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Abstract:AhighstrengthlowalloysteelwithlowcarbonequivalentwasselectedforsimulatingonlinedirectquenchＧ
ingandcoiling(DQＧC)process．TheinfluenceofstopquenchingtemperatureonmechanicalpropertiesandmicroＧ
structureswasstudiedandcomparedwithnormaldirectquenchingandtempering(DQＧT)process．ThestudyconＧ
firmedthatrequiredmechanicalpropertieswereobtainedforboththeprocesses．Propertiesoftheexperimentalsteel
withDQＧCprocesscouldreachthesamelevelasthatofDQＧTprocessingeneral．IntheDQＧCprocess,strengthdeＧ
creasedwithincreaseinstopquenchingtemperature．Martensitewasobtainedandexperiencedanagingprocessat
stopquenchingtemperaturebelowMf．OnfastcoolingbelowMs,martensitewaspartiallytransformedandcarbon
partitioningoccurredduringslowcooling．Thereductioninsolidsolutioncarbonandincreasedamountofretained
austeniteledtolowerstrengthcomparedwiththeDQＧTprocess．DQＧCprocesswasmorefavorableformicroalloy
carbideprecipitation．However,impacttoughnessunderdifferentcoolingconditionswasadequatebecauseoflowcarＧ
bonequivalentandrefinedmicrostructure．
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　　Inthemanufacturingofengineeringmachinery
andstructuralconstruction,steelsofhigherstrengthare
beingconsidered,whicharegenerallysubjectedto
quenchingandtemperingtreatment．Withincrease
instrength,difficultiesassociatedwithweldability
andtoughnessbecomenotable．Anumberofstudies
havebeencarriedoutinvolvingcontrolledrolling,
coolingandheattreatmentprocesses[１Ｇ４]．However,
thecarbon oralloycontent wasgenerally high,
whichresultedinlowtoughnessandpoorweldabiliＧ
tyandhighercost．Thus,lowcarbonequivalentis
requiredforhighperformance,which willleadto
decreaseinhardenabilityandstrength．Studies[５Ｇ１０]

haveindicated thatcontrolled rolling and direct
quenchingprocessaremorefavorableforobtaining
higherstrengththanreheatedquenchingandtempeＧ
ringprocess．However,steelsdescribedinthese
studiesweredirectlyquenchedtolowtemperature

andthenreheatedfortempering．Thisprocessis
suitableforplaterollingmillproduction．However,
withthedevelopmentofonlinefastcoolingtechnolＧ
ogy and heavy strip coiling equipment, high
strengthmediumplatecanbeproducedbycontinuＧ
ousstriprolling mill．Theonlinefastcoolingand
coilingprocessenablessteeltobequenchedtoacerＧ
taintemperaturebelow Msfollowedbysubsequent
slowcooling．ItisunclearifthemechanicalproperＧ
tiesobtainedusingthisprocesscanapproachdirect
quenchedandtemperedsteels．TheeffectofparameＧ
terssuchasstopcoolingtemperatureontheproperＧ
tiesand microstructurerequireselucidation．Inthe
presentstudy,a９６０MPagradesteelwithlowcarＧ
bonequivalentwasconsideredtoinvestigatetheviaＧ
bilityofdirectquenchingＧslowcoolingprocess．The
effectofstopquenchingtemperatureonmechanical
propertiesand microstructuralevolution wascomＧ



paredwithdirectquenchingandtemperingprocess．

１　ExperimentalProcedure
　　Chemicalcompositionoftheexperimentalsteel
(inmass％)wasC０１,Si０２５,Mn１０,Mo０２,
Al００３,B０００１５,P０００６,S０００３,Nb＋V＋Ti＜
００５,andFebalance．ThecarbonequivalentestiＧ
matedwasCEQ＝wC＋wMn/６＋(wCr＋wMo＋wV)/５＋
(wNi＋wCu)/１５＝０３．Thesteelwasmeltedina１５０kg
vacuuminductionfurnaceandcastintoingot．The
dynamiccontinuouscoolingtransformation (CCT)
diagramwasobtainedusingϕ８mm×１５mmcylinＧ
derspecimens．Thespecimens wereaustenizedat
１２００℃for５min,thencompressedto６０％at９００℃,
andsubsequentlycooledtoroomtemperatureatdifＧ
ferentrates．Hotrollingandcoolingexperimentswere
carriedoutusingalaboratoryhotrollingmill．Identical
hotdeformationprocesswasemployedfortheexＧ
perimentalsteel．Steelblockswereheatedto１２００ ℃
andsoakedfor１h．TwoＧstagecontrolledrolling
processwasperformed．Startrollingtemperaturesin
theausteniterecrystallizationzoneandnonＧrecrysＧ
tallizationzonewere１１００and９５０℃,respectively．
Thefinishrollingtemperaturewasabout８５０℃and
thefinalthicknesswas８mm．Hotrolledsteelwas
subjectedtotwodifferentcoolingprocesseswithfast
coolingequipmentofthe mill,asschematically
presentedinFig１．Thecoolingratewascalculated
basedondecreaseintemperatureandcoolingtime
andapproached８０－１００ ℃/sfortheexperimental
platethickness．Inprocess１,thesteelwasdirectly
quenchedtoroomtemperatureandthenreheatedfor
tempering,andisreferredasDQＧTprocess．TempeＧ
ringtemperaturewascarriedoutbetween２５０－６００℃
withholdingtimeof３０min．Inprocess２,thesteel
wasfastcooledtodifferenttemperaturesof１５０,
２９０,４６０and４９０℃,whichweredeterminedbyan

Fig１　Schematicdiagramofcoolingand
heattreatmentprocesses

infraredthermometer,andthentheplateswerecovＧ
eredbyglassfibersforsimulatingtheslowcooling
ofcoilingprocess,referredasDQＧCprocess．The
resultsofDQＧCprocesswereanalyzedandcompared
withDQＧTprocess．
　　Transversetensilepropertiesweremeasuredvia
a WAWＧ１０００universaltesting machineusingrecＧ
tangularspecimensofdimensionsof８mm×１５mm
andoriginalgaugelengthof６０ mm．Longitudinal
Charpyimpactpropertiesweredeterminedusingan
Instron９２５０HVdrophammerimpacttesterusing
specimenswithsizeof１０mm×７５mm×５５mmat
－４０℃．Theaveragevalueofthreespecimenswas
obtainedfromthetensileandimpacttest．ThespeciＧ
menswere metallographicallypolishedandetched
with４％nitalandobservedonaLEICADMIRMoptiＧ
calmicroscope．ThinfoilsforTEM werepolishedusing
byjetpolishingin９％ perchloricacidalcoholsolution
(TEM,TecnaiG２F２０)．DQＧCprocesssteelsamples
wereelectrolyticallypolishedandanalyzedbyscanning
electronmicroscopy(SEM,FEIQuanta６００)equipped
withEBSD(electronbackscattereddiffraction)．

２　Results
２１　CCTdiagram
　 　TheCCT diagram andcorresponding microＧ
structuresoftheexperimentalsteelarepresentedin
Figs２and３．Proeutectoidferrite,pearlite,and
granularbainitewereobtainedatlowcoolingrates．
Duringcoolingatabout５－４０ ℃/s,granularand
lathbainitewereobtainedthatbecamefinerwithinＧ
creaseincoolingrate．Aftercoolingat８０℃/s,lath
martensitewasobtained．Onlinefastcoolingrateof
atleast６０－８０℃/sisrequiredfordirectquenching．

Fig２　CCTdiagramofexperimentalsteelwith６０％
austenitedeformationat９００℃

２２　Mechanicalproperties
　　TheinfluenceofcoolingandheattreatmentproＧ
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