreaseinallthetimerange,eXCePt

fortheearliestoneinwhichhardnessincreasesalittle･
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Fig･10Changeinhardnesswithincreaslngtinwtofractureat825K;

HAZ andSR-treatedspecimensof21/4Cr-1Mo steel･

5.Consideration払rfracturemode

Experimentalresultsinformedthebllowlngfacts･

(1)Intergranularh･aCtureSOftypeIandIIariseinHAZspecimen･

(2)FractureoftypesIandIIdisappearedbySRtreatment,WhenthetreatingtimewasIong

enougb･
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(3)FractureoftypeIIwasrevivedifthetreatingtimewasshort.Appearanceanddisappearance

Ofthosefracturetypesarediscussedbelowh･OmtheviewpolntOftherelativestrengthsofferrite

grainandgrainboundary･

Fig･11showsschematicallythechangeofrelativestrengthofferritegrainandgrain

boundarywiththelapseoftime･Thestrengthofferritegrainisestimatedfromthechangeof

bardness.

(1)HAZspecimen

PhosphoruSisconcentratedingrainboundaryofpri0卜auStenitebywelding(byquenching)and

thisstateiskeptinshorttimerangeoftempering[11]･ThiscontentrationofphosphoruSingrain

boundary(Segregation)reducesthestrengthofgrainboundarymuchlowerthanthatofferrite

grain(Fig･11(a))･Whensecondaryhardeningoccurs,thestrengthofferritegrainislargeenough
andtypICalintergranularfracture,tyPelappears･WhenstrengthofferritegraindecreとISe,tyPeII

h.acture(intergranularfractureaccompaniedbythedebrmationofferritegrains)appears.

(2)SpecimenSR-treatedbrashorttime
PhosphoruS,Whichwasbrmerlyconcentratedingrainboundarybywelding,isdiffusedinsome

extentfromtherebySRtreatment,andthisincreasesstrengthofgrainboundarymuchhigher

thanthatofferritegrain(Fig･11(b))･Ductilefracture,tyPeIIIoccursinferritegraininshorttime

(a)HAZspecimen
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(b)SR-treatedforashorttime
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Fig.11Changeinstrengthesofgrainboundaryandferritegrainwith

increasing time tofracture(schematic representation)･
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range･However,PhosphoruSisconcentratedagalningrainboundarylnthelongtlmerangePr(ト

ducingthefractureoftypeII[12]･

(3)SpecimenSR-treatedforalongtime
Phosphorusisdiffusedcompletelyawayfromgrainboundary,anditdoesnotcometothere

agalneVenthoughthetemperlngtlmeisverylonglnthiscase･ThestrengthofgrainboundarylS

higherthanthatofferritegrain,andhencethefractureoccursinferritegrainproducingtypeIII

fracture(Fig･11(C))･

6.Conclusions

EffectofSRtreatmentonLDCFwasinvestlgatedbycreep-ruPtureteStat775Kand

825K･Experimentsweremadeon syntheticHAZspecimenandspecimensSR-treatedby

severalSRconditions･Creep-ductilitywasdiscussedinrelationtothefracturemode･Resultsof

theexperimentsareasbllows･

(1)LDCFisreproducedby usingsyntheticHAZspecimen･

(2)Twotypesofintergranularfractures,tyPeIandIIwereobservedinHAZspecimens･

(3)SRtreatmentimprovesductility･

(4)WhenthetimebrSRtreatmentwaslongenough,LDCFdoesnotoccurinauthetimerange･
Butthetimewasshort,LDCFoccursinthelongtlmerangeprOduclngtyPeIIfracture･

(5)OptimumconditionsforSRtreatmentare925Kfor200hratll/4Cr-1/2Moand975Kfor

2Ohrat21/4Cr-1Mosteel.
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