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Abstract

Thelowductilitycreepfracture(LDCF)andthetemperembrittlement(TE)

arisedintheheataffectedzone(HAZ)whentheweldedconstructionsof
Cr-Mosteelswereusedattheirservicetemperaturesaround800K･The

formerwasreproducedinthelaboratorybythecreep-ruptureteStatthe

temperaturerangeof775Kto875KonthesyntheticHAZspecimens･The

latterwasreproducedbytheimpacttestonthespecimenstemperedatthose

temperatures.FourtypesofLDCF(LDCFlto4)andburtypesoftemper

embrittlement(TElto4)wererecognized･LDCFl,2,3and4,reSPeCtive-
1yappearinthesametime-temperaturerangeSaSthoseinwhichTEl,2,3

and4arise･CommonmetallurglCalcausesoftheLDCFandTE
were

discussed.LDCFl,2andTEl,2,Whichariseintheshort-termrange,Will

beinducedbothbythelossofductilityinftrritematrixandthesegregation

Ofimpuritiesingrainboundaries･LDCF3andTE3,Whicharisesinthe

long-termrange,Willbeinducedbythesegregationofimpuritiesingraln

boundaries.LDCF4'andTE4,Whichappearsinthehightemperature

range,WillbebroughtaboutbythecoarsenlngOfcarbideparticlesinftrrite

matrix.

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

temperembrittlement,lossofductility,Segregationofimpurities,COarSenlng

Ofcarbide.
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l.Introduction

Thelowductilitycreepfracture(LDCF)【l-4]andthetemperembrittlement(TE)[5-8]
havebeenoccasionallyobservedintheheataffectedzone(HAZ)ofCr-Mosteelswhenthe

WeldedconstruCtions,SuChasboilersandpressurevesselswerereheatedincertaintemperature

rangearound800K.The良)rmerOCCurSinHAZatthetimewhentheweldedconstruCtionswere

usedattheirservicetemperatures･Thelatterisdetectedastheriseoftransitiontemperature,in

theHAZwhichwascausedbythelong-termServices･TheLDCFwasreproducedinthelabora-

torybythecreep-ruPtureteStatthetemperaturerangeof775Kto875KonthesyntheticHAZ

SPeCimens･TheTEwasreproducedbytheimpacttestonthespecimenstemperedatthose

temperatures･

ThemaJOrmeta11urglCalfactorstocausethosephenomenawillbecommoninsome

extentbrbothofthem･TherelationsbetweentheLDCFandtheTEandfb1lowlngmetallurglCal

factorswerediscussedinthisreport･(1)precipitationandgrowthofcarbideparticles,(2)segrega-
tionofimpurityelements.

2･Generalfbaturesoflowductilitycreep什acture

2･1Experimentalprocedure

21/4Cr-1Mosteel(A)ofthechemicalcompositionshowninTbblelwasusedbrthe

experimentofLDCF･ThemicrostruCtureOfHAZ,WhichwasglVenbyarcweldingwiththeheat

inputof17･3kJ/cm,WaSrePrOducedinasteelbarbyusingaweld-thermal-CyClesimulator[4].
AnotchedspecimenshowninFig･1wasusedbrthecreepruPtureteSt･AnumiformmicrostruC-

turewasproducedinitscenterportionof20mminlength･Thetesttemperatureswere775,825,

850and875K;themaximumfractuationfromeachtemperaturewas5K･Thespecimenwas

heatedtoeachgiventemperatureinlhour,keptlhouratthistemperature andthenastress,in

therangeof200to800MPawasloaded.

TablelChemicalcompotitonof21舟Cr-1Mosted,Wt%.

C SiMn P S Cr Mo 伽 NiAs AIsd N

Steel(A) 0.15 0.12 0.52 0.004 0.0012.401.05 0.010.18 0.002 0.0150.0059

Steel(B) 0.14 0.16 0.56 0.006 0.002 2.17 0.90 0.010.13 0.004 0.0170.0032

二‥･∴､'.._

Fig.1Speclmenforcreep-ruPttlreteSt.

2･2Relationsamongstress,timetofractureandductility

Thediagramofthestressandthetimetofractureatthetesttemperatureof825K.is

Shownbythemark.0inFig･2(a)･Thedataofbasemetalspecimensareshownbythemark●.
Inthehigherstressrevel,thetlmetofractureislarger良)rtheHAZspecimenthanbrthebase

metal,buttheirsituationisreversedinthelowerstressrevel,theseresultsaresimilartothosein

thepreviousresearches[1-3]･Nevertheless,thetimetofractureofHAZspecimendoesnotso
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muchdifftrfromthatofbasemetal.

Thereductioninareaofeachspecimenwasplottedagainstthetimetofractureasshown

inFig.2(b).Comparingwiththebasemetalspecimen,thereductioninareaisverysmall(Small-

erthan20%)bralltheHAZspecimens･However,itincreasesalittlewhenthetimeexceedsa
Criticaltimeperiodoft･ r
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Fig.2Resultsofcreep-ruPtureteStOfHAZatld
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き25E.

23Classi丘cationoffracturemode

FracturesurfacesofspecimenwereobservedbyanSEMwithmagnificationsoflOOto

500･FracturemodesofallthespecimenswereclassifiedbytheirappearancesintofburmaJOr

groups.TypeI(Fig.3(a))exhibitsatypicalintergranularfracturewhichoccursalongthegrain
boundariesofprior-auStenite･Thesurfacesofeachcrystalgrainareflatandsmooth,andedges

Ofeachgrainareverysharp.TypeII(Fig･3(b))isproducedalongthegrainboundariesofprior-

austeniteasthecaseoftypeI,t)utitdifftrs丘･Omthatinthefollo☆ingspecialfeatures:(1)each

CryStalgrainisdefbrmedinsomeextent,(2)awavypatternisobservedonsomesurfacesofa

grain,(3)somecracksrunintothecrystalgrains･
TypeIIIbelongstotheductilefractureoftransgranularmode･Itisobservedaroundthe

CenterPOrtionofthespecimenwheretheBnalfractureoccured･ItincludesboththetypICal

dimplemode(Fig3(c)),andaductilefractureofwhichthehcetsarelargeandirregularinsize･

TypeIV(Fig.3(d))belongstothebrittlefractureoftransgranularmode･Itisobservedinthe

CenterPOrtionofthespecimenfracturedafter4000hoursatthetemperatureashighas875K･A

flatandsmoothsurfacewithlittledebrmationinferritegrainsofthistypesuggeststhatitmay

belongtothecleavagefracture･

2.4Influenceoftimetofractureonfracturetype

Theareaofeachtypeoffracturewasmeasuredoneachspecimen,andthefractionof
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(a)TypeI (b)TypeII

(d)TypeIV

Fig,3FracturestIr血ceoffourtypicalfractwemodesproducedby

Creep-mptWeteSt･

eachareawasplottedagalnStthetimetofractureasshowninFig･4･Thecun′eattaChcdtothe

mark●showsthefractionoftypeⅠ,andthatattachedtoOshowsthesurr)OffractionsoftypeI

andll(ortypeTV,ifpresent).Eachwidthofthree(Or伽ur)regionsdividedbythecurvesshows
thefractionofeachfractufetyPe･Fo1lowingchangesinthcfracturetypearereCOgnizedwithan

increaslngtimetofracture･

AtthetemperatureS825Kand775K(Fig･4(C)and(d)),thetypeIappearSintheearlier
timeperiod･Itsfractionbecomesmaximumatthetimet andthendecreasessteeplytozeroat

thetimetf･(ncasesof875Kand85()K(Fig･4(a)and(b),itsfractionbeginstodecreasefroma

veryearlytlmeperiod･Atthetimealittlebeforethetm,thetypeⅠIbeginstoappearitsfractionis
andincreasedcontinuouslywithanincreaslngtimereplacingthetypel･Theportionsinthe

speCimenwherethetypesIandIIareproducedarerestrictedinthenotch-rOOtunderalarge

StreSS;theyareexpandedtowardthecenterofthespecimenwithdecreaslmgStreSS･

ThetypeIV(less-ductile,tranSgranularmode)isobservednearthecenterofthespeCi-

menwhichwasfractureda鮎rthetimetflat875K(Fig･4(a))･ThetypeⅠII(ductile,tranSgranular

mode)isobservedaroundthecenterportionofallthespeCimens･ltsfractionislargcforthe

Shorttimerangebutdecreaseswiththelapseoftime･
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Fig･4FhctionsofareasoffracturetypesI,ⅠⅠ･III

andrv;aS-WeldedHAZspecimens･

●仕actionoftypeI

OfractionoftypeIandIIorIV

▲仕acdonoftⅥIeIV

2.5Time-temPerature-LDCFdiagram

Thetimeperiodstm,tfandtf'(hr)areplottedag?instthetesttemperatureT(K)as
showninFig･5･1/Tandlogt･aretakeninthemainvertlCalandhorizontalaxesofnormal

spaclngS;Tandtarealsoshowninthecorrespondingpositions･TherearefourT-tfields

separatedbytm,tfandtfTlines･TheLDCFisclassi丘edconvenientlyintofburtypes(LDCFl
to4)accordingtothose丘eldsindicatedinFig･5･
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Fig･5 Temperingtemperature-tlmefieldswherefourthtypesofLDCF

arisein21ACr-1Mosted;Marksshowthetimeperiodsof:
△tm,Otf,●tf,.

3･GeneralfbatureoftemperembrittIement

3･1Experimentalprocedures

21/4Cr-1Mosteel(B)ofthechemicalcompositionshowninTbblelwasused.The

microstruCtureOfHAZwasreproducedinasteelplateof7x13mmincross-SeCtionbyuslnga

Weld-thermaトcyclesimulator[7]･ThesimulatedHAZspecimensweretemperedat775to900K
払ruptolOOOOhours･CharpylmPaCtteStbelowtheambienttemperaturewasmadeonthehalト

Sizedspecimen(5xlOx55mm)[7]･ThetransitioncurveWaSdrawnR)reaChseriesofspeci-

mensandvTr30,Whichgavetheabsorbedenergyof30ft-1b(40.6J),WaSadoptedasthetransi-
tiontemperature.

3.2Classi丘cation ofTE

SeveraltypesoftemperembrittlementarlSlngintheisothermaトtemperlngprOCeSSWere

detectedbythe氏)1lowingmethod･Fig･6(a)to(e)showthechangesintransitiontemperature

VTr30WithanincreaslngtemperlngtimeattherespectivetemperlngtemPeratureSOf775Kto

900K･Theplotsateachtemperatureareboundbyasolidline･Thedottedlineshowsanestimat-

edvTr3｡Ofthenon-embrittledspecimen[6,7]･
At775K,threepeaksofvTr30areObservedinthesolidcurve(Fig･6(a))･Eachofthose

PeakswillinformeaChofdifftrenttypesofembrittlementto.occur･TheyarelabeledTEl,TE2,

andTE3･ThetimeperiodsatwhichTE2andTE3begintoarisewi11bethepointsS2andS3,

respectively･Thosethreetypesofembrittlementarealsoseenatthetemperatureof800Kand

825K(Fig･6(b)and(C))･ThetimeperiodsS2andS3,however,areShortenedwitharaising

temperature･

At825K,thefourthtypeofembrittlement(TE4)appearsfromthetimeperiodS.

(Fig･6(C))･ThreepeaksinthecurveOf850KwillcorrespondtoTE2,TE3andTE4(Fig.6(d)).
At875K,thesecondtypedisappearsatthetimeperiodSDandthespecimenbecomesthede-

embrittledstate(DE)[9]･Afterthat,TE4beginstoappearfromthetimeperiodS.andvTr,｡
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Fig.6Temperembrittlementobservedastheriseof

VTr30ineadlVTr30-temPerlngtlmecurves.

increaseswithanincreasingtime(Fig.6(e))･At900K,thede-embrittledstatecontinuesto

OCCurinalongtimerange(Figl･6(り)･

3.3Time-temPerature-TEdiagram

Thetime-temPeraturerangeSWherethefburtypesoftemperembrittlementandthede-

embrittledstatearisewereshowninadiagramofFig･70nthebasisoftheresultsinFig･6･1nl

andlogtareshowninthemainaxes,thetemperingtemperatureT(K)andtimet(hr)areshown
inthecorrespondingpositionsofsub-aXeS･TheboundarylinesofthereglOnSOftheTElto4

andthede-embrittledstate(DE)aredrawnreferringthetimeperiodsS2tOS5andSDinFig･6･
Fig･7informSthefbllowingfacts･(1)TE3beginstoappearbefbreTE2disappears･TE3suf-

vivesaftertheTE4beginstoappear.(2)TheTE4appearsinthehighertemperatureafterthe
de-embrittledstateis丘nished･Inthelowertemperature,however,itarisesinthesametime

rangewheretheTE3continuestooccur･

TheultimatetemperaturesbelowwhichTE3andTE4arisesareabout870Kand920K,

respectively･
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Fig･7 Temperingtemperature-tlmefieldswberefourthtypes

Oftemperembrittlementarisein21舟Cr-1Mosteel;

Marksshbwthespecimenintheembrittledstatesof:

¢firsttype,Osecondtype,●thirdtype,△fourthtype,
▲thirdandfotlrthtypes,①de-embrittledstate.

3･4Fracturetypesofspecimen

ThefracturesurfacesofimpacトtestedspecimenswereobservedbyanSEM･A11the

SPeCimensfracturedabovethevTr30exhibitaductilefractureofdimplemode,butthosefrac-

turedbelowvTr30dobrittlefracturesoftwodifftrentmodesdependingonthetypeofembrit-

tlementasexplainedbelow･(1)TEland2exhibitthecleavagefractureinferritegrains.
However,theorlglnalcrackmaybeinitiatedatthegrainboundariesofprlOr-auStenite,eVen

thoughtheypropagatealongthecleavageplanes(Fig･8(a)).(2)TE3exhibitsanintergranular
fracture･ThecracksareinitiatedandpropagatedalonggrainboundariesofprlOr-auStenite

(Fig･8(b))･(3)ThecleavagefracturewasobservedinthespecimensofTE4andthede-em-

brittledstate(Fig･8(C))･

3･5Time-temPerature丘eldsinwhichLDCFandTEarise

FollowingfactsarerecognizedbycomparingthediagramofLDCF(Fig.5)withthat■Of

TE(Fig･7)･(1)Thetime-temPerature鮎IdsofLDCFland2,reSpeCtivelymeetverywe11those

OfTEland2･(2)Anongthe丘eldofLDCF3,thatlowerthan860Kmeetsthe丘eldofTE3.
(3)The丘eldofLDCF4maymeetthethatofTE4.

4･Lossofductilityinfbrritegrainsduringtemperlng

4･1Effectofcarbideparticlesonlossofductility

Thesizeofcarbideparticleswasmeasuredbythe放)1lowlngmethod･SEMobservations

Withthemagnificationof3000weremadeonspecimensetchedby3%nital･Onephotopnntof

SEMmicrostruCtureWaSSelectedatrandom･Carbideparticlesexhibitasphericalandanelon-

gateshapes;thediameterandthelengthrespectively,WeremeaSuredhreachoftheseparticles･
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(a)TE2

刑g.8Typical血dwesur血ces

Of5pedmensoftbesbtesof

TE2,TE3,andTE4.

(c)TE4

MeasuTementSWeremadeseparatelyontheparticlesinferritegrainsandingrainboundariesof

PrlOr-aUStenite･Thenumberofcarbideparticleswasobtainedbythefollowlngmethod･Aflame

Of5x5uminrealsizewasdrawninanSEMphot`)Pnnt,andthenumberofparticlesIocatlngln

thisflamewascounted.

TheaveragesizeandthenumberofcarbideparticlesateachtemperlngtemPeraturC

areshowninFig.9takingthetemperlngtlmeaStheparameter･ThetimeperiodsatwhichTE

lto4ariseareindicatedinthefigure･At775Kaveragesizesofcarbideparticlesdecrcase

withtbe

lapseoftimeintherangeshor【erthanS,,inwhichTEl,2arise(Fig･9(a)(a')(b)(br))･Thisresult

SuggeStSthatfineparticlesofMo2CarepTeCipitatedreplacingcoarsenedparticlesofFe3CtlOl･
hthetimerangeinwhichTE4arises,thesizeofcarbideparticlesincreasesalittleinthe

timerangewhereTE3arises(Fig.9(a)(a')(b)(bl)).TE4arisesatthetimewhenthecarbidepartir

Clesgrowverysignificantly(Fig･9(b)(bl)(C)(cT))･

4.2Hardeninginferritegrainsduringtempenng

ThehardnessofspeCimenwasmeasuredasshowninFig･10･TEland2arisewhenthe

SeCOndaryhardening,WhichisbroughtaboutbytheprecipitationofMo2C,isobserved･The

hardnessincreasesalittlewhenTE3arises.HardeningdoesnotoccurwhenTE4arises;TE4

wi11bemainlybroughtaboutbythecoarseningofcarbideparticles･
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Fig･9Changeinsizeandnuniberofcafbideparticleswiththelapseoftempering

timeat775Ⅹto&75E.

5･Weakeninglngrainboundaryduringtemperlng

5･1Segregationofimpuritiesduringshort-termtemPerlng

LDCFland2,Whichexhibitatypicalintergranularfracture,Willbeinducedbythe

mutualeffectoftwofactors,(1)lossoftheductilityofferritegrains,and(2)weakeningof
grainboundariesoftheprlOr-auStenitewhichwillbebroughtaboutbythesegregationof
impurities･IncaseofTEland2,atyPICalintergranularfracturewasnotobserved,neVerthe-

less,thefracturesofFig･8(a)informthatthecleavagefracturesinthiscasemaybeinitiatedat
thegrainboundariesof,andhence,thesegregationofimpurityelementsmayassistTEland

2toappear.

Themechanlsmofsegregationofimpuritiesisdiscussedbelow･

(a)Conceptoftheauthorsonthesegregation
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impact-teStSPeCimens･

Theauthorsconsideredthatthesegregationofimpurities willbeorlglnatedatthetime

whenasteelistransformedfromferritetoausteniteasexplainedbelow･(1)Thesolubilityof
phosphoruSisverylargetoftrritebutlittletoaustenite,andhence,PhosphoruSisreJeCtedtothe

ferrite/austeniteinterface(thelatergrainboundaryofaustenite)･Afterthat,phosphoruSWillbe
diffusedintoaustenite,ifthesteelisheatedslowly･Ifitisheatedveryrapidlyasthecaseof

welding,phosphoruSCannOtbedefusedandremainsattheinterface･(2)PhosphoruStendsto
moveawayfromthegrainboundaryduringthecoolingprocess,butsomequantityofitwill

remainatornearthegrainboundaryifthecoolingrateissolargeasthecaseofwelding･

(3)PhosphoruSWillbemovedagaintothegrainboundaryduringtemperingbysomemicro-

struCturalchangesofferritematrix,SuChastheprecipitationofMo2C･

(b)Experimentsonthetransformingprocessunderrapid-heating

l/4Cr-1/2Mosteelplate(0.15%C,0･28%Si,0･57%Mn,0･011%RO･009%S,1･09%Cr,

0.55%Mo)wasused.Thespecimenwasheateduptothetemperaturerangeof975Kto1425K

withtheheatingratesofO･05to1800町s,andthenwater-COOled･IncaseoftheheatlngrateOf

1800K/s,thespecimenofO･5tx5x7mmwasheatedbythecurrentflowlngthroughit;inother

cases,thespecimenof¢6x50mmwasheatedbytheHFinduction･Theamountofaustenite

(martensiteatroomtemperature)wasmeasuredonthewater-quenChedspecimenbyanoptical

microscope･SummerlZlngtheresultsofthoseexperiments,thestartingand丘nishingtemper-

21
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aturesoftransformation,Al-andA3一,reSpeCtivelyweredecidedasshowninFig･11･The

temperaturesAelandAe3intheequilibriumstateareshowninthetopportion･Fig･11in-

brmsthatthetemperaturesAl-andA3一,reSPeCtivelyareraisedwithanincreaslnglogarithm

Oftheheatingrate.ThistendencylSVeryremarkableintheragelargerthan20K/s.

(c)Experimentsonthesegregationofimpurities
TheconcentrationofphosphoruSingrainboundarywasseml-quanti員edbythegrain

boundaryetchingmethod[11].･Thespecimenwasheatedupto1225,1425and1625Kwith

theratesoflO,100andlOOOKJsbythecurrentflowlngthroughit･Thequenchedspecimen

WaSetChedbysaturatedaqueoussolutionofpicricacidaddedbyawettingreagent【11】and
thedepthofetchedgrainboundary,dwasmeasuredasshowninFig.12.Thisresultinforms

fbllowingfacts.(1)PhosphoruSisconcentratedinthetemperaturerangewherethetransforma-

tiontakesplace(thera?gebetweenAl'andA3一)･(2)TheconcentrationofphosphoruSisin.
CreaSedwithanincreaslngheatingrate･(3)Afterthetransformation,itisdecreasedwiththe

riseoftemperature.(4)TheconcentrationofphosphoruSisdecreasedwitharaisingtempera-
tureuptoA4Showninthetopofthe頁gure･

Someexperimentsuslngthegrainboundaryetchingmethodhave proved that

phosphoruswasconcentratedagalninthegrainboundarybytheshort-termtemperlngby
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onthesegra伊tionofimpuritiesindi仏tedbythedepth

ofetchedgrainboundary;11/4Cr-∽Mosteel

whichLDCFl,2andTEl,arised[11].Thisphenomenonmaybebroughtaboutbythefol-

lowingmetallurgicalmechanism･(1)Theatomsofferrite-brmingelement,SuChaschromiupl
andmolybdenum,aSWellasphosphorusareconcentratedatthesamesitesinthegraln

boundary.(2)Duringtheshort-termtempering,thoseatomswillmovetotheinteriorofferrite

toproducechromium-andmolybdenumcarbides･Atthistime,phosphoruSatOmWi11take

thesiteswhichwasoccupiedbythoseatomsresultingintheincreaseofphosphoruSCOnCen-

trationingrainboundaries･

5･2Segregationofimpuritiesduringlong-termtemPerlng

Thesegregationofimpuritiesduringthelong-termtemperlngWaSeXaminedbythe

bllowlngmethod･ThespecimenssufferedfromTE3wassetinanapparatusofAugerelectron

spectroscopy･Anintergranularfracturebyanimpactblowatthetemperatureofliquid-nitrogen･

Concentrationsofelementswereanalizedonseveralpointsofthefracturedsurface･NoslgnOf

segregationisseenintheAugerspectraofthecleavagefracture(Fig･13(b))･Segregationsofn

Cr,Mo,C,NandOaredetectedontheintergranularfractureasshowninFig･13(a)･This
resultsuggests followingbehaviorofeachgroupofelements･(a)CandN,Whichwouldbe
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dissoIvcdforciblyinferritegrainsbyquenching,willbereJeCtedfromthcmandmovedto

grainboundariesduringthelong-termtempering･(b)P,CrandMo(ferrite-formingelements),
Whichwouldbesegregatedoriglnallybywelding,WillbediffusedintoferritegralnSduring

thelong-termtemperlng,butsomequantitiesofthemwi11stilLremaininthegrainboundaries･

`.Conclusions

(1)TheLDCFandtheTE,reSpeCtivelyareclassifiedintofourtypeS,LDCFlto4andTElto4

accordingtothetime-temperaturerangeinwhicheachofthemarises.

(2)LDCFl,2andTEl,2arisebytheshorトtermtempering･Thesecondaryhardeningbrought



Embrittlement and
Loss of Ductilityin HAZ of Steel

aboutbytheprecipitationofcarbidewillcausethosephenomena･ThesegregationofphosphoruS

andsomeotherimpuritieswillassistLDCFl,2tooccur･

(3)LDCF3andTE3arisebythelong-termtemPering･Thesegregationofnitrogenandsome

otherimpuritieswillcausethosephenomena･Thesecondaryhardeningmayassistthosephenom-

(4)LDCF4andTE4ariseinthehigher-temPeraturerangeOftempering･TE4willbecausedby

thecoarsenlngOfcarbideparticlesinferritegrain･LDCF4mayarisewiththesamecauseasthe

CaSeOfTE4.
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