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Muchofthemodernizationtakingplaceintheworld
shipbuildingindustryinthelastdecadehascenteredaround
theuseofnew,moreefficientweldingtechniques.Thepoten-
tialincreaseinproductivitywithnewhigh-depositionrate
weldingprocessesisconsiderable.However,inordertotake
fulladvantageofthebenefitsofthenewweldingpractices,
additionalmetallurgicalcontrolappearsnecessaryformini-
mizingheat-affectedzoneandweld-metalpropertydegradation.

TheShipStructureCommitteeisnowsponsoringa
projectdirectedtowarddeterminingtheweldprocedureand
metallurgicalcontrolnecessarytodevelopadequatetoughness
intheweldment,usinghigh-depositionrateweldingprocedures.
Thisreportdescribesthesecondphaseofthatwork.

C%’?HMW
RearAdmiral,U.S.CoastG~ard
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Abstroct Thepur~seofthepresentthree-phaseinvestigationisto
developeconomicalship-platesteelswithimprovedheat-affccted-
Zone-(HAZ)touqhnesswhenweldedathighheatinputs.Thefirst
phaseconsistedof a literature reviw aimedat identifyingeconomi-
calcompositionsandprocessingmethodsthat were.sxpectidtoresult
insteelshavinggoodHAZtoughnesswhen weldedathighheatinputs.
.Thisreviewrestiltedintheselectionof20 steels to be melted and
●valuatedattheResearchLa~ratory.

ThepresentremrtsummarizesPhase11. Duringthisphase,
the20laboratory-meltedsteelswereproducedwithcompositional
variationsinthecontentoftitanium,nitrogen,vanadium,boron,
calcium,andrare-earthmetals.Thesesteelswererolledto
l-inch-thickplateandnormalized.Thermalcyclesoccnrrinqinthe
HAZnearthefusionLineOfhigh-heat-inputwel?sW=resimulatedin
samplesofallthesesteels.Onthebasisof thetoughnessand
microstructureofthesesimulated-weldsamples,eightatthe
laboratory-meltedsteelswereselectedforweldingalongwith
rhreecommerciallyproducedshipsteels.Inadflitiontosubmerged-
arc(5A)weldingata typicalheatinputof75kJ/inch,twohiSh-
heat-inputweldingprocesseswereused:(1)electroslagwelding(Es]
atabout1000kJ/inchand(2)two-passSAweldinqatlBOkJ/inchPer
pass.

CharpyV-notchtestsoftheHAZefthesesteelsshowed-at
thesteelwiththebestHAZtoughnessfortheEsweldwasa calcium-
‘createdO,OSpercentvanadiumsteelwithalowcontentofresidual
elements(Ni,Cu,Cr,andM). $ev@raltitaniumsteelswithout
boronandalsoonewithbaronhadgoad~Z toughnesswhenES-welded.
T~eHAZtoughnessofthe0.00percentvanadiumstme1andseversI
ofthetitaniumsteelsW=SalsogoodwhenthesteelswereSA-welded
at\180kJ/inch.Rowavar,twoofthethreetitanium steels that
containedbaronhadpearHAZtoughnessfora normal-heat-input
(75 kS/inch)SAwidd.Ovnrall,vamadium,low-residual-element
steel=,andtitaniumsteelswithoutboronappeartOshowwOmis@
ofprovidingimprovedHAZtoughnessinhigh-heat-inputwelds.
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Introduction

Thepurposeofthepresentprojectistodevelopeconomical
ship-platesteelshavingimprovedheat-affected-zone(HAZ)toughness
whenweldedwithhigh-heatinputs.phasez ofthisprojectcon-
sistedofa literaturesearchforsteelsthatwerereportedtohave
improvedHM toughnesswhenweldedwithhigh-heatinputsorwhen
heat-treatedtosimulatethethermalcycleina weldHAZ.The
literaturesearchalsoidentifiedsteelsthathadhighgrain-
coarseningtemperaturesandthatshould,therefore,havea narrow
coarse-grainweldHAZ.Onthebasisofthisliteraturesearch,20
steelcompositionswereselectedformeltingandevaluationatthe
ResearchLaboratory.Theresultsoftheliteraturesearch,the
reasonsfortheselectionofthevarioussteelcompositions,and
detailsofthetestingprogramwerepresentedinthereportl)on
PhaseI ofthisproject.

DuringPhaseIIJthe20laboratory-meltedsteelswerepro-
duced,andthreecommerciallyproducedship-platesteelswere
obtainedforcomparison.ThethermalcyclesoccurringintheHAZ
adjacenttothebondlinewerereproducedinsamplesofallthe
investigatedsteelsbyusinga Gleeblemachine.Onthebasisof
thetoughnessresultsandmicrostructureoftheseGleeble-treated
samples,eightsteelsinadditiontothecommerciallyproduced
plateswereselectedforweldingwithtypicalandhigh-heatinputs.
TheeffectsofthevariousalloyingadditionsontheHAZtoughness
andmicrostructureweredetermined.DetailsofPhaseIIare
containedinthepresentreport.

MaterialsandExperimentalWork

CommerciallyProducedPlates

Threeone-inch-thick(25mm)plates ofcom.m@rciallYproduced
shipsteelswereincludedinthepresentprogramasreference
materials.Oneplatewasa calcium-treatedABSV-051steelproduced
byLukensSteelCompany.ThesecondplatewasNipponSteel
Corporation’sHT-50SClassD platedevelopedforone-pass(high
heatinput)submerged-arcwelding.ThethirdplatewasABSCS
steelproducedbyU.S.SteelCorporation(USSC). Allof
the plateswerereceivedinthenormalizedcondition,



TableI Cknkal -sitionoftheSteelsInvestigated--Percent

Steel
Description cMn P s“ Si Cu Hi Cr MO Cb v Ti Al.— —— —— — — —— — — . B N——— (:e

!/Al)

m

MA

NA

VA

NA

MA

0.015
0.013

0.015
0.016

0.015
0.015

0.015
0.014

ReferenceLaboraton-fb?ltedSteelu

ReferenceAIiS
V-051

Aim 0.131.3B0.0100.0060.16 - - - - 0.027 - - 0.030
Check0.121.380.0080.0060.140.0040.004<0.003().0060.023<0.002<0.0020.027

*
<0.0003

0.006
0.0070. oao4

ReferenceABS
T)s

Aim 0.141.250.0100.0200.22 - - - - - - - 0.030
Check0.131.290.0110.0220.220;0030.002<0.0930.001~o.oo5~o.oa2<0.0020.030

0.004
0.005HA 0.0003

BaseSteelandEffectsofS,Cm,Cb,V,REM,Residualm

Base+S Aim 0.121.350.0100.0200.300.20 0.15 0.150.04 - - - 0.030
Check0.11 1.400..0090.023.0.28O.lB 0.14 0.130.04 - ~o.oo2~o,oo20.030

0.008
0.000HA O.oaol

Aim 0.121.350.0100.0060.300.20 0.15 0.150.04 - .- - 0.030
Check0.111.350.0090.0070.290.18 0.15 0.140.04 - ~o.oo20.0030.025

0.008
0.0100.0002

Rase+Ca Aim 0.12“1.350.0100.0060.300.20 0.15 0.15.0.04 - - - 0.030
Check0.121.380.0090.0060.290.19 0.15 0.140.04~o.oo5~o.oo2~o.oo20,030

*
<0.0003

0.008
0.010o.aoa4

Base+Cb-R2)Aim 0.121.350-0100.0060.30 - - - - 0.025 - - 0.030
Check0.111.370.0080.0060.280.0040.004<0.0030.0000.023~0.002~0.0020.032

0.008
0.009

*
~o.0003o.oao3

BasetCm+V-R2)Aim 0.121.350.0100.0060.30 - - - - - 0.080 - 0.030
Check0.12 1.33 0.009 0.0070.240.0040.003<0.0030.008<o.oo50.071~o.oo20.027

*
<0.0003

0.008
0.0100.0CH32

Base+Cb-tREW-
~2)

Aim 0.121.350:0100.0060.30 - - - - 0.025 -- - 0.030
Check0.121.300.0080.0000.270.004<0.002<0.0030.0080,023<0.002<0.0020.031

0.008
0.011NA 0.0W3

B-Ti-RIM-flCombinations

9

10

1!

Base+RF21+B

llase+RRFf+B+N

Base+RRHff+Ti

Aim 0.121.350.0100.0060.300.20 0.15 0.150s04 - - - 0.030
Check0.111.370.0080.OO80.270.18 0.14 0.14 0.04 <0.005 <0.002 <0.002 0.028

0.003
0.0029

0.005
o.oo~MA

Aim 0.121.350.0100.0060.300.20 0.15 0.150.04 - - - 0.030
Check0.121.370.0080.0050.290.20 0.15 0.140.04<0.005:0.0020.0030.032

C!.W3
o.ao34

0.010
0.010MA

Aim 0.121,350.0100.0060.300.20 o.i5 0.150.04 - - 0.0150.030
Check0.11 1.38 0.008 0.005 0.2a 0.20 0.16 0.14 0.04 <0,005<0.0020.0160.031

0.003
0,0035

0.010
0.007NA

(mntinued)



TableI (C!anthti)
steal

x. Deacription HIIP s 51 Cuc_____ Hi Cr Ha Cb v Ti Al.— —— — .-L

Ti-t?-B-AlCombinaticmw

B Ce—

NA

t!h

MA

NA

HA

NA

0.015
0.015

NA

NA

<0.01

<0.01

0.30
0.31

0.20
0.18

0.15
0.14

0.15
0.14

0.15
0’14

0.15
0.14

0.15
0.14

0.04
0.04

0.013
<0.005 ~o.oo2 0.017

0.010 -
0.012 Nh

0.00s
0.006

12 Bame+Ti+lcwAL
heatedonce

Aim
Check

0.121.35
0.121.36

0.010
0.012

0.006
13.wu 0.0001

0.20
0.18

0.15
0.15

0.04
0.04

0,030 -
0.030 Fhi

0.005
0.006

13 llase+Ti,
heatedonce

Aim
Check

0.121.35
0.121.37

0.010
0.010

0.006
0.008

0.30
0.32 0.0001

0.20
0:20

0.15
0.;3

0.04
0.04

0.025
~o,oos ~o.oo2 0.030

0.030 -
0.032 NA

0.010
0.01114 Baae+Ti+N,

heatedonce
Aim
Check

0.121.35
0.111.42

0.010
0.011

.0.006
0.008

0.30
0.33 0.0001

0.04
0.04

0.003
0.0033

O*O1O
0.013

15 Bane+Ti+tl+B,
heatedonce

Aim
Check

0.121.35
0.111.37

0.010
0.006

0.006
0.007

0.30
0.28

0.20
0.18

0.15
0.14

0.025
- <0.002 0.032

0.030 -
0.024 MA

Ti-N-Ca-WCodiaatkme

16 Bmse+Ti+CaAim 0.121.350.0100.0060.300.20 0.15 0.15 0.04 - - 0.020 0.030 *
Check 0.12 1.40 0.009 0.006 0.20 O.IB 0.14 0.14 0.04 ~o.oo5 <0.002 0.025 0.032 <0.0003

17 llaae+Ti+CmAim 0.12 1.35 0.010 0.006 0.30 0.20 0.15 0.15 0.04 - - 0.015 0.030 *

0.008
0.0090.0004

0.006w Check0.121.350.0090.0060.280.10 0.15 0.14 0.04 <0.005 <0.002 0.014 0.029 <0.0003 0.0004

*
co.0003 0.~~fJ3

* 0.003
<0.00030.0030

0.009

0.0!16
0.007

0.006
0.009

18 BastiTi+REH+Aim 0.12 1.35 0.010 0.0060.300.20 0.15 0.15 0.04 - - 0.015 0.030
Ca Check0.11 1.37 0.0110.0060.2S0.18 0.15 0.14 0.04 <0.005 ~o.oo2 0.015 0.O32

19 Bawa-t-Ti+a+Aim 0.121.350.010 0.006 0.30 0.20 0.15 0.15 0.04 - - 0.015 0.030
Ca Check0.12 1.45 0.009 0.006 0.28 0.10 0.14 0.14 0.04 - <0.002 0.014 0.028

V-B—

20 Base+3!-R-SiAim 0.121.350.010 0.006 0.04- - - - - 0.06 - 0.030
+V Check0.12 1.34 0.0L2 0.0060.050.0040.003<0.00.3<0.003<0.0050.0560.0020.029

0.003
Nh 0.0032

0.007
0.000

CommerciallyProducadBteela

N3) RT-50S Check0.111,590.0120.0040.300.01 0.02<0.0030.007<0.005<0.0020.0210.019 0.0001
0.00210,0001

0.008
0.011
0.007

1.4) AM V-051 Check0.13 1.44 0.009 0,0t15 0.15 0.19 0.09 0.09 0.03 0.020 <0.002 - 0.050
us)ABs-cg Check0.12 0.99 0.007 0.017 0.19 0.11 0.00 0.06 0.02 <0.005 ~o.oo2 CO.0020.015

1)tJAmeansnoneaddedandnotanalyzed, 4) LukenoV051Frogtline,best No.B1430.
2) Ifmean-withoutaddedreHiduals(Cu,Hi,-, ●ndMo). 5} U. 8. Steel, ABS-CS,heatHo.4G2382.
3) HlpponUT-509(Dgrade),heatNo,TE4327.

* Cnwasaddadama 20%Cal80%Peproprietaryuctditfve.Ceniaterecontainingthis additivewereplungedinto the ladlethreetioee witha total
nmnuntof CaW!IICIIW,III1d nmo~lllttO0.027%in the steel if nonewerelost.



!zats:wereinduction-meltedina vacuumlIUrntICQan~lpouredinto
7-by:12-by24-inch(178by305by61.0mm)ingotmolds.Allthe
ingotswerecooledtoroomtemperature.Sixteenofthe20ingots
wererche.qtedto2350°F(1290°C)androlledinthe24-inchdirection
t65–inch-thick(127mm)slabs,whichwereair-cooledtoroom
temperature.Theseslabswerereheatedto2350”Fandrolled
longitudinallytol-inch-thickplatein12passesofabout13
percentreductionperpasswitha final-passtemperatureof1900”F
(~0~0”’:)asmeasuredbyanoptical.pyrometer.

Asdiscussedinthereportl)onPhaseI ofthisproject,
theliteratureindicatesthattoproducethefinetitaniumnitride
particlesthatrestrictgraincoarsening,thecoolingrateofthe
ingotdownto2010°F(llOO°C)mustbefastenough(29°For5°Cper
minute)topreventtheformationofcoarsetitaniumnitrideparticles.
Furthermore,someinvestigatorsstatethatthesteelmustnotbe
reheatedmorethanonceaboveabout2000°F(1095°C). Coolingrates
forslabsfromcontinuouscastersexceedthisspecifiedcooling
rateandsodothoseforthesmalllaboratory-meltedsteelsinthe
presentinvestigation.Continuous-castslabsaregenerallyheated
onlyonceforrollingtoplate,sothetitaniumnitridesshouldnot
coarsen;whereasingots,oratleasttheouterandcoolerportions
ofingots,aregenerallyreheatedtwiceabove2000°F—oncefor
rollingtoslabandonceforrollingtoplate.

Inthepresentinvestigation,foursteelscontaining
titanium,Steels12,13,14,and15,wereprocessedina manner
thatsimulatesthecommercialproductionofplatefromcontinuous-
castslabs.Thatis,thesefouringotswerereheatedonlyonceand
rolleddirectlytoplate.Theheatingtemperaturewas2350°F,and
theingotswererolledstraightawaytol-inch-thickplatein15
passesofabout12percentreductioneach,witha finalpass
temperatureof1900°F.Severalothertitanium-containingsteels
showninTableI (Steels11and16through19)wereamongthe16
steelsreheatedtwiceforrolling,butaccordingtotheliterature,
otherelementspresentinadditiontothetitanium(calciumand/or
rareearthmetals)permitsuchprocessing.2~3)

Eightlaboratory-meltedsteelswerecalciumtreated.In
production,calciumisofteninjectedasa calciumsilicidepowder
wi”thaninert-gascarrier.Theusualpurposeofthecalcium



ASequipmenttoinjecta calciumpowderwasnotavailable
attheLaboratory,canisterscontaininga 20percentcalciumand
80percentironproprietaryadditiveweresecuredtotheendofa
rodandplungedintotheladle.Becausethereactionofcalcium
withthemoltensteelishiqhlyexothermic,thecalciumaddition
wasmadeinthreeseparateplungestopreventthereactionfrom
expellingtheadditivefromtheladle.ThetotalamountofCalcim
addedwouldhaveamountedto0.027percentinthesteelifnone
werelost.

Platerolledfromthefirsttrialshowedthatthecalcium
additionwasonlypartiallyeffectiveinballingsulfides—some
werestrungout,somewereshort,andsomewereballed.Therefore,
twQmoretrialsweremade,onewiththecalciumsilicideoften
usedforproductionofcommercialheats,andonewithtwiceasmuch
oftheaforementionedcalcium-ironadditive.Sulfidesintheplate
fromthesetwotrialswerealsoonlypartiallyballedandthe
inclusioncontentofthesesteelswasundesirablygreater.
Therefore,thefirstoftheabove-describedpracticeswasusedin
makingtheeightcalcium-treatedsteels.

Theplatesfromthelaboratory-meltedsteelswerenormalized
bytreatingthemina 1675°F(913°C)furnaceforonehourandair
coolingthem.

MechanicalTestingofUnweldedPlates

EighteentransverseCharpyV-notch(CVN)specimensand
duplicate0.357-inch-diameter(9.07mm)tension-testspecimens
weremachinedfromthequarterthicknessofeachoftheplates.The
CVNspecimensweretestedovera rangeoftemperaturestoestablish
transitionbehaviorandthetension-testspecimensweretestedat
roomtemperature.

GleebleTreatment

BeforetheGleeblecouldbeusedtosimulatethethermal
cyclesthatoccurintheHAZnearthefusionzone,itwasnecessary
todeterminethetime-temperaturecyclesforthehigh-heat-input
weldingconditionsthatwouldbeusedinthisstudy.Therefore,
kime-temperaturemeasurementsweremadeinanESandinanSA
weldmentwithembeddedthermocouples.BecausetheABS-specified
locationforCharpyV-notchtestingistheplatequarterthicknesson
thelast-passsideofa weldment,thethermocoupleswereplacedat~
thisposition.Asthelocationofthebondlinecouldnotbe
preciselypredicted,seventhermocoupleswereused;onewasplaced
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attheexpectedlocationofthebondline,andthreewereplaced
oneachsideofthecenterthermocoupleat0.030-inch(0.75mm)
incrementsfromtheexpectedbond-linelocation.

Thehiqhesttemperaturesrecordedforsurvivingthermo-
couplesintheweldmentswere2525°F(1385°C)fortheESweldand
2545°F(1396°C)fortheSAweld.Thedatafromthisexperimentare
showninTableIIandwereusedintheGleeblesimulations,except
thata peaktemperatureof2525°Fwasusedforbothweldsimulations
sothatdifferencescausedbythetwotreatmentswouldreflect
differencesinheatingandcoolingratherthandifferencesinan
arbitrarilychosenpeaktemperature.Thelocationofthispeak
temperatureintheHAZisonlya fractionofa millimeterfromthe
bondline.A peaktemperatureof2525°Fwaschosenratherthan
24620F(13500c),asoftenreportedin’theliteratureforHAZ
simulations,becauseforthehigh-heat-inputweldingconditionsused
inthisstudy,thelocationintheHAZthathada peaktemperature
of2462°Fwasoutsidethevery-coarse-grainregionforthesteel
usedinthesetrials.

TwentytransverseoversizeCVNspecimenblanksweremachined
fromeachofthe23plates.Tenblanksfromeachplateweretreated
withtheGleeblebyusingoneofthethermalcyclesshownin
TableII,andtheother10blanksfromeachplateweretreatedin
accordwiththeotherthermalcycleexceptthata peaktemperature
of2525°Fwasusedinbothinstances.TheCVNspecimensmachined
fromtheseblanksweretestedovera rangeoftemperaturesto
determinetransitionbehavior.

MicrostructureofBase
PlateandGleebleSamples

Samplesoftheplateswereexaminedwitha lightmicroscope.
Themicrostructureofalltheplatesconsistedofferriteand
pearlite.Ferritegrainsizeandpearlitecontentweredetermined
witha QuantitativeTelevisionMicroscope.4)Inaddition,light
micrographsoftheGleeble-treatedspecimensfromeachsteelwere
preparedtoshowtheprioraustenitegrainsizeandresulting
microstructure.

WeldingProcedures

Inadditiontothethreecommerciallyproducedplatesand
thebasesteelfromthelaboratoryheats,sevenofthemorepromising
steelswereweldedandevaluated.Thesesevensteelswereselected
onthebasisoftheCVNtestresultsfromtheGleeble-treated
samples,themicrostructureofthesesamples,anda consideration
ofthealloysystemtowhichthesteelsbelonged.
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TableIITemperaturelleas.ur~tsinWeld
Heat–AffectdZones

180kJ/in.
ElectroslagWeld

Temperature,Time,
sec

o
600
660
690
700
708
712
717
721
725
729
734
742
759
768
776
785
802
819
836
853
874
899
933
971
1024
1066
1125
1185
1245
1305
1365
1425

Ol?

Submerged-ArcWeld
Time, Temperature,
sec

75
500
1000
2100
2525
2522
2484
2443
2402
2322
2278
2227
2148
2042
2003
1922
1843
1716
1602
1502
1414
1320
1231
1133
1046
950
869
773
695
627
574
527
490

0
4
g.
13
17
22
26
31
35
39
43
48
52
56
60
69
77
86
94
103
112
125
134
146
168
180
205
222
266
387
498
618
679

‘F

192
232
2545
2505
2381
2232
2090
1965
1843
1730
1632
1550
1483
1428
1380
1301
1241
1195
1160
1133
1104
1052
1019
973
915
884
831
801
738
624
552
498
475



Allweldsweremade in a lonqituclinaldirection. Plate
samplesofeachofthe11steelswereES-weldedata heatinputof
about1000kJ\inch(40kJ\mm)andSA-weldedintwopassesata
heatinputof180kJ/inch(7.1kJ/mm)perpassandinsixpassesat
a moretypicalheatinputof75kJ/inch(3.0kJ/mm). Thejoint
configurationsandweldparametersareshowninFigure1 and
typicalchemicalcompositionsoftheelectrodesaregivenin
TableIII.

CVNTestinqofWeldments

Forthecommerciallyproducedplates,CVNspecimenswere
machinedfromtheweldmentsinaccordancewithABSandUSCG
:qualificationrequirements.TheCVNspecimensweremachinedfrom
theplatequarterthicknessperpendiculartothewelddirectionwith
thenotchnormaltotheplatesurfaceandlocatedat thecenterof
theweld,atthebondline,andintheHAZatdistancesof1,3,
and5mmfromthebondline,Figure2. Becausethebondlinewas
rarelyperfectlyperpendiculartotheplatesurfaceovertheentire
thicknessoftheCVNspecimen,differentportionsofthenotchwere
generallyatdifferentdistancesfromthebondline.TwelveCVN
specimensweremachinedfromeachofthefivetestlocationsand
testedintriplicateovera rangeoftemperaturestodetermine
transitionbehavior.

Forthelaboratory-meltedsteels,testswereconductedonly
onCVNspecimensmachinedwiththenotchatthebondlineandthe
1-and3-mmpositionswithintheHAZ,butquintuplicatetestswere
conductedatO and-40*F(-18and-40°C)foreachofthesethree
locations.

HardnessTraversesofWeldments

Diamondpyramidhardnessmeasurementsweremadeatthe
platequarterthicknessinthecenteroftheweld,inthebaseplate,
andintheHAZatdistancesof1 and3mmfromthebondline.

Weld-HAZMicrostructure

LightmicrographsoftheHAZfromeachofthe11steels
selectedforweldingwerepreparedshowingthemicrostructureat
theplatequarterthicknessatmagnificationsof50X,200x,and
100ox.
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Ttile111 Typ~cal Electrcde (7anpsion--Percent

Welding
Electrode Process c Mn Si cr Ni Mo Cu—— —— —— —

Armco W18 Submerged-arc 0.15 0.67 0.17 0.O6 1.00 0.16 0.25

Linde M1-88 Electroslag 0.06 1.65 0.35 0.25 1.50 0.40 -

tiote: Above is filler metal manufacturer’s data.

\’::Iw
lSTEEL&CMBACKUPI

NORMAL-HEAT-INPUTSAW HIGH-HEAT-INPUTSAW
ARMCOW78ELECTRODE ARMCOWIUELECTRODE
LINCOLNSWIFLUX LINCOLNSSOFLUX
600AMPEREsCURRENT SOOAMPERESCURRENT
32VOLTS 30VOLTS
15.51PMTRAVEL 81PMTRAVEL
6PASSES-75KJ/in.EACH ZPASSES-180KJ/in.EACH

ESW~lNT

I Il-l
~. ~
~INDEMIEBBELECTRODE 37VOLTS
LlNDE124fLUx 1201PMWIRESPEED
460AMPERESCURRENT lPAS!&=lWOKJ/in.EACH

Figure1.JointconfigurationandWeld
param+ersusedincurrent
investigation I

t.

-----------
-------y

NDTCHLMATION a - CENTEROFWELD
b - FUSIONLINE
c - HAZ,lIRmFROMFUSIONLINE
d- HAZ,3mmFROMFUSIONLINE
● - HAZ,5mmFROMFUS10NLlNE
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ResultsandDiscussion

13asePlate

ThetensilepropertiesandCVNtransitiontemperaturesof
theplatesinvestigatedareshowninTableIV,andindividualCVN
testresultsaregiveninAppendixTableA. Steel4 isthebase
steelinthepresentstudy,anditschemicalcompositionwaschosen
toprovidea yieldstrengthofabout50ksi(345MPa).TheCVN
15ft-lb(20J)transitiontemperature(V15)ofSteel4 was-150°F
(-1OO”C)andits50percent shear-fracture-appearancetransition
temperature(v50)was-15°F(-25oc).

Aswillbeshownsubsequently,theonlylaboratory-melted
steelsinthisinvestigationthatshowedsignificantimprovements
inHAZtoughnesswerethosethatcontainedtitanium(Steels11
through19)andonesteelthatcontainedvanadium(Steel7).
TableIVshowsthat,asa group,thesetitaniumsteelshadbase-
metaltoughnessconsiderablyinferiortothatofthetitanium-free
steels.Thebase-metaltoughnessofthevanadiumsteel,Steel7,
however,wasaboutthesameasthatofthereferencesteel.

Themicrostructureofalltheplatesconsistedofferrite
andpearlite.AsTableV shows,theferritegrainsizeofallthe
steelswasfine,rangingfromaboutASTMNo.8 to10. Because
ofthelow-carboncontentofthesteels,thepearlitecontentwas
alsolow,rangingfrom12to23percent.

Gleeble-TreatedSteels

IndividualCVNtestresultsfromtheGleeble-treated
specimensareshowninAppendixTableB fortheESWsimulationand
inAppendixTableC forthe180kJ/inchSAWsimulation.TableVI
showstheaverageCVNenergyabsorbedatO“F(–18°C)and–40”F
(-40”C)foreachofthesteels.

TableVIalsoshowstheRockwellB hardnessoftheGleeble-
treatedsamples.Nosignificantcorrelationbetweenhardnessand
toughnessofthesesamplesisapparent.

LightmicrographsofalltheGleeble–treatedsteelswere
preparedata magnificationof50xtoshowtheprioraustenite
grainsizeandat200xtoshowfinerdetailsofthemicrostructure.
Prioraustenitegrain-sizeratingsforthesesamplesaregivenin
TableVI. Inmanyinstances,particularlyforthecoarsergrain
samples,the prior austenitegrain boundarieswere outlinedby a
continuousnetworkof ferrite so that the grain size was well
defined. For some samples,the prior austenitegrain boundary
was less distinctandl in a few instances,unratable.
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Steel

1
2
3
4
5
6
7
a
9

10
11
12
13
14
15
16
17
18
19
20
P?
L
u

TableIVTransverseMfclmical Propertiesof
tilePlatesInvestigated

TensileProperties+
Yield Tensile Elongation Reduction

Sttength,
ksi

50.1
44.4
49.9
50.0
52.2
51.5
52.6
51.3
47,1
47.3
44.0
48.2
47.5
48,3
46.8
47.3
49.5
46.5
44.3
43.’5
51.4
56.0
43.5

Strength,
ksi

67.8
65.6
70,8
70,3
73.8
70,9
71.7
71.0
70,7
71.1
70.0
70.1
70.3
7L. O
69.3
70.8
71.5
70.8
69.1
64.4
72,9
75.4
64.9

in1,4In.,
%

34.5
34,0
32.5
35.0
33.0
34.5
34.0
35.3
34.3
34.0
35.0
34.0
33.5
33,5
34.0
34.5
34.0
35.5
34.5
35.0
34.5
33.5
35.5

ofArea,
%

72.4
65.9
67.9
74.0
73.2
73.6
73,2
77.5
74.8
73.1
77.0
71.7
70.2
71.2
71.0
73.5
72.9
78.1
70.7
70.9
75.5
76.5
66.9

CharpyV-Notch
Transition

Temperaturer‘F
15ft-lb50BShear

-125 -40
-80 - Lo

-140 -20
-150 -15
-190 0
-155 -35
-130 -lo
-145 -75
-175 -35
-155 -5

-45 20
-90 30
-80 30
-95 20
-60 60
-60 30

-105 40
-70 -40
-55 60

-1oo -20
-105 0
-170 -75

-70 10

* Averageofduplicatetestsof0.357-inch-diameterspecimens.

TableV Mi
th

Steel

1
2
3
4
5
6
7
0
9
10
11
12
13
14
15
16
17
18
19
20
N
L
IJ

Pl

Pearl
%

15
21
18
13
19
16
14
12
17
22
20
17
16
17
15
18
16
16
17
18
23
22
17

* Determinedby the
microscope.



Pt-d

Steel

1
2
3
4
5
6
7
a
9

10
11
12
13
14
15
16
17
18
19

TableVI (2VNEnergy,PriorAusteniteGrainSize,and
HardnessoftheGleebk+reatedSamples*

ESWSimulation 180kJ/in.SAWSimulation
Energy Prior Energy Prior

Absorbed, Austenite Absorbed,
ft-lb Hardness,GrainSize, ft-lb
-40°FO“F RB ASTMNo. -40°FO’F

16 13(6)
21(8)16(4)
9 **
12 **
10 **
11 **
35(3) 17(2)
7 **
10 **
6 **

26(7) 9
16 **
18 11
12 **
34(5) 12(7)
35(3) 12(7)
34(5) 16(4)
73(1) 17(2)
53(2) 43(1)

20 18 11

L 6 **
N 31 8
u 13 **

94.0
85.0
91.0
96.0
91.0
90.0
95.5
88.0
89.0
93.0
93.0
91.0
91.0
89.0
90.0
95.0
90.0
95.0
92,0
90.5

95,5
89.5
86.0

0.0
0.0
0.5
0.0
1.0
0.5
0.0
1.0
2.0
0.0
2.5
0.0
0.5
1.0
~+
~+
2.0
2.5
2.0
0.0

1.5
~+
0.0

28(4)18(3)
26(7)20(2)
10 **
8 **
** **
9 **
15 11
5 **
7 **
8 **
11 **
28(4)13(7)
27(6)12(8)
la 7
35(2)18(3)
18 12(8)
25(8)17(5)
32(3)9
44(1)28(1)
20 15(6)

10 **
64 30
16 8

Hardness,
~B

93.0
90.5
92.5
93.0
93.5
94.5
92.0
92.0
90.5
93.0
97.0
95.0
94.0
92.5
92.0
94.0
91.0
93.0
94.0
93.0

93.5
84.0
92.5

Austenite
GrainSize,
ASTMNo.

1.0
0.5
1.0
0.5
2.0
1.0
0.5
2.0
2.0
240
1.0
2.0
1.5
~+
@
2.5
1.5

2.0
1.0

1.5
7.0
1.5

* Paxerithesestidica~ the.ererqyrtig oftheMcOratin rreltedsteels.

Steels
Selected

for
Welding

x

x

x
x

x

x
x
x

x
x
x

** ~t ~~~ +NRn&i5 .
not&able



ExamplesofthemicrostructureintheGleeble-treatedsamples
areshowninFigures3 through13(Aand13)forthe11steels
selectedforwelding.FortheGleeble-treatedspecimens,the
sampleswiththefinerprioraustenitegrainsizesusually,but
notalways,hadthebettertoughness,particularlyifthe
unratable-grain-sizesamplesareassumedtabefinegrain,which
islikelytobethecase.

EffectofChemicalCompositiononthe
ToughnessofGleeble-TreatedSamples

Forthisdiscussion,thetoughnessvaluesofSteel4 (the
basesteel)showninTableVI (12ft-lbatO°FforESWand~ ft-lb
atO°FforSAW)willbeusedforcomparingthetoughnessofthe
otherGleeble-treatedsteels.Fortheremainderofthisdiscussion
ofcomposition,toavoidconstantrepetitionof“toughnessofthe
Cleeble–treatedsteel,”thefollowingcomparisonrefersonlyto
Gleeble-treatedsteelsandtheirtoughnessvaluesshowninTableVI.

Steel1. Thissteelwasconsiderably’betterthanSteel4
fortheSAWsimulation(28versus8 ft-lbatO°F)andsomewhatbetter
fortheESWsimulation.Themajordifferencesincompositionbetween
thesesteelsarethatSteel1 containscolumbiumandSteel4 contains
residualsandhighernitrogen.

Steel2, Thetoughnessofthisreferencesteelwasconsid-
erablybetterthanthatofthebasesteelforbothweldsimulations.
Steels2 and4 aresimilarexceptthatSteel2 containslower
nitrogen,highersulfur,andnoresidual-elementadditions.

Steel3. The
wasnotsignificantly
sulfurbasesteel.

Steel5. The
improveitstoughness

Steel6. The
calciumandcolumbium
elements(Cu,Ni,Cr,

toughnessofthis0.023percentsulfursteel
differentfromthatoftheCI.007percent

additionofcalciumtothissteeldidnot
comparedwiththatofSteel4.

differencesbetweenSteels6 and4 arethat
wereaddedtoSteel6 andtheresidual
andMo)presentinSteel4werenotaddedto

Steel6. Thesedifferencesdidnotresultinanysignificant
differenceintoughness.A puzzlingresultisthatthetoughness
ofSteel6 waslowerthanthatofreferenceSteel1 whichhasa
verysimilarcomposition.

Steel7. Thiscalcium-treated,vanadium,no-added-residual
steelhadimprovedtoughnessespeciallyfortheESWsimulation
(35versus12ft-lbatO°F).

(Textcontinuedonpage25)
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Figure 3. Micrographsof
Gleeble-treated
andmlded
samplesofSteel4.
NitalEtch.40x.

c. 75kJ/indI,SAWw=ld

HA@eld

A. Gleeblesimulation
SAW180kJ/ildl.

B. Gleeblesimulation
ESW1000kJ/incll.

D. 180~/illCh SAWweld
HAZ/weld

E. 1000kJ/inct:ESweld
14



Figure4. Micrographsof
Gleeble-tieated
andv.dded
sanplesofSteel7.
NitalEtch.40X.

A. Gleeblesimulation
SAW180lLT/inch.

z. Gleeble simulation
ESW10GOkJ/inch. 15

c. 75kJ/in&SAWweld
HKZ/weld

D. 18GkJ/inchSAWmeld
W/weld

E. lGOOkJ/inclIESweld



Figure5. Micrographsof
Gleeble-tieated
andwelded
sa@esofSteel11.
Nit&l.Etch.40x.

c. 75KJ/incihSAWweld

HAZ/w&d

A. Gleeblesimulation
SAW180kJ/inch.

B. Gleeblesimulation
ESW1000~/’inch.

D. 180kJ/inchSAWweld
HAZ/weld

E. 1000~/illCh ESweld
16



Figure6. Micrographsof
Gkeble-treated
andwelded
samplesofSteel12.
NitalEtch.40X.

A. Gleeblesimulation
SAW180kJ,/tich.

~. Gleeblesimulation
ESW1000kJ/inch.

c. 75M/inchSAWweld

HAz/weld

D. 180kJ/inchSAWweld
H.AZ/weld

E. 1000kJ/illCh ESweld
17



Figure7. h’licrographsof
Gleeble-tieatd
andwelded
sanplesofSteel15.
NitalEtch.40X.

A. Gleeblesimulation
SAW180?d/inch.

B. Gleeblesimulation
ESW1000kJ/inch.

c. 75I-aJ/in&SAWweld

HAZ/weld

D. 180M/inchSANweld
HAZ/rueld

E. 1000~/iIICh ESweld
18



Figure8.Micrqaphsof
Gleeble-tieated
andwelded
samplesofSteel17
NitalEtch.40X.

c. 75M/inchSAWweld

HAZ/weld

A. Gleeblesimulation
SAW180W/inch.

B. Gleeblesimulation
ESW1000kJ~inch. 19

D. 180N/inchSAWweld
HAZ/weld

E. 1000kJ/inchESweld

.-.



Figure9. Jlicrqraphsof
Gleeble-treated
andwelded
sarplesofsteel18.
NitalEtch.40X.

i%. Gleeblestiation
SAW180kJ/in&.

B. Gleeblesimulation
ESW1000kJ/inch.

c. 75Id/in&SAWweld

HA2/weld

D. 180kJ/inchSAWweld
HAZ\zveld

E. 1000kJ/illChESweld
20



----

W@’vdd

Figure10.Ilicrographsof
Gleeble-treated
andwelded
sanplesofSteel19.
NitalEtch.40X.

c. 75kJ/inchSAWweld

HAZ/weld

A. Gleeblesimulation
SAW180M/inch.

B. Gleeblesimulation
ESW1000W/inch.

D. 180kJ/inchSWweld
HAZ/weld

E. 1000kJ/inchESweld
21
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H4&Atid /“

Figure11.Nicrographsof
Gleeble-treated
andwelded
samplesofSteelL.
NitalEtch.40X.

c. 75l+J/in&SAWweld

HAZ/weld

A. Gleeblesimulation
SAW180N/inch.

D. 180H/inchSAWweld
HAZ/weld

B. Gleeblesimulation
ESW1000kJ/inch.

E. 1000kJ/inchESweld
22



?3wJ%dd

Figure12.Micrographsof
Gleeble-treated
andmlded
samplesofSteelN.
NitalEtch.40X.

A. Gleeblesimulation
SAW180kJ/inch.

B. Gleekk stiulatiom
ESW1000kJ/imch.

c. 75kJ/inchSAWweld

HAz/weld

D. 180kJ/tichSAWweld
HAJ@eld

E. 10(?(1kJ/’imhESw=ld,

—



H4&%?d.d

F@re 13.M.icrographsof
Gleeble-treated
andwelded
samplesofSteelU.
Nit-alEtch.40X.

A. Gkeblesimulation
SAW180M/inch.

B. Gleeblesimulation
ESW1.0!20.kI/tich.

c. 75kJ/inchSAWweld

HAZ/weld

D. 180kJ/inchSAWweld
HAZ/weld

E. 1000kJ/inchESweld
24
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Steels8,9,and10. Steels8,9,and 10didnotshowany
toughnessimprovementoverSteel4 foreitherweldsimulation.
A].1threesteelscontainedrare-earth-metal(REM)additions,and
thetotalREMcontentofthesteelswasapproximatelytwicethe
ceriumcontentshowninTableI. TheREMadditionsto these steels
were effectivein balling the sulfides. Steel Elalso contained
columbiumbut had no added residuals. Steels9 and10contained
boron.

Steel11. Thissteelcontainedtitaniuminadditiontoa
boronandREMaddition.Steel11hadaboutthesametoughnessas
thebasesteelfortheSAWsimulation,butwasbetterthanthe
basesteelfortheESWsimulation(26versus12ft-lbatO“F).

Steels12,13,14,and15. Thesefourtitaniumsteelswere
heatedonlyonceforrolling,whereasalltheotherlaboratory-
meltedsteelswereheatedtwice.Allfoursteelsshowedsome
improvementoverthebasesteelbutSteel15,whichcontained
boron,wasconsiderablybetterthanSteels12,13,and14,particu–
larlyfortheESWsimulation.Forthissimulation,Steels12,13,
14,and15absorbed16,18,12,and34ft-lb,respectively,atO°F.
Steel14,whichcontainedabouttwiceasmuchtitaniumandnitrogen
asSteel13butotherwisehadthesamenominalcomposition,had
poorertoughnessthanSteel13fortheSAWsimulation.The
differenceinaluminumcontentbetweenSteels12and13(0.012
versus0.030%)didnotresultinanysignificantdifferencein
toughness.

Steels16,17,18,and19. Thesefoursteelsall had
calciumadditions,containedtitanium,andwerereheatedtwicefor
rollinq.Steel18wasREM-treated,andSteel19containedboron.
P.11fourofthesesteelshadconsiderablybettertoughnessthanthe
basesteelforbothweldsimulationsand,overall,theboron-
containingsteelwasthebestofthisgroup,aswastheboron–
containingsteelinthegroupofSteels12through15. Eventhough
thesesteelswereheatedtwiceabove2000°F,theirtoughnesswas
generallygood.However,becausenoneofthesteelsthatwere
heatedoncehadthesamecompositionasthoseheatedtwice,no
conclusioncanbedrawnastotheeffectofreheatingtwice.

Steel20. Thissteeldidnothaveresidualelementsadded,
hada lowsiliconcontent(0.05%),andcontainedvanadiumandboron.
Thissteelhadbettertoughnessthanthebasesteelandsomewhat
bettertoughnessthantheothervanadiumsteelinthisinvestigation
(Steel7)fortheSAWsimulation,butitwasnotnearlyastoughas
Steel7 fortheESWsimulation(18versus35ft-lbatO“F).
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SteelsL,N,andU. NeitherSteelL norSteelU was
significantlybetterthanthebasesteelexceptthatSteelU was
somewhatbetterthanthebasesteelfortheSAWsimulation(16
versus8 ft-lbatOaF).FortheSAWsimulation,SteelN wasthe
beststeelinvestigated,butfortheESWsimulationmanyofthe
othersteelsinthisinvestigationwerebetter.Thiscommercial
steelisrecommendedbyitsproducerforhigh-heat-inputSAwelds
butnotforESwelds.

WeldedSteels

PrimarilyonthebasisofthetoughnessoftheGleeble-
treatedsamples,andtoa lesserextentofthemicrostructureand
alloysystemtowhichthesteelsbelonged,eightlaboratory-melted
steels(Steels4,7,11,12,15,17,18,and19)wereselectedfor
weldinginadditiontothethreecommerciallyproducedsteels.
These11steelsareidentifiedinthelastcolumninTableVI.
AlthoughTableVIshowsthatSteels1 and2 hadgoodtoughness,
thesesteelsarelaboratory-meltedversionsofcommercialsteels
andwereincludedintheinvestigationforinformationonly;they
werenotpart of the alloy investigationand thus were not selected
for welding. Although the Gleeble-treatedsamplesof Steel 4 did
not have good toughness,it was the base steel in this study and
was welded for comparison. Steel 16hadgoodtoughnessbutwas
notweldedbecauseSteel17hadsomewhatbettertoughnessand
belongedtothesamealloysystem(Ti-N). Thetoughnessvaluesof
theGleeble-treatedsamplesofSteel11werenotverygoodbutthe
microstructureofthesesampleswasveryfineanditwasselected
forthatreason.

ToughnessofWeldments

Each of the 11 steels selectedfor welding was ES-welded
at a heat input of about 1000 kJ/inchand SA-weldedat heat inputs
of 180 and 75 kJ/inch. IndividualCVN test resultsobtained from
these weldmentsare given in AppendixTables D, E,and F for the
ESweldandthe180and75kJ/inchSAwelds,respectively.Average
CVNenergyabsorbedatO*F(-18°C)and-40”F(-40”C)fortestsat
thefusionlineand1-and3-mmHAZlocationsareshownin
TablesVII,VIII,andIXforthesethreeweldinqprocesses.Parent-
plate-toughnessvaluesarealsoshowninthesetablesforcomparison.
Foreachofcomparison,theresultsfromTablesVII,VIII,andIX
forthe1-and3-mmHAZlocationsareshowninTableX.

ESWeldments.ReferringtoTableX itis
basesteel(Steel4)hadthepooresttoughnessat
locationofallthelaboratory-meltedsteelsthat

apparentthatthe
thel-mmtest
wereES-welded.
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‘L’&lt? ‘JII C?Oarpy’ V-lJOtC}l ~aCk PrO~rti(?S

of 13Sh7Jc>ints Inves@aixx~ (k?a~

Input of Approximitdy 1000 lcJ/in)

4 105

7 106

11 110

12 65

1.5 65

i7 31

18 226

19 52

N 121

L 163

u 40

, Fusion line

11

28

29

20

26

22

36

42

65

32

27

12 46 16

63 62 75

29 64 20

38 46 44

35 41 31

53 51 55

65 87 137

43 50 24

44 91 96

9 7 133

24 30 25

11

13

i3

21

‘3

29

19

13

34

10

20

6 41

33 60

9 24

18 27

16 21

17 15

la 31

35 44

8 70

58

11 16

T.Ale

~

4

11

12

15

17

10

19

N

L

u

VII T cIxazpyV--iJotCb, ImpaCt Proprties

of SIAWJoints Invcstigat4 (Heat
Input of 180 kJ/iII)

105

106

110

65

65

81

226

52

121

163

40

29

48

45

67

50

51

60

62

53

34

37

29 34 ?6

55 85 16

47 39 20

49 57 44

40 44 31

54 62 55

47 60 137

51 49 24

51 91 96

20 11 133

28 2? 25

~;

15

16

29

38

24

19

15

39

21

14

29

16

19

19

35

25

22

18

24

21

10

16

24

66

22

43

21

44

34

29

~.

46

20



Table IX Charpy V-liotch ~act Pro~rties

of SAW Joints Investigated (Heat
Input of 75 lti/in)

4 105

7 106

11 110

~: 65

:> 65

17 81

18 226

19 52

N 121

L 163

u 40

53

120

81

74

66

10D

121

74

109

17

44

69

101

76

68

59

89

133

49

112

138

42

73

100

28

61

43

59

L17

16

108

141

35

76

76

20

44

31

55

137

24

96

133

25

34

49

65

43

45

71

89

52

16

25

44

26 44

52 78

23 8

50 45

37 33

66 43

75 63

42 8

16 89

132 115

40 33

, Fusion line.

Table X Comparison of HAZ ‘Touglmess for the ‘IYweeWelding Crmditi,ons
Investigated

cm+Enecxy Absorbed. ft-lb
O*F -bO~F

Iti”imu=+value 14i”zmumvalue
ESW SAW 180!U/itI.SAM 75 k.J/in.for any Weld .“.4 ~ SAW 160kJ/im. SAW 75 kJ/i”. for *“Y Weld and

Steel lm]!m Im 3m I.-a ~ Either Position 1 m 3 m 1 m 3 m q ~ Either pOQ!iQ

& 12
? 63

11 29
12 38
15 35
17 53

18 65
19 45
, 44

1
24~q

G6 29 34
62 55 85
64 &l 39
46 49 57
4L ho 44
51 54 62
87 47 68
50 51 49
9, 51 91
7 20 71
30 28 27

69 73
101 100
76 28
6S 61
59 43
89 59
133 117
49 16
112 108
138 I&l
42 35

12

55
28
38
35
51
47
16
b’!

6

33
9
18
16
17
14

35
8
5
11

41
60
24
27
21
15

31
Lb
70
8
16

16
19
19
35
25
22
18
2L
21
10
16

14
66
22
43
21
4A
3b

29

59
66
20

26 44 6

52 78 19
23 8 8

50 45 18
31 33 16
66 43 15
75 63 14
42 8 8

76 89 8
132 115 5
40 33 11
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Thesetoughnesscomparisonswillbebasedonthel-mmlocation
ratherthanthe3-mmlocationbecausethislocationgenerally
haspoorertoughnessforthehigh-heat-inputweldingprocesses.
Thetwosteelswiththebesttoughnessat-40°F(-40”C)forthe
l-mmpositionwereSteels7 (vanadiumsteel)and19(titanium-boron
steel). Itshouldbenoted,however,thatatthe-40°Ftest
temperaturethe base-platetoughnessof the vanadium steel was about
triple that of the titanium-boronsteel. Four other titaniumsteels
(12, 15, 17, and 18)hadconsiderablybettertoughnessthanthatof
thebasesteelatthel-mmlocation.

180kJ/inchSAWeldments.Allthelaboratory-meltedsteels
hadreasonablygoodHAZtoughnessforthe180kJ/inchwelds,as
showninTableX. Steels7 and19,whichhadthebestHAZtough-
nessfortheESweld,hadgoodHAZtoughnessforthisweld,but
werenotthebest.Thehighesttoughnesssteelat-40”F(35ft–lb)
forthisweldconditionwasSteel12,thetitaniumsteelthatwas
onlyreheatedonceforrolling.

75kJ/inchSAWeldments.Allthesteelsweldedhadgood
HAZtoughnessfor the75kJ/inchheatinputSAweldsexcept
Steels11and19atthe3-mmposition.Boththesesteelscontained
titaniumandboron.ThelowtoughnessofSteel19atthe3-mm
positionwouldbea seriousdeterrenttotheuseofthistitanium-
boronsteeleventhoughithadverygoodHAZtoughnesswhenES-
weldedbecauseanysteelselectedforhigh-heat-inputweldingshould
alsobesuitableformoretypicalheatinputs.

Hardnessof Weldments. Hardnessmeasurementswere madein
thebaseplate,weldmetal,andthe1-and3-mmlocationsinthe
HAZforalltheweldments,andareshowninAppendixTableG. No
correlationwasfoundbetweenHAZhardnessandtoughness.

OverallHAZToughnessforallWeldingConditions.Tobe
usableforshipconstruction,a steelmustbeweldableundertypical
heatinputs.InTableX,minimumCVNenergyvaluesforO and-40°F
testtemperaturesforany ofthethreeweldingconditionsareshown.
Thesteelhavingthehighesttoughness(19ft-lb)foritsworst
testlocationisSteel7. Forthe-40”Ftesttemperature,fOUr
titaniumsteels—Steels12,15,17,and18—arenearlyastough
(14to18ft-lb).

ComparisonofToughnessofWeld
HAZWithGleeble-TreatedSamples

TableXIshowsresultsofCVNtestsofGleeble-treated
samplesside-by-sidewithresultsfromweldHAZCVNtestsatthe
l–mmpos,ition.Actually,thethermalcyclesoftheGleeble-treated
specimensarerepresentativeofa zoneclosertothefusionline
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Steel

4
wo 7

11
12
15
17
18
19

I,
N
u

TableXI CVN~ergyAbmrption(ft-lb)ofGleeble-~eated
%-r@es~dHAZ~fWeldsatl-mPosition

ES Weld
O*F(-18”C) -40*F(-40”C)

Gleeble Gleeble
Simulation

12
35
26
16
34
34
73
53

6
31
13

Weldmen,t

14
5a
29
38
34
49
70
46

9
44
24

Simulation

*

17
9
*
12
16
17
43

*

8
*

Weldment

7
33
11
19
17
19
15
34

5
8
11

SAWeld
O*F -40°F.—

Gleeble
SimulationWeldment

8
15
11
28
35
25
32
44

29
56
47
51
42
54
46
51

10 20
64 51
16 28

Gleeble
Simulation Weldment

*

11
*

13
18
17
9
28

16
22
19
34
24
26
18
25

* 10
30 21
8 16

*Nottested.



than1mm,butfusion-linetestspecimensfromtheweldments
generallyextendintotheweldmetalsothatthel-mmlocation
testspecimenwouldbeexpectedtobemoreliketheGleeble-
treatedspecimens.

Consideringthescatterin the data, which is apparentin
theAppendixtableswhereindividualtestresultsarereported,
theresultsshowninTableXIfortheESweldmentandtheGleeble
simulationaresurprisinglyclose.FortheSAweld,theresults
forthetwotechniquesarenotnearlyasclose,andusuallythe
weldmenttestsyieldedhighertoughnessvalues.Thispooreragree-
mentbetweenweldmenttestsandGleeblesamplesistobeexpected
becauseofthegeometryofthefusionzoneinthistwo-passweld,
whichwasneverperpendiculartotheplatesurfaceatthenotch
location.M exampleofthepositionandlengthofthenotchin
a CVNspecimenatthel-mmHAZlocationisshowninFigure14Bfor
a typical180kJ/inchSAweldusedinthisinvestigation.Figures
14Aand14Caretypicalweldmentsforthe75kJ/inchSAandESweld
conditions.

MicrostructureofWeldments

MicrographsoftheHAZregionoftheweldmentsaregiven
inFigures 3 through13(C,D,andE)foreachofthe11steels
welded.In eachmicrographoftheweldments,theweldmetalison
therightsideandthebondlineisaboutone-halfinchfromthe
rightsideofthemicrograph.Generally,themicrographsofthe
Gleeble-treatedsamplesshowa microstructure@similar‘o‘hat‘n
theweldHAZnearthebondline.

FinerdetailsofthemicrostructureintheHAZareshown
inFigure15fortheESweldmentsandinFigure16forthe180
kJ/inchSAweldments.TheHAZSofseveraloftheweldmentscontain
numeroussmallgrainsofmartensite,examplesofwhichareindicated
bythearrowsonthemicrographsofFigures15AforSteel4 and15C
forSteel11. AlthoughtheHAZSwithlargeamountsofthemartensite
tendtohavepoorertoughnessthanthemartensite-freeones,the
correlationisnotverystrong.Forexample,Steel19,when
SA-weld@drhada considerableamountofmartensiteintheHAZ,as
showninFigure16H,buttheHAZhadgoodtoughness.

Conclusions

Steel 7,thecalcium-treated0.08percentvanadiumsteel
withlowresidualcontent,appearstohavethebestcombinationof
HAZtoughnessandbase-platestrengthandtoughness.ForCVNtests
atO°F(-18°C)thissteelhadthebest,ornearlythebestHAZ
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A. SAWweld. 75W/inch

Verticalline
shwslengths
andlmationof
l-rcnnposition
notchinCVN
spechat
t/4thickness

B. SAWweld. 180kJ/inch

c.ESweld.1000kJ/inch

Figure14.Macrogra@koftypicaljointsforthethreewelding
conditionsused
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A. steel4 D. Steel12

B. steel7 E. steel15

c. steel11 E’.steel17
Figure15lTicrographsoftheHAZoftheES–weldments.

NitalEtch.800x
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G. Steel 18

H. steel19 J..SteelL

K. steeluI. SteelN
Figure15MicrographsoftheHAZoftheES-weldm?nts.

NitalEtch.800X (Continued)
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B. steel7 E. steel15

c. steelu F. steel17
Figure16 lticrqraphsoftheHAZofthe180kJ/inchSJkwsldments.

NitalEtch.800X.
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G. Steel18

H. Stel19 J..SteelL

I. SteelN K. Stelu

Figure16ihcrqraphsoftheW ofthe180Id/inchSA-weldments.
NitalEtch.800X.
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toughnessforall three welding conditionsused. Furthermore,the
base-platestrengthand toughnessof this steel were substantially
better than those of any ofthetitaniumsteels studied, The
literaturehas indicatedthat vanadium in amounts in excess of about
0.10 percenthad detrimentaleffectson HAZ toughnesss/GJand that
about 0.06mpercentvanadiummay have a slightlybeneficialeffect.~j
Consequently,the very good HAZtoughnessofSteel7wasunexpected.
TheimprovedtoughnessofSteel7 comparedwiththebasesteelmay
haveresultedfromitslowerhardenability,whichinturnresulted
fromthenearabsenceofcopper,nickel,chromium,andmolybdenumin
thissteel(about0.5%inthebasesteel).

SeveralofthetitaniumsteelshadverygoodHAZtoughness
forallthreeweldingconditionsused.Twoofthethreetitanium
steelsthatalsocontainedboronhadverygoodHAZtoughnessfor
thehigh-heat-inputweldingprocessesbuthadpoortoughnessatthe
3-mmHAZlocationforthe75kJ/inchSAweld.Theonetitanium-
boronsteel(Steel15)thatdidnotexhibitthisreducedtoughness
wasreheatedonlyonceforrollingandalsocontainedabouttwice
asmuchtitaniumastheothertwotitanium-boronsteels.Additionally,
thetitanium-boronsteelshadthepoorestbase-platetoughnessofall
theinvestigatedsteelssothattheboronadditiontothesetitanium
steelsisnotanattractivemethodofproducinga steelwithimproved
HAZtoughness.
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APPENDIXA

Taut
Tamp*rature,

.5teal “?

1 0
-40
-ao
-1oo
-L20
-140

77
0

-20’
-40
-60
-80

0
-20
-40
-MO
-120
-140
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-40
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-200
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-00
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-20
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-ao
-120
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-160
-lao

10 0
-40
-00
-120
-140
-160

11 40
20
0

-40
-60
-80

IndividualTransverseCharpyV-NotchTestResultsfromthe
InvestigatePlates

Energy
A3morbed,
ft-lb

107,102,107
01,74,90
59,53,40
10,30,35
18,20,15
9,6,6

55,60,56
35,35,35
25,25,26
21,20,20
19,20,17
L2,17,15

52,57,52
42,51,41
40,39,34
2a,31,25
17,17,17
14,16,16

9E,1OB,1M
62,a3,a3
65,s0,66
51,24,36
35,15,9
10,9,10

102,100,107
52,52,6S
45,45,47
2*,28,12
23,13,24
6,6,5

113,170,115
9s,99,f33
70,37,sa
37,45,47
7,1a,a
9,9,12

113,101,105
a3,84,87
94,73,71
75,60,57
.26,15,19
7,1a,8

226,237,221
138,179,190
108,112,127
a7,91,96
a2,12,1s
10,s,8

130,113,119
72,79,74
77,51,45
65,45,3o
37,20,17
10,15,15

95,87,102
87,89,77
39,62,60
35,43,35
35,26,15
10,7,12

160,230,129
111,117,127
70,130,131
16,10,35
9,9,11
7,9,5

Shmar-
Fraetur~

Appearance,

70,70,70
50,45,50
25,25,20
5,10,10
5,5,5
5,5,5

loo,loo,lio
60,65,55
35,35,40
25,25,25
15,15,15
10,10,10

90,90,90
40.ss,45
40,40,40
15,10,15
5,5,5
5,5,5

60,70,60
25,35,35
15,10,M
15,10,10
10,5,5
5,5,5
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20,20,25
15,1s,15
10,10,s
5,s,s
5,5,5

70,65,70
40,45,40
35,20,25
15,15,15
5,5,5
5,5,.3

60,60,60
35,40,40
30,25,25
20,15,15
10,5,5
5,5,5

100,DNS?,1OO
60,100,100
40,45,50
30,30,30
25,5,5
5,5,5

90,55,60
25,30,25
20,15,15
20,15,10
10,5,5
5,5,5

50,55,60
35,35,30
10,20,20
10PL5,10
10,10,5
5,5,5

65,DNB,55
50,50,50
25,40,50
5,5,10
5,5,5
5,5,5

DNBmansdidnotbreak

Lateral
Expansion,
roils

80,71,78
66,61,69
55,42,32
6,21,2s
11,13,10
4,2,5

61,66,61
42,38,39
30,29,31
27,22,23
20,20,17
12,16,14

51,s5;51
41,49,40
38,38,36
27,29,24
12,11,11
10,11,L2

75,a2,79
54,67,66
52,41,53
3S,16,28
23,7,5
5,4,5

73,72,73
42,41,54
34,35,36
19,19,9
14,8,12
7,5,5

ao,81,77
73,74,64
59,31,47
30,36,37
5,13,6
6,6,7

76,72,74
64,64,67
61,57,54
61,47,46
21,10,13
5,13,6

77,DNB,82
B6,91,89
al,91,a9
67,70,74
66,a,U
9,6,6

86,80,02
58,66,61
62,40,33
51,38,26
13,9,7
7,11,9

72,70,77
69,74,62
33,49,47
28,34,Z5
25,20,15
4,2,6

90,DNS,E6
7S,S2,94
56,89,96
17,10,!.9
9,9,10
4,6,3

steel
12

13

14

15

16

17

18

19

20

L

N

u

ToWc
Temperature,

wm

77
0

-40
-ao
-1oo
-120

77
0

-40
-6o
-ao
-100

40
20
0

-40
-60
-ao

77
40
0

-40
-60
-ao

77
40
0

-40
-60
-do

40
0

-40
-ao
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0
~20
-40
-6o
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40
0

-40
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o
-20
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0
-50
-75
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0

-25
-50
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77
40
0

-40
-60
-ao

Energy
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ft-lb

lo7,9a,loo
60,62,72
48,35,48
25,10,38
10,5,9
4,9,5

90,96,95
43,63,59
50,45,44
27,19,35
10,17,20
7,9,11

a5,95,94
78,71,6S
55,64,55
44,46,43
31,23,35
13,16,10

93,107,103
al,75,81
63,62,69
22,50,20
26,12,12
a,9,a

121,116,115
loa,lo6,115
a3,63,63
21,63,65
ll,15,1a
8,8,7

106,94,94
a3,6s,94
50,63,52
19,31,41
8,1a,30
5,a,4

206,234,23a
219,1aa,238
la2,102,127
11,16,234
10,14,14

al,a5,a6
60,71,66
45,60,50
25,35,13
9,14,11
S,5,6

79,63,85
a3,77,6a
58,62,60
32,43,30
6,13,19
13,6,6

147,158,1a5
120,129,130
117,117,119
a7,90,110
15,22,54
13,10,10

120,144,148
11S,121,123
103,106,107
a9,90,91
15,3a,40
6,6,12

76,73,75
61,61,55
36,3a,45
25,24,25
15,20,17
17,11,12

Shmar-
Fractur*

Appwxance,
i

99,85,90
.2S,25,3O
20,15,20
10,5,10
5,5,5
5,5,5

95,95,95
25,30,30
23,20,20
15,10,15
5,5,10
5,5,5

55,60,60
50,50,45
25,30,25
15,15,10
10,10,10
S,5,S

60,60,70
40,40,40
25,25,3o
1s,20,15
15,10,10
5,5,5

70,65,6S
50,55,60
35,25,25
10,20,20
5,10,10
5,5,5

50,50,55
40,30,45
20,25,20
10,15,20
5,5,10
5,5,5

100, D2uB,D24B
!324B,70,D24B

65,35,40
10,1 O,DNS

5,5,5

50,66,60
40,40,40
15,20,20
10,15,5
5,10,10
5,5,5

55,50,60
55,50,45
25,25,25
10,15,10
5,5,5
5,5,5

100,100,100
60,60,65
50,50,50
30,30,40
5,5,15
5,5,5

60,70,80
50,50,50
35,40,40
30,30,30
5,10,10
5,5,5

100,100,100
a5,90,a5
35,35,45
20,15,15
5,10,5
5,5,5

Lataral
Expansion,

roils

al,al,al
53,54,62
45,35,44
21,11,32
7,3,6
2,6,2

79,79,a2
43,56,53
46,42,42
25,20,30
12,1a,+21
6,7,a

71,76,73
62,59,56
4a,55,49
39,41,3a
2a,21,30
11,15,9

ao,84,82
71,64,68
54,54,5a
25,42,21
24,13,12
9,10,9

a5,a3,a3
78p7ar78
68,S2,53
.22,S2,55
11,12,16
9,9,7

75,72,72
68,55,74.
44,S2,45
17,26,34
7,L3,20
1,3,1
84,D2aB,mJs
DNB,90,DMB
96,7a,90
11,15,DNB
a,12,12

71,75,75
55,64,71
42,52,46
24,26,14
9,14,12
6,4,5

65,57,7o
67,64,5a
53,54,53
29,36,27
7,a,lo
7,1,1

87,91,96
83,a4,a7
73,75,7a
6a,70,84
ll,12,3a
6,2,3

al,a4,89
al,a2,al
ao,ao,77
64,66,68
13,32,33
1,2,9

“77,73,74
59,61,54
40,41,45
28,26,27
14,20,16
14,9,10

38
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3

4

5

6

7

10

11

APPENDIXB IndividualCharpyV-NotchTsskResultsfromES-Wdd-
SimulationGleebleSanples

Teat
Tmmpwatur*,

steel ‘F

1 40
0

~20
-40

2 40
0

-20
-40

l-l
4a
20
0

77
40
20
(1

77
60
40
0

77
40
20
0

0
-20
-40
-60
77
40
20
0

77
40
20
0

74
74
40
0

0
-20
-20
-40

Energy
Absorb*d,
ft-lb

37,46,49
12,17,20
X6
15,6,18

32,30
17,24,23
7,22
15,15,17

30,24
17,20,16
11,10
6,LO,1O

41,52
18,22,19
14,15
11,10,L5

24,29
20,la
12,12
10,9,10

46,14
23,34,30
21,15
15,9,5

24,41,41
12,23
10,19,21
20,6
64,46
1s,18,20
22,15
E,6,B

50,62
14,17,51
15,16
11,s,11

25,15
12,31
24,8,7
6,6,6

34,18,25
13,13
9,11
8,10,0

Shear-
Fracture

Appmarmnce,
*

L5,20,20
5,5,5
5
5,5,5

35,35
10,10,10
5,10
5,5,5

30,25
10,10,10
5,s
5,5,5

20,25
15,15,10
10,10
5,5,5

15,15
15,10
10,10
5,5,5

20,I.o
10,15,15
10,10
5,5,5

5,15,20
5,10
5,5,5
5,5
15,10
5,5,5
5,5
5,5,5

30,35
10,15,20
10,15
5,5,5

15,Ls
5,15
10,5,5
5,5,5

20,10,15
5,5
5,5
5,5,5

Lateral
Expansion,

roils

29,39,38
11,13,17
12
8,3,12

33,31
1!3,25,22
4,19
13,13,13

32,27
20,19,18
12,10
5,10,10

36,43
19,20,18
13,14
10,11,14

24,32
22,17
13,13
9,12,10

36,16
18,25,22
18,12
13,0,6

16,30,32
9,22
6,12,14
14,2

49,36
13,13,16
23,16
4,5,4

43,53
13,18,36
15,15
U,9,1O

26,2.6
13,31
26,9,6
6,4,6

29,17,23
11,12
6,10
7,8,8

steal

12

7.3

14

15

L6

17

10

19

20

L

N

Test
“i%mparature,

“F .

40
20
0

40
20
0

-40

60
40
20
0

0
-20
-40

4a
o

-20
-40

0
-20
-20
-40

0
-2(J
-40
-60

0
-40
-6o
-80

74
40
0

-40

100
74
40
0

40
20
0

-40

40
20
0

E?mrqy
Absorbed,
ft.lb——

60,49
40,39
16,10,23

60,56
38,45
21,1s
11,10

30,42
22,38
18,20
11,12

20,46,35
13,14,45
11,13,11

84,63
14,50,40
15,16
10,10,15

40,27,36
12,13
37,9
10,22,15

99,95,24
80,10
30,9,12
11,10

60,54,44
41,45
20,28,22
7,7

40,45,54
10,11
6,19,30
11,10

13,17
14,15,14
9,8
7,5,7

94,aa
74,60,73
16,62,16
6,L0

25,30,27
12,14,29
22,6,10

Shear-
Fracture

Appearance,
\ .-

45,35
25,25
15,5,15

40,40
25,30
15,15
5,5

30,35
20,25
20,20
10,10

20,20,20
15,15,20
10,10,10

40,35
10,20,20
15,15
10,10,10

20,15,20
10,10
20,10
10,10,10

40,40,10
30,10
10,5,10
5,5

35,20,15
15,15
10,10,10
5,5

25,30,35
5,5
5,5,10
5,5

10,10
15,10,10
5,5
5,5,5

35,30
25,20,25
15,25,15
5,5

20,20,20
10,10,15
10,5,5

Lateral
ExpansIon,

roils

48,40
37,36
16,7,24

48,47
36,39
24,la
11,8

31,38
22,34
20,21
13,13

21,40,30
13,14,36
12,13,13

67,51
14,43,37
15,16
11,11,15

33,23,31
12,14
31,9
11,18,14

74r73,21
63,12
25,10,12
11,10

53,48,43
36,37
19,23,20
7,6

34,41,48
10,13
6,15,23
12,9

16,16
15,15,14
era
5,3,4

71,6S
62,52,61
16,51,17
7,10

2a,30,29
13,15,27
21,7,9

39



APP~IXC Individual_ V-NotchTestResultfromSA-Weld-SimulationGle&leSamples

steel

1

2

3

4

5

6

7

8

9

10

u

12

Test
Tamp.,
“T

20
0

-40
-60

0
-40
-60

RT
40
0

R7!
40
0

RT
40
20

RT
40
0

40
0

-20
-40

RT
40
0

RT
40
0
RT
40
0

40
20
0

20
0

-20
-40

Energy
Absorbed,

ft-lb

53,56
11,31,42
10,10,35
9,10

23,25,29
1S,19,20,21
3,13,14

25,25,28
13,17,21
8,9,12

27,31,33,37
15,15,16
8,0,9

39,49
15,18,22
U,16

39,48,54
26,26,30,46
8,S.,11

25,35
5,6,33
6,14,22
7,14

12,15,17,3a,42
16,20,21
4,6

26,39,39
15,20,32,36
6,7,9

9,12,2B,34
11,13,15,25

7,9

24,41,44
11,32,41
7,7,10,19

25,45
25,31
13,16
12,14.

Shear-
Fracture

Appearance,
%

15,15
5,10,10
5,5,10
5,5

10,10,15
5,5,5,5
5,5,5

15,25,15
10,10,10
5,5,5

15,15,15,15
10,10,10
5,5,5

20,25
5,5,10
5,5

20,20,20
10,10,10,15

5,5,5

15,20
5,5,10
5,5,5
5,5

20,10,20,15,20
5,10,10
5,5

20,20,25
10,10,15,15

5,5,5

5,5,10,30
5,5,5,10

5,5

10,10,10
15,10,15
5,5,5,5

25,35
10,15
5,5
5,5

Lateral
Expansion,

roils

30,42
9,22,32
10,8,24
8,10

22,22,27
16,1?, 1E,20

2,12,14

29,30,2E
15,19,20
10,11,14

26,29,34,38
17,17,18
10,10,9

35,40
12,16,21

12,14

36,37,44
22,22,23,31

6,7,9

20,24
4,6,22
4,10,16

5,10

16,16,20,30,35
14,17,16

3,5

36,3S ,36
16,21,28,31

818,9

12,14,2.9,34
10,12, i5,22

7,0”

18,30,32
10,24,32
6,7,10,16

26,37
23,27
9,10
12,14

Steel

13

14

15

16

17

18

19

20

L

N

u

Test
Temp.,
“F

20
0

-20
-40

20
0

-40

0
-40
-60

m
40
0

-40

40
0

-40

40
0

-20
-40

0
-40
-6o
40
0

-20
-40

72
40
0

0
-40
-6o
-ao

74
40
0

-40

Energy
Absorbed,
ft-lb

26,32
26,28
12,14
7,16

24,36
12,1~,25

6,7

19,39,47
15,15,19,21
6,0,1a

40,80
59,67
9,21,25
11,12,12

62,63,63
13,29,33
13,14,19,21

ao,a7
31,23,43
19,21
7,10,11

44,44
20,24,39

9,10,27,34,36

7,42
13,15,33
3,25,27
11,18

lo,la,19,22,27
11,11,14
7,11,11

60,67
7,41,43
5,5,12
5,5

35,30
26,27,26
16,11,20

3,12

Shear-
Fxactuxe
Appearance,

20,25
15,15
10,10
5,5

20,25
10,10,15

5,5

15,20,20
10,10,10,10

5,5,5

35,6o
35,40
5,10,15
5,5,5

35,35,35
10,20,20
5,5,5,5

40,40
15,15,20
10,10
5,5,5

25,25
15,15,20
5,5,5,5,10

5,10
5,5,10
5,5,5
5,5

10,10,10,15,15
5,5,5
5,5,5

25,25
5,10,10
5,5,10
5,5

40,35
15,15,20
5,5,10
5,5

Lateral
Ex~nsion,

roils

21,29
22,25’
13,14
5,12

21,29
13,20,23

5,6

1S,33,42
15,16,18,22
10,10,16

32,62
44,4a

‘8,19,23
12,12,12

49,49,50
14,25,25
14,15,17,20

54,56
26,20,33
16,20
5,9,14

36,36
L9,11,32

10,1O,24,2E,3O

10,32
10,10,24
2,1arla
6,14

5,10,10,10,13
6,6,11
5f6,a

49,54
5,1a,20
3,3,6
3,5

38,30
26,27,26
I4,1O,1B

2,5



APPmDIXD IndividualCh=pyV-Notchr)ataforElectroslag-WeldedSteels(HeatInputof@pro~telY1000kj\in)

I!ner*y Absorbed,ft-lb
n 1- 3-

11,11,16,12,7 15,12,26,10,8 S0,S2,60,36,37
11,12,10,?,10 6,5,6,~,10 46,L0,50,39*3J

Shur-Fzactmc~pp04r011C@,X
2L 1- 3-

S,S,S,5,3 10,10,15.10,10 30,30,35.23,13
55555**** 55s3sB*WB 30,10,30,25,15

Temp.,
SteeI “?——

11,11,16,11,9 11,11,16,~,11 42,G6,52,32,/,1
9,10,8,5,B 5,4,5,6,10 39,1n,43*3&,34

0
-40

0
-40

0
-40

0
-60

0
-40

0
-40

0
-40

0
, -40

60
0

-40
-80

-120

15
40
0

-40
-80

-L20

40
0

-40
-80

n,3401?,ll,34 2T,48,6J5,73,7260,61,65,31,74
312,0,?,16,14 43,25,46,30,20 69,01,65,41,49

1s.10,5,5+10 10,20,23,30,30 30,30,35,1S,40
10,3,5,5,3 10,s,10,s,s 30,30,20,is, is

92,29,12,B,22 21,33,52,S3,S346,48,53,26, 6
29,3,3,14,13 30,14,34,1S,12S4,6b,41,32,3h

51,12,14,21,44 30,34,27,25,29 0Y,41,S4,W,62
3?,10+14,14,12 B,0*0,11,22 2?,13,s0,31,10

Io, ao,lo,lo,ls 10,10,20,10,10 2s,13,20,1s,20
15,s,10,s,4 SS5S1O*or* 1s,10,20,15,5

46,20,16,20,3926,28,2S,2s,34 71,34,35,60,30
SO,1O,14,13,111,?,0,0,1? 24,I4,4?,13,1O

25,19,16,16,41 30,47,35,65,34 52.4%50,41,44
31,9,20,28,15 26,11,29,11,16 11,11,38

20,15,15,15,25 15,20,20,20,20 25,20,25,10,20
10,5,s,lO,s 10,5,10,s.s 10,15,15

34,22,10,1(!,36 24,36,32,35,31 42,40,42,36,3,0
24,10,15,23,12 21,9,12,11,14 12,28,32

21,20,33,25,32 38,35,41,32,33 46,42,40,42,34
10.H,0,8, IO 10,15,25,13,20 30,14,14,30,1B

25,25,~5,20,2S 20,15,20,15,13 25,20,20,20,20
10,15,10,10,10 10,10,15,10,1s 10,10,10,10,10

20,21,20,22,2533,29,14,20,1025,20,20,20,20
10,10,6,T,B a,12,1?,lt,18 10,!0,10,10,10

26,18,22,18,50 51,59,57,51,28 53,4T,52,5J,4LI
30,13,32,24,34 34,12,11,28,10 14,11,16,15,10

20,15,20,15,25 2S,30,30,2S,10 25,25,30,)5,23
20,10,20,10,35 10,S,3,5,S ‘1O,1O.15,5,3

26,28,23,20,4244,51,51,4S,S04?,43,46,47,42
16,13,26,19,)2 lU,12,11,2&10 15,1S,26,16,11

31,51,41,36,22 46,93,44,110,55 90,14,a4,M78,00
29,11,10,10,20 9,11,15,13,23 15,4J+32,16+45

10,25,20,15,10 10,30,20,3S,25 35,25,30,30,30
10,5,9,10,15 10,10,10,10,1s 1s,20,20,13,20

26,41,33,31,2038,70,3?,01,43 70,60,5?,18,68
30,9,12,26,10 J,ll,l?,ll,ll 16,37,24,16,35

2?,49,91,45,32 48,44,42,50,44 51,91,49,44,55
13,30,14,11,11 24,34,32,41,38 41,50,43,40,15

33,30,55,20,15 ~0,20,20,15,20 30,30,30,?5,W
10,15,10,5,s Io,lo,loilo,lo 10,15.10,15.s

30,42,73,37,3042,40,40,44,3944,44,43,39,40
18,25,16,10,12 21,30,26,%,S2 35,40,35,40,15

w FL lima 39 5-

10,51,;4 90,147,5?79,52,91
03,27,2T127,38,29 56,29,4605,84+105111,?2,128
19,30,15 17,5,00 1,9,8 81,75,S3 l16,114,a?
8+9,0 7,?,5 7,5,5 6,53,0 6?,74,49

4,9,11 9+30,15

Un n 19 3- 59

50,45,4535,15,29 30,1J,JQ
50,20,2050,20,1S25,15,2040,40,50 50,50,?S
15,20,10 10,5,40 5,5,S 35,30,20 3f3,50,35
10,10,10 5*5,5 5,5,s 3,15*5 20,20,1s

5,5,3 5,10,s

w FL 19 3- Sm

S5,48,4566,92,4660,41,?6
61,25,27 05,30,2151,30,4S~2,?l,70 82,70,00
22,26,15 14,S,55 0,10,~ b?,64,4~BI,82,71
9,5,5 5,1,4 4,4,3 *,41,7 54,5?,38

4,5,6 ?,20,9

n

L 50,S9,77 03,94,07 33,14,4334,16,1?
30,49,70 66,16,114 10,21,16 Ll,32,20
26,30,20 7,S4,36 9,8,10 10,7,s 167,144,164
15,12,25 11,15,5 4,6,9 S,lo.a 170+131,1T1

.90,91,105
52,11,72

50,60,6565,70,63S5,10,2020,10,10
30,35,6030,10,6510,10,20 S,Y3,1O
20,20,1S 5,40,20 3,S,10 5,5,5 100,MH3,1W
15,15,15 lo,5i5 SOS*5 3,s,3 100,5%1W

3s,40,00
20,5,30

47,52,60 70,13,6120,14,35S?,18,20
33,38,53 51,13,B210,1S,10 ~,28,11
25,25,19 6,44,31 6.5,0 9,4,2 91,94,92
15,13,23 12,17,4 Z,SJ C,12,6 98,05,92

71,72,8U
40,10,55

u 36,40,55 31,56,44 22,13,21 33,41,36 42,42,52
2S,lti,27 46,15,10 22,12,2021,38,31 32,30,34
12,11,11 20,20,11 12,10,12 1U,15,14 24,26,20
6,6,S 6,0,4 5,5,5 6,B,J 11,-,11

40,40,45 1S,2$,202S,20,1S20,45,40 60,55,?0
20,15,20I5,1(I,1O10,10,1010,15,30 30,25,30
10,10,10 5+5,5 S,3.S SOS*S 20,20,1s
5,5,5 3*%S %9,9 SOS*3 5,9,3

35,36,45 28,48,3423,24,2939,31,35 42,43,53
24,18,2$ 36,14,1029,23,~ 10,33,30 31,30,14
11,10,10 12,12,13 O,1OJ 13,~~,9 24,z5,1~
5,5,4 3,6,2 1,4,1 3,5,3 9.7,9



APP~IXE IndividualChq V-NotchDataforSuknerged-ArcWeldedSteels(HeatInputof180kJ/in)

Temp.,
Steel ‘T_–—.——

Errer~Absorbed,ft-lb Shem-FractweAppeatmnce,I titeml Eamnaion, roils
FL im 3m 2L 1-

—_
J- F1.—- in 3 nun—— __

24,30,28,29,5S
21,16,15,13,15

25,31,33,30,26
U,,20,13,19,1t

33,33,20,34,’34
2S,25,23,21,23

?I,77,736,06,U3
4S,66,44,613,TII

40,63,25,25+31
24,20,12;21,29

25r63052i56C62
S6,41,1?,46.35

39,52,48,31,45
20,23,1~,22,13

63,?3+61,62,33
40,41,43,41,33

110,26,70,60,73
40,3k;17,33,23

S6;40,50,5i3,47
33,20,40,21,30

30,30,35,30,50 3s,33,40,40,33 35,30.33,40,4s
20,1S,1S,13,15 10,1S,10,10,15 25,2S,2S,2S,23

21,26,26,25.4423,20*J2,2LI,2429,44,27,)0,31
20,1i!,15,17,1S13,Z0011,19,11125,24,24,?[>,24

? o
-40

60,20,30,?1,54
3a,ll,13,15,20

?9,81,42,33,43
1?,10,21,36,16

30,13,15,33,3040,43,20,23,30 40,35,40,30,40
20,10,10,10,13.20,20,20,23,20 25,25,10,30,30

46,23,26,51,4439,60,35,30,Y773,53,67,b>,61
J0,8,10,12,1~ 11,14,1?,21,13 52,49,38,<2,63

11 0
-40

63,43,44,42,49
3U,13,31,11,36

41,41,59,35,52
14,13,15,24,17

45,35+33,3S,4040,45,S0,40.43 30,33,23,1S,30
20,1S,13,20,20 20,15,13,20,1S 20,20,20,20,20

54,36,35,33,3933,31,4~,2@,41J3,46,2fi,2~,]9
35,15,29,22,3221,13.1?,22,10 21,19,14,?I),2cJ

12 0
-40

19,60,74,60,51
40,41,1),32,44

45,52,50,32,74
16,4?,36,25,45

40,43,45,43,3030,30,30,2S,50 30,40,35,33,40
20,20,13,20,2015,20,20,15,10 25,20,13.20f20

40,50,33,4s,30 33,40,30,30,3s 35,40,40,30,40
20,1S,10,20,20 20,20,iS, ?0,13 20,20,1S,20,13

62,54,50,S6,4230,43,43,28,6826,513,6Z,L”I,52
33,32,1G,29,3715,30*3t,23,3? 46,41,18,1~,31

46.36,48,4?,54
32,21,15,20,3S

49,3a,40,41,40
25,25,20,21,24

39,46,60,42,4442,3Z,93,34,3214,43,41,26,3B
29,19,16,20,2822,20,10,22,2123,22,17,7(J,15

k5 o
-40

35,53,50,49,71
le,25, il,18,22

43,33,65,73,54
25,20,45,19,22

30,40,40,40,5033,30,35,40,33 40,50,39,33,30
13,20,1S,1S,13 25,20,35,23,20 25,23,23,20,1S
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