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Abstract

FivetypesoftemperembrittlementaroseinHAZofCr-Mosteelinthe

temperaturerangeof775Kto875K･ThemetallurglCalfactorsaffectlng

thosetypesofembrittlementwerediscussedfromtheviewpointofthe

PreCipitationandgrowthofcarbide,thesizeandshapeofferritegrainsand

thesegregationofimpurltyelements･Thefirstandthesecondtypesof

embrittlementareinducedbythesecondaryhardeningbroughtaboutbythe

COherentprecipitationofM2C･Thethirdtypeisinducedbythesegregation

Ofimpurltyelementsinthegrainboundary･Thefourthtypeispossibly

inducedbythecoarsenlngOfM2CandM7C3･Thefifthtypeisinduced

mainlybythecoarsenlngOfferritegrains･

Keywords:Cr-Mosteels,heataffectedzone,temPerembrittlement,grOWth

Ofcarbideparticles,grOWthofferritegrains,Segregationofimpurities･
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l.Introduction

TheweldedzoneproducedbyarcweldinglSCOmPOSedoftheweld.metal,theheataf-

ftctedzone(HAZ)andbasemetalasshowninFig･1･TheheatofweldingisgiventotheHAZ

anditflowsimmediatelytothebasemetal･The=AZiscooledasrapidlyasthecaseofquench-

1ngaSShowninFig･2,andhence,itsmicrosturctureiscomposedofmartensiteandbainite.The

VVeldmetal

Heat-affectedzone

Fig･1Weldedzoneproducedbyarcwelding.
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Fig･2ThermalcyclesglVentO

HAZduringandafterwelding,

①welding,②Tempering,

HAZisthentemperedwhentheweldedconstruCtions,SuChasboilorsandpressurevesselsare

?Sedinserviceatanelevatedtemperature(Fig･2)･Oneoftheunfavorablephenomenonobserved
lntheHAZofCr-Mosteelisthetemperembrittlement[1-3]arisingafterlong-termtemPering.
ThetemperembrittlementisdetectedastheriseoftransitiontemperatureobtainedbyCharpy

impacttest【5-8]･TheauthorshavemadeaseriesofinvestigationonthisphenomenoninCr-
Mosteels,andpolntedoutthatthereexisted丘vetypesofembrittlementinthetemperaturerange

Of775Kto975K[4-9]･Theybelievedthateachofthesetypeswillbecloselyrelatedtothe
metallurglCalfactors･Inthisresearch,themqormetallurglCalfactors,SuChastheprecIPltation

Ofcarbide,thegrowthofftrritegrainsandthesegregationofimpurltyelementswerediscussed

Onthebasisoftheexperimentalresultsoftheauthors.

2･Time-temperaturerangeWheretemperembrittlementarises

Thetime-temPeraturerangeSWherethe血stto丘fthtypesofembrittlementandthede-

embrittledstatearisewereshowninadiagramofFig･3[6,9]･Inthisdiagram,1/Tandlogtare
takeninthemainverticalandhorizontalaxeswithnormalspaclng,thetemperlngtemPerature

T(K)andthetimet(hr)areshowninthecorrespondingpositionsofsub-aXeS･Thediagramof

Fig･3informsthefollowingfacts:(1)ThethirdtypeofembrittlementbeginstoとIPPearatCdline
be良)rethesecondtypedisappearsataTb-1ine･TheR)rmerSurvivesafterthefourthtypebeglnStO

appearatefline･(2)ThethirdandtheburthtypesarealivebelowthecriticaltemperaturesofccT

andeg･(3)Thefifthtypeappearsabovethecriticaltemperatureofhi.Itwi11ariseinawide

temperaturerangebelowAltemPerature･(4)Thespecimenbecomesthede-embrittledstateafter
thesecondtypeofembrittlementdisappearsandbeforethefourthorthefifthtypebeglnSt()

aPPear･
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Fig･3 TempenngtemperatureNtimefieldswherefivetypesoftemperembrittlementarisein

21/4Cr-1Mosteel;Marks･Showthespecimenintheembrittledstateof;¢firsttype,
O
secondtype,●thirdtype,△fourthtype,▲thirdandfourthtype,□fifthtype,

① de-embrittlestate.

3.Behaviorofcarbideduringtemperlng

3･1Generalprocessofcarbidephas?Changeduringtemperlng

Fo1lowingcarbidephasechanegewillbeexpectedduringtemperingofCr-Mosteel[1O]･

(1)ThesteelinthequenchedstatehasthemicrostruCtureOfbainiteandmartensite･

(2)ECarbide(Fe2.4C)precipitatinginmartensiteandbainiteiscementite(Fe3C)intheearlier
StageOftemperlng･

(3)Inthenextstageoftempering,Cementiteisreplacedbymolybdenumcarbide,Mo2Cand

Chromiuncarbide,Cr7C3.

(4)Mo2Cisinformedwithtwostages;inthefirststage,afineplateletprecipitateisformedkeep-

1ngaCOherencywiththeferritematrlX,andinthesecondstage,athree-dimensionalprecIPltatC

isformedloslngthecoherencywiththematrix‥AsignificとIntincrcaseofhardnessisobsel一､･edin

thefirststageofprecIPltation･

(5)IthasbeenbelevedthatCr7C3nuCreatSinpre-eXistingcementiteとIndgrowsconsumingthe

latterasshowninFig.4(a).Inthisc之ISe,therefore,theincreaseofhardnessobservedincこISeOf

theprecipitationofMo2C(SeParatenuCleation;Fig･4(b))doesnotoccur･
(6)Inthefinaltemperingstage,bothMo2CandCr7C3aredisappeartoproduceachromium

carbide,Cr23C60r mOlybdenumrichcarbide,Fe21Mo2C6･

Metallicatom(iron,Chromiumormolybdenum)inthecarbidephaseofFe3C,Mo2C,Cr7C3,
Cr23C60rFe21Mo2C6Canbereplacedconsiderabllybyotheratoms,andhence,eaChcarbide

phaseisexpressedbythegenerallizedformulaofM3C,M2C,M7C3OrM23C6,1nWhich''M''

representsFe,CrorMo∈1SShowninrrtlblel･Cr23C6こIndFe21Mo2C6WaSbelevedtoR)rnlSOlid

solutionineachotherinCr-Mosteels[10】,andthereforc,aSinglegenerallizedformulaof
一一M23C6"wasadoptedR)rthosccarbidephases-
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Fig･4DifferentnucreationsystemsofCr7C3andMo2C.

TablelCarbidetyp飴PreSentinCr-Mosteel.

Fundamental Generalized Metals,

払mura hrmura M*

Fe3C M3C Fe,Cr,Mo

Cr7C3 M7C3 Cr,Mo,Fe

Cr23C6

Fe2】叫02C6
M23C6 Cr,Mo,Fe

*Amgedintheorderofincreasingconcentration.

3･2CoherentprecipitationofM2C

(1)PreparationofHAZspecimenandmeasurementofhardness

The血ststageofprecipitation(thecoherentprecipitation)ofM2Cwasdetectedinthis

research bythemeasurementofhardness.

21/4Cr-1Mosteelofthechemicalcompositionof恥ble2wasused.ThemicrostruCtureOfHAZ

(inthiscaヲe75%bainiteand25%martensite)wasreproducedinasteelplateof7x13mmin
CrOSS-SeCtlOnbyuslngaWeld-thernalsimulator･ThissyntheticHAZspecimenwastemperedat

775to975KfbruptolOOOOhours･

Table2 Chemicalcompositionof21/4Cr-1MoSteel(wt%).

TheVickershardnessofeachspecimenwasmeasuredatroomtemperature･Thehardness

testwasmadewiththeloadof5OONonthecenterportionsofthespecimen･

(2)Hardness changeofthespecimen
ThechangesinhardnesswithanincreaslngtemPerlngtlmeat775Kto825KareshowninFig･5

forthespecimenstemperedat825K･Thedottedlineattachedtothehardnesscurveshowsan

assumed hardness of thespecimeninthenon-hardenedstate.Theincreaseofhardnessis ob-
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servedinthetimerangesinwhichthehrsttype(leftsideofS2),thesecondtype(S2tOS3)and
thethirdtypeofembrittlement(rightsideofS3)occur･Theincrementofhardness,AHinthe
figure was measuredfbra11thespecimensinFig･3asshowninFig･6･Inthe temperature range
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Fig.5ChangeOfhardnesswiththelapseoftempenng

time at775Kto825K.
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Tempenngtime,t,hr

Fig.6Incrementofhardness△Hinducedbysecondaryhardening

Showninte叩anngtemPerature-timediagram;

●△H≧50,050>△H≧30,①30>△H≧10,010>△H.
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below875K,theAHincreasestothetophill(AH≧50)around775KhrlOOhrandthendecreas-
espasslngthroughthesecondhillaround800KforlOOOhr･Inthetemperaturerangeabove

850K,thehilloflargeAHisnotrecognized･TheAHdecreaseswhenthetemperlngtlmeeXCeeds

ABlineinthefigure･Thoseresultssuggestfollowlngfactsinreferencetotheembrittlement

di之IgramOfFig･3･(1)ThesecondaryhardeninginducedbythecoherentprecipitationofM2C
OCCurSmOStSlgnificantlylnthetime-temPeraturerangeinwhichthesecondtypeofembrittle-

Plentarises･(2)Asignificantsecondaryhardenfngisalsooccursinthetime-temPeraturerangeS
lnWhichthefinalpartofthefirsttypeandbeglnningpartofthethirdtypearise･(3)Thesec()nd-
aryhardenlngdoesnotoccurintherangesinwhichtheR)urthtypeandthefifthtypeofembriト

tlementariseaswellasthede-embrittledstateappears･

3･3MicroscopICChangeofM2Cparticles

(1)Methodofmeasuringcarbideparticles
M2Cparticleswhichweregrewupaslargeasthethree-dimensionalsizewasobserved

byanSEM･Thenumbersofcarbideparticlesinanunitareawerecountedbythe followlng

method･AnoutlineencloslngaSquarOf5x5umwasdrawnatrandomonanSEM-micropho-

tograph･Thenumbersofcarbideparticleslocatinglnthissquarwerecounted.

AveragesizeofcarbideparticleswasmeasuredbythefollowlngPrOCedure･OneSEMmi-

CrOPhotpgraphwasselectedatrandom･Carbideparticlesexhibitasphericalandanelongate

Shapes;thediameterandthelengthrespectively,WeremeaSuredbreachoftheseparticlesinthe

Photoprint･Measurementsweremadeseparatelyontheparticleslocatlnginferritematrixand

thatinthegrainboundariesofprlOr-auStenite･

(2)Numberandsizeofcarbideparticles
Thenumber,Nandthesizeofcarbideparticlesare showninthetime-temperature

diagramsasFig･7and8･TheSinFig･8representsthemeanofsizesoftheparticlesIocatlngln

ferrite matrix andthatingrainboundary･Thetemperlngtlme-temPeraturefieldcan be divided
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Fig.7Numbersofcarbideparticles

in5FLmSquare,Nshown

inthetempermgtemperature-

timediagram;CI)line:beginning

Ofthegrowthofcarbideparticles;

●N≧120,0120>N≧100,

⑳100>N≧80,①き0>N≧40,

040>N.

0.1 1 2 5 1020 50100 1000 10000

Tempenngtlme,t,hr

intotworeglOnSbythelineCD･InthereglOnleftsideofCD,theNincreases,andhencc,theS

decreaseswithanincreaslngtemPerlngtime;1tmeanSthatpre-eXistlngCOarSeC之Irbidcparticles

WererePlacedbyfineones.TheR)rplerwillbecementite,M3CandthelatterwillbeM2C.Inthc
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reglOnrightsideofCD,theNdecreases,andtheSincreases withanincreaslngtemPerlngtlme;

thatistheparticlesofM2CandM7C3grOWSlgnificantlywhenthespecimenistemperedtothis

Thethirdtypeofembrittlement(Fig･3)arisesinthetemperature-timerangewherethe

particlesize,Sissmallest･ThefourthtypearisesintherangewheretheSislarger(around
O.1um).The丘f[htypeappearsintherangewheretheSislargest(aroundO･4um)･
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carbide,Sshownintetnpering

temperature-timediagⅧ1;

●0.05>S,⑳0.1>S≧0.05,

①0.4>S≧0.1,01.0>S≧0.4,

△S≧1.0〝m.
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3.4Changeofcarbidetype

(1)Determinationofcarbidetype
Carbideparticlesinsteelspecimenwereextractedelectrolyticallybyuslngtheapparatus

showninFig･9･1LofO･5NHCIwasusedastheelectrolyte;thecurrentdensitywasIOm〟cm2･

TheelectrolysISWaSCOntinuedforlOOhoursbyreplaclngthe electolytewiththefreshonefor

every24hours･0･26gofcarbidewasextractedastheanoderesidue･

Copper

(Cathode)

Porcelein

diaphagn

Fig.9ApparatuSforelectrolyticextractionofcarbide･
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Theresiduewasmovedtoaglasscylingertogetherwiththeelectrolyteinthebottom

POrtion･Theresiduewaswashedbywaterbyrepeatingthedecantation･Itwaswashedfinallyby

ethylalcohl･TheresiduewasBltratedthroughaglass-PaPermter･
Theresiduetogetherwiththe丘1terwasattachedtoaglassplateoftheX-raydiffraction

apparatus･X-raydiffractionwithachromiumtargetwascarriedoutbridentifythetypeofcar-
bide･ThedatacardspublishedbyJCPDS[11]wereusedasthestandarddifh･aCtionpatterns.

(2)Carbidetypesinthespecimens
ThechangeofthetypesofcarbidewithprogresslngtemPerlnglSShowninthetime-

temperaturediagramofFig･10･ThisfigureinformsthefollowlngたICtS･
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(i)Thecarbidetypespresentinthetemperaturerangebelow925KareM2CandM7C3.

(ii)M7C3isdetectedintheearliertimeperiodoftemperingthanM2Cdoes.M2Ccanbedetected

Onlywhenthespecimensaretemperedinthetemperature-timerangeinwhichtheM2Cparticles

begintogrow(rightsideofCDlineofFig.7and8).

(iii)M23C6isdetectedinthetemper?turerangeabove925K･

(iv)M2CandM7C3COntinuetoappearinthetemperaturerangewherethethirdandthefourth

typearise.

(v)M23C60therthanM2CandM7C3aPPearSinthetemperaturerangewherethefifthtypeof

embrittlementarises.

4･Behavioroffbrritegrainduringtemperlng

4･1Changeinmorphologyofferritegrains

ThemorphologyofferritegrainswasobservedbyuslnganOPticalmicroscope･The

microphographsofspecimenstemperedat975KR)r5,5Oand500hoursandetchedby3%nital

areshowninFig･11･Themartensite-lathstructurewhichexistedbeforethetemperlngtranS-

h)rmSintotheferrite-lathstruCturebythetempering丘)r5hours(Fig.11(a)).Eachferrite-1ath

joinstogethertoR)rmanelongatedftrritegrainbythetemperingfor5Ohours(Fig.11(b)).An

elongatedferritegraingrows]01nlngtheothergrainsandpasslngthroughthegrainb()undaryof

Prior-auStenite,aSareSult,alargepolygonalferritegrainisproduced(Fig.11(c)).
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4･2Changeinsizeofferritegrains

ThechangesinthesミZeParameter(thearea,thelengthandthewidth)offerritegraモns
withthelapseoftemperingtlmeat975KareshowninFig･12(b)and(c)･ThechangeofthesIZe

offerritegrainscorrespondswe11tothatofvTr30(Fig･12(a))asR)1lows･(a)Thetimeperiodsat
whichthehfthtypeofembrittlementbeginstoappearandarisesveryslgnificantlymeet,reSPeC-

tively thoseatwhichtheferritegrainsbeginstogrowandgrowsveryintensively･(b)Ferrite

grainsbecomepolygonalinshapebyreduclngltSWidthanddecreaslngltSlength
atthetimc
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WhentheembrittlementarisesverylntenSively･Thatis,theorlglnalshとIPeOfferrite,Which

SuCCeedstheorientationofmartensite-lath,isdisappearedatthistimeperiod,andthefcrrite

grainsgrowh.eelylnSeVeraldirection.

43Changeinfacetsize

ThespecimensfracturedatandnearthetransitiontemperatureexhibitthemixedfrこICturCS

Ofacleavageandadimple･Thecleavageh･aCtureiscomposedofsmallpartitionedとIreaS,"fLICet▼一.

ThechangeinfacetsizewiththelapseoftemperingtimeisshowninFig.12(d).Thisresult

informSthatthefhcetsizeissameapproximatelyasthelengthoftheferritegrains(Fig.1()(c)).

5･Behaviorofimpurity
eIementsduringtemperlng

Thespecimensufferedfromthethirdtypeofembrittlementisfracturedatthegrこ1in

boundaryofprior-auSteniteasshowninFig･13(a)･Inthetimerangeinwhichthistypcofcmbrit-

tlementarises(aroundlOOOhrat825K),thegrainboundarywillbecomeweakerth之Inthecleaq

VagePlaneasshowninFig･13(b)･Thecauseofweakeningthegrainboundarywi11bcthescgre-
gationofimpurltyelements･
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TheimpurltyelementssegragatedinthegrainboundaryofprlOr-auStenitewereanalyzed

byanAugerelectronspectroscopy(AES)･Thespecimensufferedfromthethirdtypeofembrit-

tlement(temperedat800KforlOOOhours)wasfracturedinliquidnitrogenplacedinanAES

apparatus･TheAugerspectrarevealingthesegregationofimpurltyelemcntsareshownin

Fig.14･

Thesegregationofnitrogenisobservcdotherthanthewell-knownimpurltyelement,

phosphoruS･ThesegregationofphosphoruSinthegrとIinboundarywasdetectedb､′EDXとInalysIS

onthecross-SeCtionofthesamespeCimen･AprecisepolnトCOuntlngmethodwasappliedtothe

microreglOnarOundagrainbound之Iry･ThescgregationofphosphorusisconfimedとIgこIinbythis

methodasshowninFig.15･
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6･InnuenceofmetaIlurglCaI払ctorsontemperembrittlement

6･1Thefirstandthesecondtypesofembrittlement

ThesecondaryhardenlnginducedbythecohercntprecIPltこItionofM2Coccursmostintc-

Sivelywhenthesec()ndtypeofembrittlcmentこIriscs(Fig･6)･Thcsccondaryhこl一･deningoccurs
alsowhen thefirstandthethirdtypesとIrisc･ThoscresultssuggcstthとItthehとIrdcnlngarlSlnglI-

fcrritematrixwi11beoneofthem叩)rmetallurglCとIlたICtOrtOCこIuSCthcfirst,thesccondこIndthc

thirdtypesofembrittlement.

6･2Thethirdtypeofembrittlement･

Thethirdtypeofembrittlementis之ICCOmPaniedgenerallybytheintergl-anularh-aCture,

andtheimpurltyelements,SuChとISPhosphorusandnitrogenwereconcentratedinthegrこ1in

boundary･Thisfactindicatesthatthethirdtypeofembrittlementisinducedmainlybythcscgrc-

gationofthoseelements･ThesecondaryhardenlngWill…lSSistthethirdtypetooccurこISmen-

tionedabove.

63Thefourthtypeofembrittlement

Carbideparticlesgrowveryslgnificantlylnthetimerangeswherethe fourthtypeof

embrittlementarises(Fig･7and8)･Thisresultsuggeststhatthemajorcauseoffourthtypeof
embrittlementwillbethegrowthofcarbideparticles･

6･4Thefifthtypeofembrittlement

Verylargeferritegrainsareobscrvedinthespccimcnsuffcrcdfr()1nthefifthtypcof

embrittlemet,andthesizeofaferritegrainisapproximzltelysこImCこISthat()fとIfこICetintheclea

Vagefracture(Fig･12)･ThisfactsuggeststhatthegrowthofferritcgrとIinswillbcthemLlj()1-
hctortoinducethefifthtypeofembrittlemcnt･

7.ConcIusions

ThetemperembrittlementarlSlngintheHAZof21/4Cr-1Mosteelwasdiscusscdfrom

theviewpolntOfthemetallurglCalcauses･Theresults()fdiscussionswillbesummerizedとIS

bllows.

(1)Thefirstandthesecondtypesofembrittlementareinducedmainlybythesecondaり′harden-

1ngbroughtaboutby thecoherentprecIPltationofM2C･

(2)Thethirdtypeofembrittlementisinducedmainlybythesegregationofphosphorusと1nd

nitrogen･Thesecondaryhardeningwi11assistthistypetooccur･

(3)Thefourthtypeofembrittlementisoccuredbyasignificantgrowthofcarbideparticles.

(4)Thefifthtypeofembrittlementwillbecausedmainlybyasignificantgrowthofferrite

grains.
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