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Introduction

Background

Anappreciableportionofthecostofship.construc-
tioncanbeattributedtowelding.Forexample,ithasbeen
estimatedthat30to50percentofthetotalman-hgursspent
inhullconstructionisassociatedwithweldinq.1)*Therefore,
toreducecostsandtohelptheUnitedStatesachievea com-
petitivepositioninworldshipbuilding,weldingtechniques
arerequiredthatwillspeeduptheweldingprocessandstill
maintainhigh-qualityweldmentswitha satisfactorydegreeof
strengthandnotchtoughness.

Fasterweldingtranslatestotheuseofhigh-heat-
inputweldingprocessessuchasmultiple–wiresubmerged-arc
(SA),electrogas(EG),.andelectroslag(ES)welding.Although
stickelectrodesarestillusedtoa greatextentinshipbuild-
ing,thetrendistowardhigher-heat-inputprocesses,particu-
larlyinthelargeryards.Multiple-wireSAweldingisbeing
employedinshipyard,panellines;E’Sweldingisbeingusedfor
verticalbuttweldsforside-shellconstructionandforbutt-
weldedlongitudinalstiffeners.2,3,4)TheJapanesehaveused
thehigh-heat-inputprocessestoa greaterextentthanothers
andhavealsoemployedmanymoreweldingengineersinship-
building;2~4)thesefactorshavecertainlyenhancedJapan’s
developmentofimprovedweldingpracticesforships.

Theuseofhigh-heat-inputwelding,however,can
causenotch-toughnessdegradationintheheat-affectedzone
(HAZ)ofweldments.1)Thisisa matterofconcern,particularly
incriticalareasoftheship;suchdegradationlimitsthe
“extenttowhichhigh-heat-inputweldingcanbeused.Thus,
theAmericanBureauofShipping(ABS)Rules5)restricttheuse
ofhigh-heat-inputweldinginhighlystressedside-shell
memberssuchasthebilgestrakeandsheerstrake.6,7)The
testprimarilyusedtoassessnotchtoughnessintheHAZis
theCharpyV-notch(CVN)test,asspecifiedbyABS.

HAZ-toughnessdegradationisusuallyencounteredto
a greaterextentinhigherstrengthshipbuildingsteelssuch
asEH367)(51ksiminimumyieldpoint),andyetwherepermitted
thehigh-strengthgradesarebeingincreasinglyusedinplace
oftheordinary-strengthhullsteels(34ksiminimumyield
point).

* SeeReferences.
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SeveralU.S.Government-sponsoredprojectshave
beenundertakentoextendtheuseofhigh-heat-inputwelding
processesinshipbuilding.Anexploratoryprogramwascarried
outbyBethlehemSteelCorporation7)incooperationwiththe
U.S.MaritimeAdministration(MARAD)ontheevaluationof
toughnessofEGandESweldmentsofship-plategradesABS,B,
CS,andEH36andASTMA203GradeA 2-1/2percentNialloy
steel.Inthatprogram,usefulnotch-toughnessdatawere
obtainedbyusingvariouskindsoftoughnesstestsonsomeof
thestandardshipsteels.

A programisbeingsponsoredbyMARADandmonitored
bytheNationalBureauofStandards(NBS)8)todetermine
whethership-platesteelswithimprovednotchtoughnessfor
low-temperatureservice(LNGtankers)canretainsatisfactory
toughnessintheHAZwhenrelativelyhigh-heat-inputwelding
practices(uptoabout175kJ/inch)areused.Thepreliminary
resultsofthisstudyindicatethatthebestHAZtoughnesswas
obtainedforthreelow-sulfurCb-treatedsteels.

AnimportantaspectofHAZnotch-toughnessevaluation
istherelevanceoftheevaluationproceduretoactualservice
behavior.CurrentABSRtiles5)requireassessmentofweldment
toughnessbytestingCVNspecimenswiththecenterofthe
notchlocatedintheweldmetal,onthefusionline,at1,3,
and5 mmfromthefusionline,andinthebasemetal.A
programaimedatdeterminingtherelevanceoflowtoughnessin
theHAZtothestructuralperformanceofshipg-)steelweldments
hasbeencontractedbytheU.S.CoastGuard; thisprogram
isbeingcarriedoutbyU.S.Steelandsponsoredby the Ship
StructureCommittee.(SSC).

GoodHAZtoughnessisanimportantconsiderationnot
onlyinships,butalsoinmanyotherstructures.Achieving
satisfactoryHAZtoughnesswithhigherweldingheatinputsis
desirableinallapplicationsbecauseitreducesfabrication
costs.

Considerableefforthas,therefore~beendirected
towardthedevelopmentofsteelsthatwouldexhibitwhatis
judgedtobesatisfactoryHAZtoughnesswhenweldedathigh
heatinputs.Thetechnicalliteraturecontainsnumerousexamples
ofinvestigationsconductedwiththispurposeinmind.In
thesestudies,standardcompositions(shipplateandotherwise)
aswellasexperimentalcompositionshavebeenused.The
proposalsandsuggestionsputforthinthetechnicalliterature
serveas thebasisforthepresentSSC-fundedinvestigation.
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Obicctive

Thisinvestigation.isdirectedtowafdthedevelopment
ofeconomicalship-platesteelshavingimprovedweld-HAZnotch
toughness’whenweldedathighheatinputs.Theultimate,
objectiveis”todeterminewhichsteels,achievethebestHAZ
toughnessandnottoachievea specifictoughnesslevel.The
HAZtoughness.of”weldmentsmadewiththecommonlyusedlower
heatinputs(suchas75kJ/inch)shouldalsobesatisfactory.
Itisalsotheobjectiveofthisstudytoidentifythemetal-
lurgicalfactorscontributingtoimprovedHAZbeh”avior.The
ship-platesteelsbeingconsideredarethosewhichwouldbe
satisfactoryforuseatordinarytemperatures,andnotatlow
temperatures.Ordinary-temperatureapplicationsarethose
whichinvolveservicetemperaturesrangingfrom32*Fdown
to-40°F,thelowesttesttemperaturementionedintheABS
Rules,Section43,forGradesE andEH.5)

ThisreportonPhaseI ofthisinvestigationcovers
a literaturesurveyaimedatidentifyingthesteelsandcompo-
sitionalfeaturesbestsuitedforhigh-heat-inputweldingand
thesubsequentdevelopmentofa testingprogramtobecarried
outonlaboratoryheatshavingcompositions“suchasthose
describedintheliteraturesurvey.Theseaspectsofthe
studyaredescribedherein.

LiteratureSurvey

GeneraSConsiderations

ThenotchtoughnessintheHAZofa weldmentisa
complexfunctionofmanyfactors,especiallythesteelcomposi-
tionandtheweldingheatinput.Thesefactorsinfluencethe
microstructureoftheHAZ,whichinturnhasa majorinfluence
onnotchtoughness.‘TheHAZiscomposedofbothcoarse-grain
andfine-grainregions,aswellassubcriticallyheatedregions,
TheHAZisquitenarrow(exceptwhenveryhighheatinputsare
used,suchasinESwelding),andtherelativeinfluenceof
thedifferentmicrostructureintheHAZonoverallweldment
behaviorisdifficulttoassess.Becauseofthenarrownessof
theHAZ,itisdifficulttoevaluatepreciselya particular
microstructureinit;thisisbecausethetestspecimenis
mostlikelytoencompassvariousmicrostructurethatmayalso
includeweldmetaland/c)rbasemetal.Furthermore,thereis
noagreementastowhichlaboratoryfracturetoughnesstestis
bestcapableofprovidinganappropriateevaluationofHAZ
behaviororofitsrelevancetooverallweldmentbehavior.
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Therefore,onecannotalwaysbecertainthata trendestablished
byonetestingmethodwillberepeatedwhenanothermethodis
used.Thetestsmostcommonlyreportedintheliteraturefor
HAZ.qvaluationaretheCVNtest(bothforevaluationofactual
H-AZ’SandofsihulatedHAZ’S)andthecrack-opening-displacement
(COD)test.ThelattertestisverymuchfavoredbyThe
Welding.Institute.lo~ll)

Withregardtotheinfluenceofmicrostructure,
grainsizeisrecognizedashavinga majoreffectonnotch-
toughnessbehavior,withthefinergrainregionexhibitingthe
bettertoughness.Thus,intheHAZofa weld,itisthe
coarse-grainregionthatisgenerallyconsideredtohavethe
pooresttoughness.Forship-plateapplications,theweld
metalcanbeselectedtoprovidea desiredleveloftoughness
ascantheparentplate.Themajorconcernina ship-plate
weldment,therefore,isthecoarse-grainregionoftheHAZ.

In additiontobeingaffectedbygrainsize,HAZ
toughnessisinfluencedbytransformationproductsandhard-
ness.HardnessoftheHAZaloneisnota goodcriterion;for
example,high–temperaturebainite,whichhasa relativelysoft
microstructure,haspoornotchtoughness.Intheship–plate-
typesteelsgenerallyusedforordinaryapplications,theHAZ
ml”crostructureisusuallyferrite–pearlite,possiblywithsome
bainite,dependinguponcoolingrate.A ferrite-pearliteHAZ
microstructurecanhavegoodnotchtoughness,asislater
discussed.Thepresenceofmartensiteorbainiteinthe
microstructuregenerallyimpairstoughnessunlesstheca,rbon
contentisata suitablylowlevel,butconsiderablealloy
contentisrequiredtoachieve“alow-carbonmartensiticor
baini”ticmicrostructure.12) Furthermore,suchsteelsare
oftenhigherstrengthquenched–and-temperedalloysteels,and
underhigh-heat–inputconditions,strengthisdifficultto
maintainintheHAZofweldmentsofhigherstrengthsteels.
Thereforertheliteraturehasnotpromotedsuchsteelsfor
high-heat-inputwelding;rather,theemphasisinthelitera-
tureisona ferrike-pearlitemicrostructureforhigh-heat-
inputwelding,anditseemsappropriatetoconfinethisstudy
toa systemprovidingsucha microstructure.

HAZtoughnessisspokenofintwoways: (1)in
term~oftheabsoluteleveloftoughnessintheHAZand(2)in
termsoftheamountofdegradationintheHAZrelativetothe
toughnessoftheparentplate.Thebetterthetoughnessof
theparentplate,themorelikelyitisthatdegradationwill
occurintheHAZ. However,the’HAZmaystillhaveenough
toughnessfortheintendedapplication.Thequestionnaturally
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arisesastowhattheassessmentofHAZtoughnessshould
realisticallybebasedupon.Inthisstudy,emphasisis
placedupontheabsoluteleveloftoughnessasa morerealistic
indicatorofHAZbehavior.

Insurveyingtheliterature,usewasmadeofthe
LockheedDialogueDataBaseswithmajoremphasisonMetals
Abstracts,EngineeringIndex,andNationalTechnicalInformation
Service.Thesedatabasescoverallthe.majortechnical
literature.TheWeldingInstitutememberreportsandbulletins
werealsoreviewed.

Informationwassearchedoutnotonlyon.HAZtoughness
inactualweldments,butalsoontheinfluenceofheatingand
coolinginsimulatedweldingstudies(Gleeble)andingrain-
coarseningstudies.Considerableattentionwasgivento
establishingthecompositionalfeaturesthatwere,reportedto
resultingoodnotchtoughnessintheHAZorinsimulated
HAZ’Swhenemployinghigh-heatinputs.Thisisthemajor
thrustofPhaseI,thesubjectofthisreport.PhaseIIwould
theninvolvethemakingandevaluationoflaboratoryheats
incorporatingtheselectedcompositionalfeaturesina labora-
torytestingprogram.

Grain-coarseningbehaviorisdiscussedfirst.

Grain-CoarseningStudies

Aspreviouslystated,reducednotchtoughnessinthe
HAZisbelievedtobeatleastpartlyassociatedwiththe
coarsegrainsthatdevelopintheHAZ,particularly‘when
weldingwithhigh-heatinputs.Therefore,thegrain-
c“oarseningcharacteristicsofa steelwouldhavea bearingon
HAZtoughness.

Thetheoreticalaspectsofthecontrolofaustenitic
grainsizebysmallinsolublearticlesisexplainedby
Gladmanandhisassociates.13,~4,15)Smallparticlesthatare
notdissolvedservetopinthegrainsandrestrictgrain
growth.Thecriticalparticleradius,r*,forrestricting
graingrowthisa functionof“theproductofthematrixgrain
size,~, andthevolumefractionofprecipitate,f. Grain
growthoccurswhenparticlecoalescencecausestheparticle
sizetoexceedr*. Criticalparticlesize,r*,decreaseswith
increasingtemperature,whereastheactualparticlesize
increaseswithincreasingtemperature.Also,r*decreasesas
thematrixgrainsizedecreases.Itisimportanttonotethat
asa resultofparticlec~alescenceorgrowth,graincoarsening
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occursattemperaturesbelowthoserequiredforcomplete
solutionoftheprecipitate,althoughthetwotemperaturesma~
beclose.16)Gladman15)furtherpointsoutthatwhenthe
grain-refiningelementsthatformanalloyprecipitate(such
asAlandN whichformAIN)arepresentinanamountexceedi
theirvolubilityproduct,themaximumfractionoffineparti
isformedwhentheseelementsarepresentintheirstoichio
metricratio(approx.2 forAIN). Thisisa pointtokeepin
mindwhendesigningcompositionstoresistHAZgraingrowth

Theprecipitatephasesthathavebeenfoundtobe
mosteffectiveinpinninggrainboundariestopreventgrain
coarseningarealuminumnitrideandnitridesandcarbidesof
columbium,vanadium,andtitanium.17)Foraluminumnitride
columbiumcarbonitride,andvanadiumnitride,graincoarsen
canbeimpededuptoa temperatureofabout1830to
1920”F.14116)Fortitaniumnitride(TiN),however,resista
tograin~~a~;e~~~guptoabout2190to2370”Fcanbe
obtained.‘ ? Toobtainthishigherresistancetograi
coarseningwithTiN,however,thesteell~u~~)notbereheate
twicethroughthetransformationrange.‘ Reheatingtwi
causesprogressiverefinementoftheaustenitegrainsizean
this,inturn,reducesther* (Gladman’sequation)ofeffect
particles.Whentheexistingparticlesbecomelargerthanr
theirabilitytopintheboundariesoftherefinedgrainsat
thehigherheatingtemperaturesisdiminishedandtheqrain-
coarseningtemperature(GCT)dropstoabout2000°F.This
featureissaidtoa limitingfactorintheproductionof
ingot-caststeelswitha fineas-rolledgrainsize,because
leastportionsoftheingotusuallygothroughtworeheatin
duringprocessingtoplate(ingotsoakingandslab
reheating),19)Intheproductionofcontinuous-castslabs,
however,onlyonereheatingisinvolved.

Evenwithonereheating,theimplicationisthat
subsequentnormalizingheattreatmentwouldfurtherrefine
austenitegrainsizeandservetolowertheGCT. Oreveni
normalizingheattreatmentwerenotemployed,thereheating
associatedwiththeheatofwelding(which,althoughforOm
a shorttime,involvesa veryhightemperature)wouldconst
a secondreheatthatmightproducecoarsegrainsattemper~
wellbelow2190to2370”F.AlthoughtheaboveworkonTiN
aimedatdevelopinga finegraininas-rolledproduct(on1
assumptionthatfinerferritegrainswoulddevelopfromfil
austenitegrains),theworkhasa bearingonthegrainsiz(
developedin a HAZfromwelding.
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GeorgeandIrani17)recommendthattheTiandN con-
tentsshouldbemaintainedatrelativelylowlevelstoachieve
a highGCTsinceinclusion-sizeparticlesofTiNhavea negli-
gibleeffectincontrollinggrainsize.Forthemostefficie
useofTiasa grainrefiner,GeorgeandIranirecommendthat
theTiandN contentsshouldbemaintainedatlevelswherethe
volubilityproductforprecipitationintheliquidisnot
exceeded.Ifthevolubilityproductisexceeded,theTiN
particlesthatformintheliquidstatewillberelatively
largeandineffectiveforrestrictinggraingrowth.Thelow
volubilityproductofTiN(about10-6at23700F)20)thus
translatestoverylowTiandN contents.

ItisfurthercautionedthatitisthefineTiN
particlesthatareresponsiblefora highGCT,providedthere
isnoTiCpresent.17) TheTiCgoesintosolutionmoreeasily
andenhancesthegrowthofTiNparticles.Thus, itisclaimed
thatthenitrogencontentshouldbeinexcessofthestoichio
metricamountnecessarytocompletelycombinewithTi. Since
thestoichiometricratioofTitoN forTiNisabout3.5, the
Ti to N ratio shouldbesomewhatlessthan3.5, but close
enoughtodevelopthegreatestnumberoffineprecipitates.

Matsudaand0kumura21.)showthatabout0.005 percen
TiNcanbedissolvedby”heattreatingat2280°Ffor10hours
(averylongtime)orat2460”F(averyhightemperature)for
1 hour.ThisTiNcanthenbereprecipitateduponreheating.
TheTi~thatreprecipitatedwasfoundtobecoarser(0.01Pm
or100A)afterheatingto21OO”Fat~ rateof360°Fperminute
thanthatprecipitated(0.005pm,SOA)afterheatingata
lowerrateof2.9°Fperminute.ThesmallerTiNparticles
wereexpectedtobetterinhibitgraincoarseninguponsubsequ
rapidheating(to2460”Fin1 second)tosimulateheatingfrom
welding,butinstead,thecoarserparticles(frompriorheatin
at360”Fperrein)providedthefineraustenitegrainsize.
TheaustenitegraingrowthinthesampleswiththefinerTiN
precipitateswasattributedtodissolutionofsomeofthevery
fineparticlesandtoOstwaldripeningorparticlegrowthof
theremainingcoarserparticleswithincreasedholdingtimeat
anelevatedtemperature.

0’Donne1122)andGeorge,etal.,23)foundthat
additionsofbothtitaniumandcolumbiumtocaststructural
carbonsteelsproduceda lowerGCTthanthatobtainedwiththe
titaniumadditionalone(2175°vs2290°F).22) vanadium,
however,wasfoundtoeitherincreasetheGCTinthepresence
oftitaniumornottochangeitatall.
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“24)reportedthatrapidheatingof0.40Wyszkowskl
centcarbonaluminum-killedsteelsstimulatedrapidgrain
growth(particularlywhensupersaturatedwithAIN)becauseo
the”decreaseinsizeofthefirstausteniticgrains.Vanad
andtitaniumadditionswereparticularlyeffectiveinthe
preventionofrapidgraingrowth.

Insummary,theabovestudiesof”grain-coarse
indicatethatfinestableprecipitatesresultineffectiv
pinningofgrainboundariesandthatfineTiNparticlespro
thehighestGCT. IIowever,theGCTobtainedwithTiNisver
affectedbysubsequentheatingpractices,andmultiplerehe
shouldgenerallybeavoided(sothatOstwaldripeningora
reductionofthecriticalparticlesizedonotservetolow
theGCT). Toachievea highGCT,theTiandN contentssho
bemaintainedatlowlevels,andtheratioofTitoN shou
be lessthanthestoichiometricratioof3.5.InTi-trea
steel,CbappearstolowertheGCT,whereasV doesnot.Th
toobtaina strengthincreaseinTi-treatedsteel,itwoul
appearthata vanadiumadditionratherthana columbiumadd
wouldbemorebeneficial.

HAZNotchTouahness

CarbonSteels- Aspointedoutintheintroduc
high-heat-inputweldingprocessesarebeingemployedfor
weldinglow-strengthship-plategrades.Verylittleinfor
tion,however,isavailableonthenotchtoughnessoftheHA
Ina projectreportbyBethlehemStee17~l-inch-thickas-
rolledsemiskilledABSClassB steelwasshowntoexhibit
minimumCVNimpactvaluesintheHAZof8 to10ft-lbat32
whenEG-welded(638kJ\inheatinput)andES-welded(380kJ
Thecrack-starterdrop-weightnil-ductility-transit(ND
temperaturesoftheHAZwere20and30°F,respectivelyFo
l-1/4-inch-thicknormalizedSi-Al-killedABSCSsteel,the
minimumCVNenergyabsorptionintheHAZwhensimilarlywel
withaboutthesameheatinputswas33 to 42 ft-lbat-4°F
andtheNDTtemperatureswere-lOeF(EG)and-40°F(ES).
ThesevaluesfortheHAZoftheCSsteelareconsideredver
good,althoughsignificantdegradationoccurredinsomeins
incomparisonwiththeexcellentbase-metaltoughness.

InrecentU.S.Steeltests,theHAZofanESwel
laboratory-meltedas-rolledl-inch-thickASTMA36steel(0
0.95Mn)madebya Si-Al-killeddeoxidationpracticeexhib
anaverageCVNvalueof49ft-lbat0°F.25)Thus,evenund
high-heat-inputweldingconditions,ordinary-strengthstru
steelscandevelopquitegoodnotchtoughnessintheHAZ
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despitethegraincoarseningwhichoccursunderhigh-heat-
inputconditions:

Columbium-TreatedSteel- Dolbyietal.,statethat
Cb-treatedsteels’(generally0.02to0“.05%Cb)showanimpair-
mentofHAZtough~~s~,wi--~high-heat-inputweldingof125w/
inchandgreater.‘ ‘ Thisimpairmentisattributedto
theCb suppressingtheformationofproeutectoidferriteand.
promotingtheformationofupperbainite.26)With,ESweldson
0.16C,1.3Mnsteels,theCVN20-ft-lbtemperaturewasabout
32°FintheHAZofSi-Al-killed0.02Cbsteelversusabout-22°F
intheHAZofSi-Al-killedsteelwithoutCb.28)Crack-opening-
displacement(COD)testsonthesesamesteelsshowedanO.1-mrn
CODat-75°FfortheSi-Al-killedCbsteelversus<-165°Ffor
theSi-Al-killedsteelwithoutCb.

Otherinvestigators,suchasHannerz,29,30)also
foundincreasedembrittlementintheHAZofCb-bearingsteels
astheheatinputincreased(orthecoolingrateoftheHAZ
decreased). Also,embrittlementfromCboccurredin0.03C
steelaswellasin0.19C steel(whenheatinputsaboveabout
80kJ/inchwereused).Similarembrittlementresultedfrom
highheatinputsinlow-carbonCb-containingsteelsreported
byKae~etal.31132)At lowerheatinputs,Cbdoesnotseem
toimpairtheHAZtoughness,anditisroughlyestimated
thecriticalheatinputmaybeabout75kJ/inch.33,34,35,3??t

Benter37)verifiesthattheHAZtoughness(as
judgedbyCVNtests)ofa Cb-treatedsteelsimilartoABSEH
isimpairedwhenweldingwithEGorESprocesses.However,in
crack-starterexplosion-bulgetestsconductedonthe2-inch-
thickparentplateandonES-weldedplate,a fracture-transitio
e~astlc(FTE)temperature ofover30°Fwas observedforthe
parentplateandabout25°FfortheES-weldedplate,withno
crackinginthevicinityoftheHAZwheretheCVN20-ft-lb
temperatureaveragedabout60°F.Suchdataimplythatoverall
weldmentbehaviorisnotasbadasmaybeindicatedbysmall-
scaletestsoftheworstportionoftheHAZ. Thisisa debatable
stance,fordatadevelopedin othercontractworkg)(notyet
reported)indicatethatthezonewiththepoorestnotchtoughness
mayindeeddetermineoverallbehavior.

Itwaspreviouslymentionedthatina MARAD-sponsored
program8)relativelygoodHAZtoughnesswasobservedforthree
low-sulfurCb-treatedsteelsweldedwithheatinputsupto
about175kJ/inch.OneofthesesteelswasCa-treatedand
anotherwasrare-earth-metal-(REM)treated.Theimproved
notch-toughnessbehaviorofthesesteelsmayappearexceptional
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inviewofthegeneralliteratureviewpointthatCbim”pairs
HAZtoughnessathigherheatinputs;however,thefavorable
responseoftheseCb-treatedsteelsmaybeassociatedwith ““
theirlow-sulfurcontentand\orotherspecialaddition,agents.

Vanadium-TreatedSteel-NotchtoughnessintheHAZ
progressivelydeterioratesasthevanadificontent3~n~~~ase
above0.10percentandastheheatinputincreases.‘
However,thenotchtoughnessintheHAZdoesnotdeteriorate
atvanadiumcontentsbelow0.10percent,evenwithhigh-heat

34”,38,39)inputs. Theremaybea slight,improvementintheHAZ
toughnesswitha vanadiumadditionofabout0.05per”cent.
Thus,a smallvanadiumadditionshouldbeusefulinachieving
additionalstrengthinthebasemetal.

Titanium-TreatedSteel- A U.S.patentissuedto
Kanazawa,etal.,4u~indicatesthatwithheatingcyclescorres-
pondingtoheatinputsofmorethan127kJ\inch(usually
around250kJ/inch),a markedimprovementinthetoughnessof
a simulatedHAZcanbeobtainedbytreatingthesteelwitha
smallamountoftitanium(around0.015to0.04%). Theimproved
toughnessresultsfromfineTiNprecipitates(smallerthan
0.05pminsize)thatinhibitausteniticgraingrowthinthe
HAz. Toobtainthisimprovementintoughness,.thesteelingot
mustbecooledata rate29°Fperminutedownto201O”Fand
must not bereheatedmorethanonetimeinsubsequentsteps
above2010°F.Theserestrictionsaresimilartothosementione
previouslyinthesec”tionongrain-coarseningstudies.In
thatsectionhowever,itwasnotedthatthesteelwasnotto
bereheatedtwicethroughthetransformationrange.Kanazawa
alsopointsoutthattheTitoN ratioshouldbes3.5,which
.isthestoichiometricratio.Kanazawastatesthatthemost
desirableAlrangeis0.0005to0.015percent;but“Alcontents
inthisrangearenotgenerallyconsideredadequatetofully
killthesteelandmightmakeTirecoveryerratic.However,
inmanyoftheexamplescitedthesteelshadAl,contentsover
0.02percent.

Boron(0.001to0.006%)isanotheradditionagent
usedinseveraloftheKanazawasteels.Boronalsoformsa
nitride(whichcouldinterferewiththeTiNreaction),butthe
tendencytoformTiNisstronger.Theinventedsteelscontain
about0.12C and1.30Mn. Sulfurcontentisnotmentionedin
thepatent,40)butotherreferencestothisdevelopmentindicate
thatthesulfurcontentislow.41-43)~or~ostoftheinvented
steels,theplateproductisquenched-and-tempered(another
reheatingthroughthecritical),buta fewexamplesofnormaliz
oras-rolledplatearegiven.
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TheimprovedHAZnotchtoughnessisattributedto
theprecipitationoffineTiN(<0.05pm)intheHAZ,”which
servestorefinetheHAZmicrostructure.4,0-43”)ThisfineTiN
isclaimedtodotwothings— inhibitausteniticgraingrowth
andstimulateferritetransformation.Theseactionsproducrd
a refinedllAZstructurewitha smallerunitfacetdiameterfor
brittlefracture.

ThenotchtoughnessoftheKanazawasteelswas
evaluatedbyCVNtestsat.32°Fonmaterialsi..mul.atingthe‘fiZ
(Gleeble-typeevaluations).Thistesttemperatureisfairly
high,anditisunfortunatethatinformationonbehaviorat
lowertemperatureswasnotreported.

Gondo,etal.,44)claimthatwithsuitableheat
treatingandprocessingsteps,fineTiNprecipitatescanbe
producedinwroughtproductmadefromingot-caststeel,which,
inthecastcondition,containscoarseTiN.Theystatethat
adequateTiNcanbetaken”into’solution(atleast~.004%)at
reheatingtemperaturesof2280 to 2550”F forsubsequent
precipitationasfineTiN.Gondousuallyuses2460”Fasa
soakingtemperature,whichissomewhathighforslabreheating.
Kanazawa,etal.,42)indicatethatabout0.004 Ti is taken
intosolutionwithashort-timethermalcyclehavinga peak
temperatureof2370”F.MatsudaandOkumura,21)however,
indicatethatseveralhourswouldbeneeded.Gondoprescribes
specificprocessingand’heat-treatingstepstosubsequently
reprecipitatefineTiN.

REM-Boron-TreatedSteel- Funakoshi,etal.,45)and
Sanbongi,etal.,46) claim that steels containingproper
amountsofREMandboronshowexcellentnotchtoughnessatthe
weldbondinES-weldedjoints.Processingrestrictionsare
notcited.TherecommendedamountsofREMandB areabout
0.02toO.O3percentand0.002to0.0035percent,respectively.
TheS contentinthesteelsstudiedwaslow,about0.005per-
cent.ThecombinationofREMandB waseffectiveindeveloping
improvedHAZtoughness,whereaseitherelementalonewasmuch
lesseffective.ItwasnotedthatREMraisestheproeutectoid
ferrite-transformationtemperatureandB slowsthenucleation
ofproeutectoidferrite.Thecombinedadditionraisesthe
proeutectoidferrite-transformationtemperaturerangemore
thandoestheadditionofREMalone.Theformationoffine
fe’rritegrainsattheweldbondinREM-Bsteelisattributed
toBNacceleratingthenucleationoffine’ferrite“grains
insidetheprioraustenitegrains~withREM(intheformof
ultrafineREMoxysulfides)contributingbyprovidingnucleation
sitesforBN.
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Calcium–TreatedSteelWithNitrides- l’.Kasamatsu,
etal.r471~~)describeanothermethodofachievingfinerqrain
sizeandgoodHAZtoughnessinhiqh-heat-inputweldswhen
usingtheusual_processingste”psforingot-caststeel.In
thismethod,,Ca (orMg)isemployedalongwithTi (orZr)to
developfineprecipitates.Itisstatedthatveryfine.inclu-
sionscontainingCa (orMg)form,andthesealsoactasseeds
forprecipitatingTiN. Bothkindsof.inclusionsactto
preventgraingrowth,andtheformationofa finefefrite-
pearlitestructure(andbainite)isfavored.The”preferred
CompositionrangeforTiis0.008to0.020percentandforN
is0.002to0.008percent.A rangeforCaisalsocited,but
littleif.anyCadissolvesinthebasemetal;instead,its
presenceisobservedininclusions.A furtheradditionof
cerium(themajorconstituentinREM)issaidtoprovide
additionalbenefitisintoughnessintheHAZata distanceof2
to4mm fromthefusionline;thisisreportedtoresultfrom
theformationof fine,sphericalparticlesofCe (orREM)
sulfides.Otheralloy-additionelementssuchasCb,V,B,Ni,
.Cr,andMoarealsonoted,mainly.becausetheyimprovestrength.

SteelWithLowSiliconPlusBoron– Y.Kawaguchi,et
al.,49)claimthata low-siliconcontent(<0.10%)plusa boron
addition’(0.0015to 0.0027%) in a steelcontaining0.005to
0.025percentN improvestoughnessintheweldbondmadewith
high-heat-inputwelding.Thelow-Sicontentpromotesthe
formationintheHAZofpolygonalferritewithinthegrains
andsuppressestheformationofproeutectoidferriteinthe
prioraustenitegrainboundaries.Thelow-Sicontentalsoreduced
hardenabilityandeliminatedtheformationofmartensiteislands
intheV-Bsteelstudied.However,low-Sicontentsmaycontribute
toweldmetalporosity,particularlywhenusingbasicweldingfluxes.
Boronissaidtoimproveweld-bondtoughnessthroughtheformationof
fineferriteattheprioraustenitegrainboundarieswhen;theB/N
ratioiscontrolledbetween0.2and0.6.

CarbonContent- Itisgenerallyrecognizedthata
relativelylow-carboncontentproducesthebestnotchtoughness
inboththebasemetalandtheHAZ. A highercarboncontent
tendstoproducehigherhardnessandmartensiteintheHAZ,
whichdetractsfromnotchtoughness,Th~:~;~~~eforordinarycarbonsteelaswellasforHSIJAsteels,~ r andit
appliestohighaswellas‘low-heatinputs.

InthesteelswithpromisingHAZtoughnessdescribed
above(forexample,theTi-treatedsteels), thecarboncontent
isfrequentlyaround0.12 percent.Thiscarbonlevelisa
reasonablecompromiseforachievinga goodcombinationof
toughnessandstrength.
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DeoxidationPractice- Steeldeoxidationwithsilicon
andaluminumproducesthebesttoughnessinthebaseplate(as
inABSGrade&D andE),althoughitisquestionablewhether
theAlbenefitsthetoughnessofthecoarse-grained
HAz.26,27,28)Thealurninurn,however,bycombining’withfree
nitrogen,helpstominimizestrain-aging”embrittlementthat
canoccurinthesubcriticalHAZ.5°t52~Togetherwithits
favorableeffectonthebasemetal,aluminumis~elievedto
haveanoverridingpositivebenefit.onweldmentbehavior..

lJearly“allthepromisingcompositionspreviously
discussedwereSi-Al-killedsteels.Kanazawa,et’al.,40)
recommendedanAlrangeof0.0005to0.015percentforTi-
treatedsteel,butthenprocee~edtousehigheramountsin
manyofthecompositionsdescribedasinvented.Al,which
morefullydeoxidizesthesteel,providesfora higherrecovery
ofhighlyreactiveelementssuchasTi,Ca,andREMwhichcan
thencarryoutth&irallottedfunctions.

SulfurContentandSulfideShape- Reducingthe
sulfurcontentofa steeloraddingelementslsuc’hasREMorCa
thatwillformglobularsulfidesratherthanstringers,ra’ises
theCVNshelfenergy,particularlyinthetransversedirection
wheretheCVNshelfenergymaybelowduetostraightaway
rolling.Thefavorableinfluencesofincreasedcleanliness
andglobularinclusionscarryoverintotheHAZ,andgenerally
higherCVNvaluesmaybefoundintheHAZaftersuchtreat-
~ent*8,27,51)Themajoreffectwill,undoubtedly2betoraise
theshelfenergy(whichisreflectedalongthewholeCVN
curve,buttoa lesserextentasthebottomofthetransition
curveisapproached)ratherthantohavemuchinfluenceon,
say,theCVN15-ft-lbtemperature,whichisnearthebottomof
thetransitioncurve.

Jessernanand-Schmid36) point out that a REMaddition
toABSEH32steel(notcontainingCborV)didnotimprove-
notchtoughnessinthecoarse-grainedregionoftheHAZ(except
atthehighesttestingtemperatures)whenweldingwith50and
7“5-kJ/inchheatinput.Thissteel,aswellasthereference
steelwithoutKEM,containedabout0.008percentS. Comparison
witha steelwithhighersulfurcontentwasnotavailable.

SummaryofHAZToughnessSurvey- Thecompositional
featureshavinga favorable,effectonHAZtoughness(actualor
simulatedheat-affectedzones)whenweldingwithhigh-heat
inputsappeaktobeasfollows:
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A low-carboncontent-,

A Si-Aldeoxidationpractice.

A low-sulfurcontent.

Globular,ratherthanstrinqered,.sulfides(by
inclusion-shape.control). This,however,is
apparentlylessimportantifthesulfurcontent
isalreadylow.

Finetitaniumnitridesinthemicrostructureto
inhibitgraingrowth..Suchnitrideswhen
developedaresensitivetosubsequentheating
stepsandwillnotaseffectivelyrestrict
graingrowthiftheparticlessubsequently
coarsenorifthecriticalparticlesizedecreas-
es.

TreatmentwithREMandborontoacceleratethe
nucleationoffineferritegrainswithinthe
prioraustenitegrains.

Tr@atmentwithcalciumincombinationwith~i
todevelopfineprecipitatesforrestricting
graingrowth.A Ceadditionprovidesfurther
benefits.

Treatmentof’a low-siliconsteelwithboronto
promotetheformationoffinepolygonalferrite.

Items5 through8 areaimedatdevelopinga fine
microstructureintheHAZbymeansoffineprecipitates.Fine
precipitatescanbeeffectiveindevelopinga finermicrostruc-
tureintwoways.Theycan(1)servetoraisethegrain-
coarseningtemperatureinordertoreducetheausteniticgrain
sizeintheHAZandtoreducethewidthofthecoarse-grained
regionthatdevelopsand(2)actasnucleationsitesforthe
developmentofa fineferrite-pearlitestructure.

WithregardtoCbor”Vadditions,neitherseemsto
helptheHAZtoughnessunderhigh-heatinputs,butthelitera-
turegenerallyindicatesthatV wouldbelessharmfuland,
hence~mightbethebetterelementtoaddforincreased
strength.Possibly~around0.05percentV mightevenimprove
thenotchtoughnessslightly.
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.Processing

Theprocessing.ofplateproduct(forexample,howit
ishotrolledandwhetherornotit‘isheattreated)hasa
substantialeffectonthebase-platenotchtoughness,but,may
nothavemucheffectonHAZtoughness.Regardlessofbase-
platemicrostructureandtoughness,thehighheatof”welding
maydrvelopthecharacteristicc,oarse-grainedregioninthe
H-AZ. ThuS, whethertheplateishotrolledata hightempera-
tureorheattreateditheHAZtoughnessmaybesimilar.

However,astheJapaneseliteratureinparticular
pointsout,a fine.precipitate,canhavea favorableeffecton
austeniticgrainsizeandonthefinenessofthetransformation
structureintheHAZ;anaccompanyingsensitivityofsuch
particlestoprocessingstepsissometimescited.40)Insuch
instances,therefore,processing,anditsinfluenceonparticle
size,doesmakea difference.

InmostofthestudiesonHAZtoughness,theparent
platewasin theheat–treatedcondition—eithernormalizedor
quenched-and-tempered.This‘certainlyseemsadvisablein
ordertoassurethattheparentplateisastoughortougher
thanthellAZ.Heattreatmentalmostbecomesnecessaryif
temperaturesaslowas-40°Faretobeconsidered.Evenat
highertemperaturessuch.asO to32”F,goodnotchtoughnessin
thebasemetalmayhavea beneficialcarry-overeffectonthe
HAZtoughness.Thiscouldbeimportantinweldmenttesting
(wherevariousmicrostructtiresare necessarilytested),but
wouldnotbea factorinsimulated-HAZGleebletests.

DevelopmentofTestingProgram

TestingProcedures

Nouniversally;acceptedlaboratoryfractute-
touqhnesstestisavailableforevaluatingHAZbehavior.
Bec~useofthedifferentmicrostructureintheHAZofan
actualweld,problemsariseastonotchlocationandthe
influenceontoughnessofthevariousmicrostructurethata
propagatingcrackencounters.

any
for
CVN
are

Gleeblespecimenscanbeheat-treatedtosimulate
portionofa HAZandcanthenbetestedas CVNspecimens
evaluationofnotchtoughness.AlthoughindividualGleeble
specimensdonotcontainthevariousmicrostructurethat
characteristicofan actualweld,theycanservetorank
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therelativetoughnessperformanceofspecificlocationsina
weldHAZ,thusindicatingwhichcompositionsarelikelyto
exhibithighHAZtoughness.Therefore,GleebleCVNspecimens
havebeenselectedtoidentifythosecompositionsthatshow
promiseofdevelopinggoodHAZtoughness.(Gleeble.specimens
werefrequentlyusedinthestudiesreferredtoearlier.)

TwosimulatedH~Zconditionshavebeenselectedfor
evaluatingallsteels.Bothconditionsinvolveheatingtoa
highpeaktemperature(about2500”F)andheatingandcooling
tosimulateheat.inputsofabout180‘and800kJ/inch.The
180-kJ/inchheatinputsimulatesa high-heatinputfora two-
passSAweldofl-inchplate,andthe800-kJ/inchheatinput
simulatesESw’elding.TheGleebletestswillserveas screening
teststoidentifythemostpromisingcompositions.CVNtransi-
tiontemperaturebehaviorwillbedeterminedforsimulatedHAZ
conditionsandforthe.basemetalsaswell.

Weldmentswillthenbemadefortheselectedpromising
compositionsandfortworeferencesteels(allasl-inch-thick
plate). Threeheatinputswillbeused,approximately75,
180,and800kJ/inch.The75kJ/inchheatinputconstitutes
present-daytypicalpractice.Theweldswillbelongitudinal
so thattransversetestsmaybeconducted.Thetransverse
notch-toughnesstestswillbeCVNtraverses(forestablishment
oftransitionbehavior)atfivelocations(weldmetal,fusion
1ine,and1,3,and5 mmfromthefusionline)inaccordance
withABS5)andUSCGrequirements.Considerationwillbe
given,however,totestingat1,4,and7 mmfromthefusion
lineontheESweldsbecausetheHAZextends‘furtherintothe
basemetal.Inaddition,transversecrack-starterdrop-weight
NDTtests53).willbeperformedintwolocations(basemetal
andHAZ)asoriginallyproposed.

Standardtensiontestswillalsobeperformed,as
wellasothertestsandexaminationstohelpestablishthe
reasonsforthebehaviorobtained.

HeatTreatment

Alltheplateproduct(exceptaswillbenoted)will
be normalizedbecausenormalizinggenerallyprovidesthegood
base-metalnotchtoughnessthatmaywellberequiredfor
criticallocationsina ship.Forexample,normalizingthe
steelsselectedshoulddevelopadequatebase-metaltoughness
tomeeta 20.or25ft-lbtoughnessrequirementat-4’O°F,the
lowesttemperatureofinterestinthisstudy.Controlled
rollingcouldproducethedesiredtoughnessinmanyinstances,
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andthiswould-beapossiblealternativeinproduction.
However,becausethisprocedureisdifficulttosimulate
consistentlyinthelaboratory;normalizingisjudgedtobe
thebestprocedureforthisstudy.

Materials

Platesampleswi”llbeobtainedfromtwoproduction
steelsforinclusioninthisstudyasreferencematerials.
Onesteelisa calcium-argon-blownCb-treatedABSV-OS1steel
onwhichconsiderablebackground’workhasbeendoneinthe
MARAD/NBSstudy.8)Thissteelmet20ft-lbs(CVN)at-60”F
in theHAZwithheatinputsashighas150kJ/inchforl-inch
plate(2passes).TheothersteelisanABSGradeCSsteel,
whichhasthesamecompositionasABSDSandwhichalsomeets
thecompositionrequirementsforABSGradeD.

Itisplannedtomakeandevaluateatleasttwenty
500-lblaboratoryheats.The’heatswillbevacuum-meltedto
avoida highfrequencyofinclusions.Theaimcompositions
arebasedupontheliteraturesurveyandarelistedinTablesI
throughIII.

Table1Ashowstwolaboratorysteelsthatare
intendedtoduplicatethereferenceproductionheats.With
regardtotheremainingsteels,thebasecompositionselected
was0.12C,1.35Mn,and0.006S (Steel3,TableIB).This
C-Mncombinationfrequentlyappearedintheliterature.The
relativelylow-carbonandhigh-manganesecontentswouldfavor
betternotchtoughnessbothinthebasemetalandintheHAZ.
Thelow-sulfurcontenthasalsobeenshowntofavorgood
toughness.Also,allthesteelsexceptSteel9 (Table11A)are
Si-Al-killed.

Smallamountsoftheso-calledresiduals,Cu,“Ni,Cr
andMo,havebeenaddedtoallthesteelsexceptthosecontain-
ingCborV. Theseadditionsweremadetohelpincreasethe
strengthandcounteracttheeffectof.therelativelylow-
carboncontent..Also,thenitrogencontentsofallthesteels
wasslightlyhigherthanistypicalofOHorBOPsteels,and
thistoowouldtendtoincreasestrength.Theseconditionsof
compositionmayautomaticallyoccurinelectric-furnacesteels
inwhichtheresidualsarepickedupfromthescrapadditions.
Theuseofresidualsanda somewhathighernitrogencontentis
frequentlyemployedtoachievethe50–ksiminimum-yield-point
requirementinASTMSpecificationA537(intheabsenceofCb
orV). Theaimyieldpointinthisstudyisabout50ksi.
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TABLE1A- ReferenceLabHeats

Steel Corn~sitionr percent
~=.—— . . ..—c Al s Si Al Cb N Ca
AM V-osl 1

—
0.13 1.3s 0.006 0.16 0.03 0.027 0.004 Yes

A= Cs 1 0.14 Z-25 0.020 0.22 . .

TABLEIB- gaseSteel+ EffectsofS,Ca,Cb,V,RXM
Type ~. c “h s si Al CIJ H1 cr He ~ ~—— . .— —. . N Ca R=—— —.

EM●e 3 0.121.35 0.OO6 0.30 0.03 0.20 0.15 0.15 O.D4 - - 0.008 - -

Ba*e 4“- 0.020- “ ● “ “ “ - - ● - -

Bxmt + CA 5“= 0.006- w w - - ● - - . Yem -

Ease + Ca 6“~-.. ----
+ Cb

0.025 - “ -

TABLE11A- Ti-NCombinations
Type 1+0 c ‘m s !Si Al-— — CU” Ni Cr Na H—. . . Ti El— .

Titl 9 0.12 1.35 0.0060.30 0.01 0.20 0.15 0.15 0.040.0050.013 -

TiU-hl 1o”--- 0.03 q “-. = “ ●
..-

TiM-Al 11 - “ “ - ■ “ - - “ 0.0100.025 -

YiN-Al+DI 12 - “ . . . . . > . . . >.003

TABLEIIB- REM-BCo,inbinations
*W ~ c M s Si Al Cu Ni—— —. Cr Ho u—. — Ti -a REM—— .
REU-B 13 0.12 1.35 0.0060.300.03-0.20 0.15 0.15-0.040.005 - :.003 0.30

W2H-B-N 14 - - “ . . . . . . 0.010 - . ●

REM-B-Ti15 “ “ “ ● - u - ● w 0.005 0.’I15 9 .

TA!3LE111A– Ca-TreatedTiNSteels,
~%~~~ si Al ‘=u Ui Cr W N Ti B C. .=.— . . —— —— —.
TilJ-Ca 16 0.12 1.35 0.006 0.30 0.0300.200.150.15o.o~o.~ogo.020 - Yes -

17-”””9 =-*= 0.006 0.01S - m -

TfH&+B 13 - = - = “ w “ = = . w 0.003“ -

;TmLzIIIB.-Low-SiliconPlusBoronSteel

~=—— ————— —c M s Si Al v N B

M Si-n 20 0.12 1.3s O.OO6 0.04 0.030 0.06 0.007 0.003
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TablelBshowstheeffectsofvariouselementsonthe
basecomposition.Steel4 isincludedtoshowtheinfluence
ofhighersulfurinthisparticularbasecomposifiion.Steel5
iscalciumtreatedtodeterminewhethertheroundingofthe
sulfidesbroughtaboutbythecalcium(inclusion-shapecontrol)
willprovidefurtherimprovementtothealreadylow-sulfur
Steel3. Steel6 issimilartoSteel5,butcontainsCb
insteadofresidualsforstrengthening.TheCbwillprobably
givemorestrengtheningthantheresiduals.Itwillbedeter-
minedwhetherCbinthisCa-treatedheatprovidesthegood
notchtoughness(ata fairlyhigh-heatinput)exhibitedbythe
ABSV-051productionheat(similarincompositiontoSteel1).
Steel7 willbeusedtodetermine.theinfluenceofV inCa-treat-
edsteel.Steel8 issimilartoSteel6,butcontainsREM
insteadofCasothattherelativeeffectsoftheshape-
controllingadditionagents,REMandCacanbedetermined.

Table11Ashowstheaimcompositionsforfoursteels
withTi-Nadditions.Thepurposeofadding’TiNistodevelop
finenitridestominimize,austeniticgraingrowth,asdiscussed
intheJapaneseliteratureandinthestudiesongraincoarsen-
ing.TheaimTitoN ratioforthefoursteelsi-s2.5,somewhat
lessthanthestoichiometricratioof3.5,asadvocated.17)
Steel9 hasanAlcontentof0.01percent,whichislowerthan
thatoftheothersteels,butwithintherecommendedrangeof
0.0005to0.015percent.Itmaybedifficulttoachievethis
Alcontent.TheotherthreesteelshaveanAlcontenttypical
forAl-killedsteelsand,aspreviouslynoted,anAlcOnt@n~
ofabout0.03percentisfrequentlyobtainedintheinvented
steelsproposedbytheJapanese.Steels11and12havehigher
TiandN levelsthanSteels9 and10. Steel12alsocontains
boron.Boron,alongwithtitanium,isoftennotedinthe
Japanese-inventedsteelsalthoughitspresenceisnotexplained.
Titaniumandbaronarefrequentlyobservedtogetherwhena
Grainaladditionismadetoa heatasa meansofaddingboron.
TheGrainaladditioncontainsTitohelpprgtecttheboron(Ti
combineswithN). Thesefoursteelswillbeprocesseddiffer-
entlyfromalltheothersteels,as willbe describedlater.

TableIIBshowsaimcompositionsbaseduponthe
REM-B-treatedsteelsthathavebeendescribed.BothENand
REMareintendedtopromotetheformationoffineferrite
grainsandthusdevelopgoodHAZtoughness. Steel14 hasa
highernitrogencontentthanSteel13. TheJapanesepatent46)
onthistypeofsteelalsocoversotheraddedelementssuchas
titanium.Titaniumis addedtoSteel15toassessany.interac-
tionthatmayoccur.
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FourCa-treatedTi-NsteelsareshowninTable111A.
Asdescribed”intheliteraturesurvey,47,4.8)bothCaandTi
areintendedtodevelopfineprecipitateswhich,inturn,
favorthedevelopmentofa“fineferrite-pearlitemicrostructure
intheHAz. Steels16and17haveslightlydifferentTiandN
levels.REMwasaddedtoSteel18becauseitreportedly
improvestoughness2 to4mmfromthebondline.,Steel19is
Steel17plusboron.Boronpromotesferriteformation45~46)
asdoescalcium,47~48)anditseemsworthwhiletodetermine
whetherthereisanysynergisticeffectsfromthiscombination.

Steel20 (TableIIIB)istherecommendedcomposition
(1OWSiplusB)thatwasdescribedbyKawaguchi,etal.,49)in
theliteraturesurvey.

ProcessingofLaboratorySteels

IntheJapaneseliterature,majoremphasisisplaced
uponthedevelopmentoffinenitridesforachievinga fine
austeniticgrainsizeora finetransformationstructure,and
thesensitivityofsuchnitridestoprocessingstepsis
cited.40) Todevelopthefinenitridesandimprovedtoughness,
thesteelingotmustbecooledata rate>9°Fperminutedown
to2010°Fandmustnotbereheatedmore’t~anonceabove201O”F
insubsequentprocessing(suchwouldbethecaseforcontinuous-
castproduct). Thispracticewillbeadheredtointhis
evaluationfortheTi-NSteels9 through12inTable11A.The
500-lbingotscoolat’about70°Fperminute,wellover9°Fper
minute.Aftertheingotsarecooledtoroomtemperature,they
willbereheatedto2350°Fandrolleddirectlytol-inchplate
(continuous-castslabswouldalsobefairlyrapidlycooledto
roomtemperatureforconditioningand
toplate).

GleebleCVNtestswillthen
boththeas-rolledandthenormalized
whetherthenormalizingtreatmenthas

then-reheate~forrolling

beconductedonplatein
conditionstodetermine
anyinfluenceonsubse-

quentsimulatedHAZbehavior.Iflittleornoeffectof
normalizingisobservedinthesetests,normalizedproduct
willbesubsequentlytested.

Theremaining16steelsarenotsupposedtobeas
sensitivetoprocessingparametersandcanpresumablybemade
bytheusualingot-makingprocedures.Althoughcoolingrates
offull-sizedingotswillnotbeduplicatedonthelaboratory
heats,themillprocessstepsforreductiontoplatewillbe
simulated.Alltheremainingsteelingotswillbeair-cooled
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toroomtemperature,heatedto2350”F,and~olledtoapproxi-
mately5 inchesthickandair-cooled(tosimulateslabbing).
The5-inchproductwillthenbereheatedto2350°F(aspointed
outpreviously,atleastportionsofaningotusuallygo
throughtworeheatingduringprocessingtoplate)androlled
tol-inch-thick.plateandair-cooled(tosimulateplate
processing). Alltheproductwillthenbenormalizedbecause
normalizinggenerallyprovidesthegoodbase-metalnotch
toughnessthatmaywellberequiredforcriticallocationsin
a ship.
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