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Abstract

Thetemperembrittlment.occurredintheheat.a飴ctedzones(HAZs)of(ニr･Mo

Steels tempered atthe temperature range of775to900K.The nrst tIO tho

fourthtypesofembrittlementappearedinorderwithanincreasingtempering

time when the HAZ specimen were tempered directly.The effbct of SR

treatmentontemperembrittlementarisinginHAZof21/4Cr-1Mosteelwas

investigated.The temper embrittlement.was detected as the rise of the

transition temperature,ⅤTr30,The丘rsttype ofembrittlement,disappeared

COmpletely and thc second type didpartia11y after SRtreatment.Thethird

type ofembrittlement,Whichwastypicalintergranulartypeembrittlement,

aroseaswe11afterSRtreatment.Thistypewasinducedbythesegregationof

Phosphorusinthe prior･auStenite grainboundary.The払urth type arose a

littleaftertheSRtreatment･.Itwasinducedbythegrowthofcarbideparticles.

Key words:Tbmper embrittlement.T Cr･Mo Steel,Heat.affbcted zone,SR

treatment,Transitiontemperature,Segregationofphosphorus∫Intergranular

丘acture,Cleavagefracture.

1.■Introduction

11

21/4Cr-1Mosteelwasusedwidelyintheweldedconstructionssuchasthechemical

reactors orthe boilers,they were usedinthe temperature range around825K.The teml)er

embrittlementoccursoccasiona11yintheheata脆ctedzone(HAZ)ofthissteelwhenthewelded

COnStruCtionswereusedwithoutthestressreliefannealing(SRtreatment).Theauthorshave
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Observedfourtypef"･L'1･(lmI一(一r州Il"･lttlい‖=リ==tIl(･(lil･(†(:t･tl"nJ)ぐ汀(一(lHAZspecimensLl].
Thewel(1e(l(:()mlr11(:1i…lHI-1jlll(･L)yl･Ilt†1･hick

s(Ⅶtrionsof21/4Cr-1Mosteelareused

usuallyafter thpS比tr(一ill･m"11L)y Whi(:h t･h(Ⅷ一Si(lui11sl･rOSSarisinginthe weldedzoneis

removed[2]･｢IlheS比t･l･("=一l川1-n=yl)(1uSefulaswdllbrr(一m()Vingthetemperembrittlement.
Thisbene鮎iale鮪cl-･()‖廿=¶用t･menl･WaSCOnnrm(一(lir11･hi川一肌IrCh･Thetemperembrittlement

WaSdetecte(lbyt･herisp(州一(1t･mnSitiontemperat･urO,V,Ⅰ一r∴i()･′llhotlyl)eSOfembrittlementwhich

aroseintheSR-treat･e(1sl)eCimenswereidentinedbyrcLbrringt･･Othoseinthedirect-temPered

SPeCimens.

Themetallurgical払ctorsforinducingthetemperembrittlementwerediscussedfrom

theviewpointsofthesegregationofphosphoruSintheprior-auStenitegrainboundaryandthe

growthofcarbideparticlesinferritematrix.

2.Experimentalmethods

2･1SyntheticHAZspecimen

Tablelshowsthechemicalcompositionsof21/4Cr-1Mosteel･The
syntheticHAZ

SpeCimen[1]wasused･ThemicrostructureofrealHAZwasreproducedinasteelbarbyaweld
thermalcyclesimulator･ThemicrostructureOftheHAZspecimenconsists20%martensiteand

80%bainite.

TablelChemicalcompositionof21/4Cr-1Mosteel,maSS%.

2･2SRtreatmentandtempering

ThethermalhistoriesgiventotheSR-treatedHAZspecimenisshownbythesolidline

inFig･1･ThedottedlineshowsthethermalhistoriesoftheoriginalHAZspecimen[1].The

SPeCimenswereenclosedinasteelcontainerduringtheSRtreatmentandtempering.
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Fig･1ThermalhistoriesglVentOtheSR-treatedspecimen(SOli(1

1ine)andthosetotheoriginalHAZspecimen(dottedline).

ThetemperatureoftheSRtreatmentwas975K[2】.Thetimoor仙w一一…いl.黒h､(las

fo1lows(Fig･2)･Thesecondtyp60fembrittlementoccuriedat丘rstinth…h.,rt=n押r.川Ⅳ,rrhe
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transitiontemperaturevTr30decreasedwithanincrementofSRtime.Thespecimenbecamethe

de-embrittledstateafterthesecondtypeofembrittlementdisappearedaround5h･ThevTr30aS

low asl13K was attained at time of5h.However,the丘fthtype of embrittlement(SR

embrit.t.1ement)appearedinthelongtimerange[3].
Afr.(trSRtreatment,thespecimenwastemperedfbrlhtolOOOOhat775Kto925K.
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2.3Det･eCtionoftemperembrittlement

rLlhe halr･Si甜(lCharpyimpact･teStSpeCimenwasmadefromthetempered specimen.

`rh(tiIlll)とl(:t･t.eSt.WaS Carried out on each tempering condition by changing the testing

t(tnll)(u･iII'･urefromlOOKto300K,andthetransitioncurveWaSdrawn.ThetemperatureatlWhich

t.hespecimenwasfracturedabsorbing30ft-1b(40.6J)ofenergywasadoptedasthetransition
temperature,ⅤTr30.The temper embrittlement was detected as the rise ofvTr30from the

de-embrit,tledstate【4】.

3.Classi丘cationoftemperembrittlement

3.1Detectionbytheriseoftransitiontemperature

Fig.3(a)showsthevTr30-temPeringtimecurvesofdirect,-temPered specimens.It.is

assumed here that the basic vTr30in the non-embrittled state falls with the progress of

temperingasthedottedlineinthel海ure[1】.EachriseofvTr30丘omthenon-embrittledvalue
informsthat･eaCh ofdi鮎renttype ofembrittlementoccurs.The nrst tothefourth types of

embrittlement are observed atthe hillslabeled t-1一.to"4".The丘gures,S2tO S4and SD,

respectively,Showthetimeperiodsatwhichthesecondtothefourthtypesofembrittlementand

thede-embrittledstatebegintoarise.

At･825K,the丘rsttothe払urthtypesappearinorderwiththelapseoftime(Fig.3(a3)).

At875K,thesecondtype,de-embrittledstat,eandthefourthtypeappearinorder(Fig.3(a2)).

Fig.3(b)showsthechangeofvTr300ftheSR-treatedspecimens.Thedottedlineinthis

丘gure showsthevTr300fde,embrittledstate(113K)obtainedbythe SRt.reatmentfor5hat

975K.

Thede-embrittledstatewaskeptinshorttimerange.Thenrsttypeofembrittlement,

whichoccurswhenmartensiteintheoriginalHAZspecimenwasdecomposed[5,6】doesnotarise
intheSR-treatedspecimens,ButsomehillsofvTr300bservedinthelongtimerangeinforms

thatcertaintypesofembrittlementistoarisethere(Fig.3(bl)to(b4).Thetypeofembrittlement

WaSidenti丘edbythere鉛rringtheresultsinthepreviousstudyasexplainedinthe丘)1lowing

sections【1].
At775Kand825K,eXCePtforthe丘rsttype}thesametypesofembrittlementasthatin

theoriginalHAZspecimensappear.At875K,thefourthtypeofembrittlementappearshtomS4.

At875Kand925K,thesecondtypedoesnotappearanylonger.
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Fig･3TemperenibrittlementobservedastheriseofvTr30inthedirect-temPered(a)

andtheSR-treatedspeslmens(b).

Thehightemperaturetypeofembrittlement,thenfthtype【1],isobservedat975Kin

theoriginalHAZspecimen.Thistypeappears丘omS5.

The temper embrittlement except･tbr the丘rst type ofembrittlement arises by

SR-temPering,but the transition temperature vTr30in short time rangeis decreased

SignificantlybySRtreatment･SRtreatmentsuppressese脆ctivelytemperembrittlementwhich

OCCurSinshorttimerange.

3.2Shapeoftransitioncurve

TheshapeoftransitioncurveoftheSR-treatedspecimen(SRT)wascムmparedwith

thatofdirect-temPeringasshowninFig.4.
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Int.heseco11dtype.astepwiset.ransitionisobserved(Fig.4(a)).Aslant･tPranSitionoccurs

inthELthir(1t･ype(FigA(b)).AuniquevertlCaltransitionisobservedinthefburthtyl)e(Fig.4(c))･

The$ereSult･Sinformthat･eaChtypesofembrit･t･1ementwhichwaslabeledt･entrative】yinFig.3(b)･

jE,i〔lenticalt･Othoseintrhedirect･t･emperedone.

:-i,ヨFract,ure mO(le

ln casp of t･he directrteⅡ1pering.the secon(lan(ltphelb11rt･h ty]〕e百Ofe皿brittlement

l)rO(luc(L(1thecleavagefractureandt･hethirdt.yl〕edidt.heintergranular鉦acture【1].
The fractllre StlrfaceLS Oftheinpact･-teSted sl)eCimens which were broken below the

t･ranSit･iontemperaturewereobservedbyaSEM.Fig.5showst-hebrittlefracturemodeofeach

type(】fembrittlement･.Thecleavage丘acturewasobservedinthetimerangewherethpsecond､

theL丘川rthとIn〔lt･hもflftht･ypeSarOSe,Theint･eLrgranular丘act･ureWaSObservedinthet･imerange

where the t･hir(lt･yl)e arOSe.Those fracture modes mee†･Wellthose obseTVe(lin the

(1ire〔十†･eml〕ere(lsl】eCimens.

Fig.5Fractlu･eSurfacesofspecimensintheembrittledstatesof(a)the

SeCOnd,(b)tbetb正dmd(c)tbefourtbtァpes.

3ATime-temperature-embrittlementdiagra皿

The hme(t)･temperat11re(T)且eldsin whlChfour t.ypes ofembrittlement arise are

showninFig.G(a).1/Tandlogt･aretakeninthemainverticalandhorizont･alaxesofnormal

spacing:T(K)andt･(h)arealsoshowninthecorrespondingpositions.Theboundarylmesinthis
丘gureare〔lrawnbyusingtllef･emperingpara皿et.er.P[7].

P=T(logt+18)

The丘eldsoft･hosetypesinthedirect-temperedspecimensareref如redinFig.6(b)[1].

The second type･Ofembrittlement appears after SR treatment only slightlyinthe

limit･e(ltemperat･ure range below860K.Thil･d t･ype arisesas wellafter SRtreatmentin the

t･eml)emture range arOund825K.It･has been reported that the thlr(lt.yl)e arisesin the

tpml)eringofde-embrittledspecimeIlaSWellasinthedirecttemI)eringofquenchedone(8].The

fleld ofanint･enSive embrittlementofthis type.whichexhibits the vTr=うO
mOre than15OK

(Fig.2(b3)and(b4)),isobservedonlyinthelimite〔1timerangelongerthanlOOOhat.825Kwhich

isshownshadedareamarkedby"Em"inFig.6(a).

The 払urth type stillarisesin the same time-temPerature range aSthatin

direct･~temperedspecimens,however7theSRtreatmentreducesitsintensity(vTr30lowerthan

150K Fig.3(b2)),The Afth type whichisknown as SR embrittlement[9]arises when the

temperingtemperattlreisashighas925K伊ig.6(a)and(b)).
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Fig･6Time-temPeraturefieldsinwhichthefirsttothefifthtypesoftemperembrittlementarise;

bfirsttype,Osecondtype,Osecondandthirdtype,●thirdtype,△fourthtype,

▲thirdandfourthtype,□丘肋type,Ode-embrittledstate,Em:embrittledintensively･

4･EffbctofSRtreatmentontheintensityofembritt.lement･.

4.1Thirdtypeofembrittlement

SR treatmentreducesthe transition temperature vTr30Ofthe=AZ as explained

qualitativelyintheprecedingchapter.Fig.7(a)showsqualit.ativelyt.heeLlbctorSRtreatmenton

thevTr30inthetimerangesofthesecondandthirdtypesofembritf,lement..The△vTr30isthe

di鮎rencebetweenthevTr300fthedirect-temPeredspecimensandthatoftheSR-temPered

SpeCimens･Fig･7(b)showsthefractionofareaofintergranularfracturewhichaccompaniesto

thethirdtypebyreferringtothatofthedirect-temPeredspecimens(Fig.7(c)).

TheSRtreatmentreducesthevTr30aSmuChas150Kbyremovingthe丘rsttypeand

partia11ythesecondtype･However,inthetimerangeinwhichthethirdtypearises,the△ⅤTr30

isreducedwiththelapseoftime,andatlOOOh,thevTr300ftheSR-treatedspecimenexceeds

thatofthedirect,temperedone･Thistendencyisillustratedwellbythechangeinthefractionof

areaoftheintergranula;fracture(Fig.7(b)and(c)).
ThevTr30Valuesinthetime-temPeraturerangeWherethethirdtypearisesareshown

SChematicallyin Fig･8rehrring to those ofthe difect-temPered
specimens(dottedline).
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Although,thethirdtypebeginstoariseintheearliertimerange,itbecomesveryintensive(the

vTr30higherthan200K)inthelongtimerangeaslongaslOOOh.
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4.2Fourthtypeofembrittlement

Fig･9showstheeffbctofSRtreatmentonthevTr30inthetimerangeofthefourthtype

Ofembrittlement･TheriseofvTr30issuppressede鮎ctivelybySRtreatment.
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Fig･9Di鮎rencesoftransitionternperature,△vTr30between

SR-treatedanddirect-tenq)eredspecimensinthetimera喝eWhere

thefourthtypearises;temPeredat875K.

5･Metallurgicalfactorsaffbctingtheembrittlement

5･1E鮎ctofphosphorusconcentrationingrainboundaryonthirdtype

5･1･1EDXmicro-analysisongrainboundary

Thephosphorusconcentrationintheprior-auStenitegrainboundarywasmeasuredon

theSR-treatedspecimensbytheEDXmicro-analysis･Theprocedureofmicro-analysisisas

丘)1lows.

The prior-auStenite grain boun(1ary was revealed by etching withthe saturated

aqueous solutionofpicric addedby a
wet･tingregent.【10].Apairofindentationswere made

acrossonegrainboundaryasshowninFig･10(a)･Thespecimenwaspolishedagaintoerasethe

grooveofthegrainboundarywaserasedasshowninFig.10(b).Thepointanalysiswasmadeon

15spots at eachintervals of70nm crossing one grain boundary.The conditions ofEDX

micro~analysis are asfo1lows･Accelerate voltage;15kV magni丘cation of SEM;30000,

measurementtime;50s.

TheX-raySPeCtrumOfforanelementisshowninFig･11･TheintensityofanelementIe

WaSmeaSuredasImes-Ibg.Theenergyranges丘)rmeaSure(EltOEu)are(lennedforPandFeas
l･09-2･18keVand6･18-6･64keVrespectively･TheX-rayintensitiesintheenergyrangewere

integratedtoobtaintheIpandIFe･Thephosphorusconcentrat･ioningrainL)()undary【P]meswas

ObtIainedbyIp/(Ip+IFe).

5･1･2Changein[p]gbbytempering

The【P]mesofas-WeldedHAZ,SR-treatedandtemperedspecimensareshowninorder

inFig･12(a)･Thephosphorusconcentrationingrainboundary[P]gbCanbeexpressedbythe

CurVedlinewiththeassumptionthatthemaximumvalueamongeachset.of[p]mesexhibitsthe
[p]gb.

The【P]gbis already aslarge as O,6mass%inthe
as-Welded state due t｡the

Welding-inducedsegregationbya/YtranSformationduringtheheatingprocessofwelding･This

phenomenon hasbeenintroducedin detailinthe paper ofthe authors[11].sR treatment

reducesthe【p]gbtOO･2mass%･This【p]gbValueiskepthrlOOh,afterthatitincreasesreaching
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thいIllilXimumvalueofO.6mass%atlOOOh,andthendecreases.

Thechangeofthe[P]gbinFig.12(a)meetswellthatofthefractionofintergranular

lhl(:1,ureOfthe
specimensasshowninFig.12(b).Thoseresultsinformthatthe thirdtypeof

embrittlementis caused by the segregation ofphosphorus during temperingfor aslong as

lOOOb.

Theincreasing process of[p]gb Wi11be exl)1ained asthel)rOCeSS Of equilibrium

segregationproposedbyMcLean[12】.However,themechanismofthe(1ecreasingprocessof[P]gb
isnotyet･Clearatpresent.
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Figures4to9showthat4to9plotsarepileduponthesamePOSition.

5.2E鮎ctofcarbideparticlesonthefourthtype

Thechangeintheaveragesizeofacarbideparticleisshownforthetimerangewhere

the丘)urthtypearisesasinFig.5(a).Thegrowthofcarbideparticlesisobservedinthetime

rangeaslongaslOOOtolOOOOhinwhichthefourthtypeappears(Fig.5(b)).Thisresultin丘)rmS
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thatthe丘)urthtypewilldependsonthegrowingprocessofcarbideparticles[3,5].However,the

growth rate ofcarbide particles and hence,the rise ofvTr30is smallerthan those ofthe

direct-tempered
specimen･Thisresultwilldepend on the払ctthatcarbide particles have

alreadygrowninsomeextentbytheSRtreatmentat975K,andgrowthrateatthetempering

temperatureof875Kremainsinalimitedrange.
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Fig･13Growthofcarbideparticleswhenthefourthtypearises;875K

6.Conclusions

(1)TheSRtreatmentat975Kfor5hmakestheas-WeldedHAZspecimenthede-embrittled

State･Sometypesofembrittlementarerevivedbytempering.

(2)InSR-treatedspecimens,the丘rsttypedoesnotappear･Thesecondandthefourthtypes

appearsalittle.

(3)Thethirdtypeappearsslightlyandsigni丘cantlyinthelongtimerange.

(4)Thethirdtype,Whichproducestheintergranularfracture,isinducedbythesegregationof

Phosphorusinthegrainboundaryofprior-auStenite.

(5)The丘)urthtype,Whichproducesthecleavagefracture,Willbeinducedbythegrowthof

Carbideparticles.
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