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ABSTRACT

Thisreportdiscussesthecausesofdelayedcrackinginshipsteel
weldsandpresentsthestepsnecessarytopreventdelayedcracking.Three
factors,actingtogether,are responsiblefortheformationofdelayedcracks:
hydrogendissolvedintheweld,a hardmicrostructureintheweldorheat-
affectedzone,andhighstressesintheweldjoint.Eachstepthatistaken
topreventdelayedcrackshasthepurposeofeliminatingorsignificantly
reducingatleastoneofthesefactors.

—. — .-,

ii



—-

TABLEOl?CONTENTS

AQUICKGUIDETODELAYEDCRACKING.. . . . . . . . . . . . . . . . . .

INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

DELAYEDCRACKS-WHATARETHEYANDWHYARETHEYBAD?. . . . . . . . .

CAUSESOFDELAYEDCF!ACKS.. . . . . . . . . . . . . . . . . . . . . .

MechanismofDelayedCracking. . . . . . . . . . . . . . . . . .

TestsforDelayedCrackingSusceptibility. . . . . . . . . . . .

ControlledThermalSeverity(CTS)‘Test. . . . . . . . . . .
BattelleUnderbeadCrackingTest. . . . . . . . . . . . . .
TensileRestraintCracking(TRC)Test.. . . . . . . . . . .

TheRoleofHydrogen.. . . . . . . . . . . . . . . . , . . . . -

MethodbyWhichHydrogenEnterstheWeldJoint. . . . . . .
Sou.rcesofHydrogen.. . . . . . . . . . . . . . . . . . . .

SusceptibleMicrostructure.. . . . . . . . . . . . . . . . . . -

CarbonEquivalents.. . . . , . . . . . . . . . . . . . . .

WeldStresses.. . . . . . . . . . . . . . . . . - - , . . . .-

METHODSFORPREVENTINGDELAYEDCmCKING.. . . . . . . . . . . . . . .

ControlofHydrogen.. . . . . . . . . . . . . . . . . . . . . -

UseofCellulose–CoveredElectrodes.. . . . . . . . . . . .
UseofLow-HydrogenElectrodes. . . . . . . . . . . . . . .
Submerged-ArcWelding.. . . . . . . . . . . . . . . . . . .
Gas-ShieldedArcWelding. . . . . . . . . . . . . . . . . .
MoistureonWeldJoints.. . . . . . . . . . . . . . . . . .
Weld-JointCleanliness. . . . . . . . . . . . . . . . . . .

ControlofHeat-AffectedZoneMicrostructure.. . . . . . . . . .

Preheating. . . . . . . . . .
InterpassTemperature.. . . .
ControlofHeatInput.. . . .
ArcStrikes.. . . . . . . . .

ReductionofweldJointStresses..

ReductionofShrinkageForces.

. . . . . . . . . . . . . . .

. . . . . . . . . . . . . . .

. . . . . . . . . . . . . . .

. . . . . . . . . . . . . . .

. . . . . . . . . . . . . . .

. . . . . . . . . . . . . . .
ReductionofStressConcentrations. . . . . . . . . . . . .

iii

--- .—.

Page

1-1

2-1

3-1

4-1

4-2

4.3

4-4
4-4
4-7

4-7

4-7
4-9

4-13

4-15

4-16

5-1

5-1

5-3
5-3
5-6
5-7
5-7
5-a

5+

54
5-10
5-11
5-12

5-14

5-14
5-18

.-



‘TABLEOFCONTENTS(Continued)

TackandRepairWelds

Inspection.

REFERENCES. . .

FURTHERREADING.

.

.

. .

. .

. .

.

.

.

●

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

. .

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Page

5-24

. ~-26

6-1

7-1

—

iv
--



No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

KCSTOF’FIGURES

THETHREEFACTORSRESPONSIBLEFOR

STEPSREQUIRXDTOPREVENTDELAYED

DELAYEDCRACKING

CRACKING

LOCATIONSANDDESIGNATIONSOFDELAYEDCRACKS

ANEXAMPLEOFANUNDERBEADCRACK

I’RACTURXINHEATEXCHANGERTHATSTARTEDATA DELAYED
TOECRACK

CONTROLLEDTHERMALSEVERITYTESTSPECIMEN

BATTELLEUNDERBEADCRACKING-TESTSPECIMEN

TENSTLE-RESTRAINTCRACKINGTESTSPECIMEN

VOLUBILITYOFHYDROGENINIRON

DIFFUSIONOFHYDROGENINWELDJOINT

ILLUSTRATIVETRANSI?ORMATTONDIAGl=wY

ARCSTRIKE

BLOCKWELDINGTECHNIQUE

BACKSTEPWELDING

SKIPWELDING

FILLETWELDCONTOURS

PROPERGRINDINGTOREMOVEEXCESSREINFORCEMENTIN
BUTTWELD

CORNERWELDCONTOURS

FAILURECAUSEDBYA DELAYEDCRACKINA POORLYFIT
JOINT

FILLETWELDSWITHVARYING

ROOTBEADUNDERCUTTING

JOINTGAP

Page

1-2

1-3

3-2

3-3

3-5

4-5

4-6

4-8

4-1o

4-11

4-14

5-13

5-16

5-17

5-17

5-19

5-20

5-21

5-22

5-23

5-25

v

-—— ..— —.- —.



No.

1

LISTOFTABLES

PRECAUTIONSFORWELDINGSTEELSOFVARIOUScARBON
EQUIVALENTS

-..—— .—

vi

—

Page

5-2



SHIPSTRUCTURECOMMITTEE

TheSHIPSTRUCTURECOMMITTEEisconstitutedtoprosecutearesearch
programtoimprovethehullstructuresofshipsbyanextensionofknowledge
pertainingtodesign,materialsandmethodsoffabrication.

RADMW.M.Benkert,USCG
Chief,OfficeofMerchantMarineSafety

U.S.CoastGuardHeadquarters

Mr.P.M.Palenno Mr.M.Pitkin
Asst.forStructures Asst.Administratorfor
NavalShipEngineeringCenter CommercialDevelopment
NavalShipSystemsCommand MaritimeAdministration

Mr.K.Morland Mr.C.J..Whitestone
VicePresident Maintenance& RepairOfficer
AmericanBureauof$hipping MilitarySealiftConnnand

SHIPSTRUCTURESUBCOMMIllEE

TheSHIPSTRUCTURESUBCOMMITTEEactsfortheShipStructureCommittee
ontechnicalmattersbv~rovidinqtechnicalcoordinationforthedetermination
ofgoalsandobjective;ofthep;ogram,andbyevaluatingandinterpreting
resultsinternsofshipstructuraldesign,constructionandoperation.

NAVALSEASYSTEMSCOMMAND AMERICANBUREAUOFSHIPPING

Mr.C.Pohler-Member Mr.S.G.$tiansen- Chairman
Mr.J.B.O’Brien- ContractAdministratorMr.I.L.Stern- Member
F%.G.Sorkin- Fkmber Dr.H.Y.Jan-Member

U.S.COASTGUARD SOCIENOFNAVALARCHITECTS&
ENGINEERS

LCDRE.A.Chazal- Secretary
CAPTC.B.Glass‘-Member Mr.A.B.$tavovy- Liaison
LCDRS.H.Davis- Member
LCDRJ.N.Naegle- Member WELDINGRESEARCHCOUNCIL

W!ARITIMEADMINISTRATION Mr.K.H.Koopman-Liaison

Mr.N.Hammer- Member INTERNATIONALSHIPSTRUCTURES
Mr.F.Dashnaw- Member
Mr.F.Seibold-Member Prof.J.H.Evans- Liaison
Mr.R.K.Kiss-Member

U.S.COASTGUARDACADEMY
!fILITARYSEALIFTCOMMAND

CAPTW.C.Nolan- Liaison
Mr.D.Stein- Member

the

FL4RINE

CONGRESS

Mr.T.W.Chapman- Member STATEUNIV.OFN.Y.MARITIMECOLLEGE
Mr.A.B.Stavovy- Member
CDRJ.L.Simnmns- Member Dr.W.R.Porter- Liaison

NATIONALACADEMYOFSCIENCES
SHIPRESEARCHCOMMITTEE

AMERICANIRON&STEELINSTITUTE

Mr.R.H.$terrie- Liaison
Mr.R.W.Rumke- Liaison
Prof.J.E.Goldberg- Liaison U.5.NAVALACADEMY

Dr.R.Bhattacharyya- Liaison

vif



NOTES

viii



1-1

A QUICKGUIDETODELAYEDCRACKING

Thisguideprovidesbotha synopsisofanda rapidreference
tothecausesofdelayedcrackingandthestepsnecessarytoprevent
delayedcracking.Figures1 and2 are“ata glance”summariesofthe
causesandpreventivemeasures.Theitemslistedinthesetwosummaries
arediscussedindetailinthebodyofthemanual.T’~esedetailsinclude
itemssuchaspreheatingtemperatures,proceduresofbakingandhandling
coveredelectrodes,howtocalculatecarbonequivalents,etc.Thepages
onwhichthesedetailsmaybefoundarenotedinparentheses.

Themethodsofpreventingdelayedcrackingarenotunusual
noraretheydifficulttofollow.Themainthingisthattheprocedures
mustbeexecutedthoroughlyandwiththefullcooperationofeveryone
connectedwiththeweldingoperation.

Threefactors,actingtogether,areresponsiblefortheformation
ofdelayedcracks:hydrogendissolvedintheweld,a hardmicrostructurein
theweldmetalorheat-affectedzone,andhighstresseswithintheweld
joint.Eachstepthatistakentopreventdelayedcrackshasthepurpose
ofeliminatingorsignificantlyreducingatleastoneofthesefactors.
Ifthesteelbeingweldedissusceptibletodelayedcracking,thefirst
andeasieststepistokeephydrogenfromenteringtheweldmetal.One
ofthemajorsourcesofhydrogencanbetheweldingelectrode.This
sourceisremovedbyusinglow-hydrogentypeelectrodesthathavebeen
properlybakedandstoredorbyusinggas-shieldedorsubmerged-arcwelding.
Theothermajorsourceofhydrogen,condensedmoistureontheweldjoint,
isremovedbypreheating.

Preheatingandmaintaininga minimuminterpasstemperaturealso
helptopreventtheformationofa hardmicrostructureintheweldmetal
andheat-affectedzone.Preheating,keepinga specifiedminimuminterpass
temperature,andincreasingweldingheatinputsiowsdownthecoolingrate
ofthejointsothattheheat-affectedzonehasa softmicrostructure.
Specialprecautionsarerequiredifquenched–and-temperedsteelsarebeing
welded.Theheat–affected–zonemicrostructureofthesesteelsmustnot
bechangedora seriouslossoftoughnesswilloccur.Maximumlimitshave
beensetonpreheatandinterpasstemperatureandweldingheatinputfor
quenched-and-temperedsteels.

Therewillalwaysbesomestressesina weldjointduetoshrink-
ageoftheweldmetalasitcools.However,thesestressescanbekeptlow
iftheproperstepsaretaken.Avoidoverweldingandusegoodjointfitup.
Thiskeepsthevolumeofweldmetallowsothereislessmetaltoshrink
andcreatethesestresses.Preventorremovewelddefectsthatactto
concentratethesestressesinlocalizedareas.“sharp”welddefectssuch
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HYDROGEN1

HARDENEDMICROSTRUCTUP.X

Causesdelayedcracksto Comesfrom-moistureinelectrodecoverings,flUXe~
initiateandgrowinhard orshieldinggases(PP4-9to4-13)
steelmicrostructure -organicoracidelectrodecoverings
(PP4-Ito4-3) J (P4-12)

–nmistureonjointsurfaces(pp4-9
to4-13)

- organicforeignmatter(p4-12)
o

Onlyweldswithhardened Xesultsfromrapidcoolingoftheheat-affected1
microstructweinheat-affectedzoneand/orweldI zoneandweldmetalafterwelding(pp4-13to4-15)

~ k;~’The formationof thehardstructureisgoverned.
bythecompositionoftAesteelbeingwelded.

ilythehardmicrostructurewillform{pp4-15to

IHIGHWELDSTRESSESWHiqh stressesintheheat- ~Results fro.-I ! affectedzonemakesiteasier
forhydrogentoinitiate
delayedcracks(PP4-1to4-3)

shrinkageofhotweldmetal(p4-16)
stressraisersformedbyweld
defectsorpoorjointfitup(p4-17)
improperweldingsequencewhich
increasesshrinkageforces(p4-16)
nonuniformpreheatingofweldjoint
(p4-16)
externalsources(p4-16)!

FIGUFLE1, THETHREEFACTORSRESPONSIBLEFORDELAYEDCRACKING
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Determineifsteelissusceptible{
Ifsteelhas ~o~wcarbonequivalent,
‘twillnotbe susceptibletode–

todelayedcrackingby calculating layedcracking(p5-2)andmaybe
carbonequivalent(p5-1) weldedwithcellulosicelectrodes

(p5-3)
T

Ifstaelhashighcarbonequiva– I
lent,itissusceptiblet-odelayed o-w-hydragenelectrodes
crackingandfollowingprecautions
~ustbeused

Gas-shieldedarcwelding

~sea lww-hyti~ogenwelding
Process ubmerged-axcwelding

(pp5-6tO5-7)

3Properlybake&storeelectro~s;
(PP5-4to5-5)
& fluxes(p5-7)

reheatweldjoint ernperaturqlim~@ rivesmoisturefrom
(pp5-8,5-10,5-14) jointsurfaces(PP5-7

educesstreqsesinweld
‘~int(pp5-14to5-15)

aintainminimum Keventsformationof
“nterpasstemperature rdmicrostructurein

neat–affectedzone6
weldmetal(pp5-9to

Usehigherwelding ermikshydrogento
scapefromweldarea

‘Usegoodwelding“
procedures Avoidsformationofstressraisers

“suchaslackofpenetKat_ion,under-
cutabruptcontouxchangesretc.

5-14,5-18to5-25)
Usegoodjoint
fitup keepsvolumeofweldmetallowto

educeshrinkageforces(p5-15)

,
Usecorrectwelding Minimizesanddistributesshrinkage
seauence > forces(PP5-15to5“17)

3?IGuRE2. sTEPSREQUIREDTOPREVENTDELAYEDCRKCKING
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asundercutorlackofpenetrationandabruptchangesinweldcontour
canraisestressestothepointwherea delayedcrackwillbetriggered.
Preheatingprovidesstillanotherbeneficialeffectbyalsoreducing
shrinkageforces.
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INTRODUCTION

DelayedcrackinginweldjointsiS a particularlynastyproblem
inthefabricationofweldedstructures,vessels,etc.,fromcarbonand
low-allaysteels.Thesecracksusuallyoccurintheheat-affectedzone
oftheweldjointalthoughoccasionallytheywillbefoundintheweld
metal.Thecracksdevelopovera periodoftimeafterweldingiscom-
pleted(thusthename“delayedcracking”)andfrequentlywillnotheopen
tothesurface.Sincethecracksmaynotbeapparentandsincethey
taketimetodevelop(severalhourstoseveraldays),thecracksmaygo
undetectedandcausetheweldmenttofailinservice.Thesefailures
aregenerallycostlyandmayendangerlife.

Althoughdelayedcracksmaybedifficulktodetect,theycan
bepreventedwithpropercare.Precautionsandprocedureshavebeen
developedthatwillpreventdelayedcracking,buttheymustbefollowed
closely.Theproblemarisesinobtainingclosecompliancewiththese
procedures.Sincethepresenceofdelayedcracksisnotobvious,itis
easytoslackenoffontheseproceduresandnotseeanyadverseresults.
Bythetimeanydelayedcracksthathaveoccurredaredetected,itis
hardtorelatetheoccurrencewithnoncompliancetothespecified
procedures.

Theinitialportionofthismanualisdevotedtoa discussion
ofhowdelayedcracksformandthefactorsrelatedtotheweldingopera-
tionthatcausedelayedcracking.Thisbackgroundisintendedtoprovide
anappreciationofthedelayedcrackingproblemandoftheneedforclosely
followingthereconunendedprocedures.Thesecondportionofthemanual
describestheprocedurestobefollowedtopreventdelayedcrackingin
variousshipsteels.Closeadherencetotheseproceduresshouldprovide
thefabricatorandwelderwiththeabilitytoproduceweldsconsistently
thatarefreefromdelayedcracks.
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DELAYEDCRACKS- WHATARETHEYANDWHYARETHEYBAD?

Delayedcracksina weldjointgettheirnamebecausetheydonot
appeaxuntilsometimeaftertheweldiscompleted.Thistimedelaymay
bea matterofhoursorevendays.Aftera sequenceofcertaineventstakes
placelthecrackinitiatesona microscale.Ifconditionsareright,this
microcrackslowlygrowsuntilitislargeenoughtobeseeneithervisually
orbymeansofvariousnondest-ruckiveinspectiontechniques.Bythistime,
though,thedamagehasbeendoneandthecrackedportionoftheweldjoint
mustberemovedandrewelded.Ifallowedtoremain,thisdelayedcrack
couldtriggera catastrophicfailureduringservice.Delayedcracksusually
takeseveralhourstodevelop.Undernormalconditions,a delayedcrack
willbefullydevelopedwithin48hours.

Delayedcrackscanappearinseverallocationsina weldjoint.
TheselocationsareillustratedinFigure3 alongwiththedesignations
oftheselocations.Thefirstthreetypesofdelayedcracksarebyfar
themostcommon.Thetransverseweldmetalcracksarelessfrequently
encounteredastheweldmetalsusuallyhavelowercarboncontentandupon
coolingarelessapttoforma microstructuresusceptibletodelayedcrack-
ing.Onecharacteristiccommontothethreeusualtypesofdelayedcracks
isthattheyoccurintheheat-affectedzoneoftheweldjoint.These
crackswillinitiateveryclosetothefusionlineandmaypropagate
deeperintotheheat-affectedzoneastheygrow.

Underbeadcracksarelongitudinalandlieroughlyparallelto
thefusionline.A typicalunderbeadcrackisshowninl?ig~re4. Except
fortheextremelowerend,thiscrackliesentirelyintheheat-affected
zone.(Toeandrootcrackshavethesameappearanceexceptthattheyare
ina differentlocation.)Theyusuallydonotpropagatetothesurfaceso
thismeansthattheycannotbedetectedbyanyofthesurfaceinspection
methods(magneticparticleordyepenetrant).Ultrasonicinspectionis
theonlyreliablemethodofdetectingunderbeadcracks.Rootcracksalso
arelongitudinalinitiatingattheweldrookandgrowingintotheheat-
affectedzoneand\orweldmetal.Rootcracksinfilletweldscannotbe
detectedbyanypracticalmeans. Sophisticatedultrasonicinspection
techniqueshavebeenusedsuccessfullybutthesearenotusableundershop
orproductionconditions.Rootcracksinbuttwelds,though,canbedetected
reliablybyultrasonicinspection.Toecracksoccuralongtheedgeofthe
weldandareopentothesurface.Magnetic–particleanddye-penetrant
inspectionaswellasultrasonicinspectioncanbeusedtodetecttoecracks.
Delayedcracksusuallyareverytightsotheyareextremelydifficultto
detectvisually.Forthisreason,visualinspectionisnota reliable
‘technique.

Figure3 showsa toecrackthatislocatedwellbelowthesurface
ofthejoint(3A).A toecrackcanoccurinthislocationiftheweld
jointisonlypartiallyfilledandreturnstoambienttemperatureanda
timeperiodlongenoughforthecracktodevelopelapsesbeforetheweld
iscompleted.

. .... —
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Limitofheat–affectedzone

3

3A

2-/ 3- 2—

FIGURE3. LOCATIONSANDDESIGNATIONSOFDELAYEDCRACKS

1. Underbeadcrack
2. Rootcrack

3 & 3A. Toecrack
4. Transverseweld-metalcrack
5. Transverseheat-affectedzonecrack
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Obviously,theremustbesomethingbadabout
peoplearesoanxioustoavoidthem.Thereason

delayedcracks
issimple-

~~delayedcrackscancauseweldedpartstofailunderservicestresses.
Rootandtoecracksprobablyarethemostseriousastheweldedjoints
usuallyexperiencesomebendingloadssothesurfacesarestressed
higherthantheinteriorofthejoint.Alsotrootandtoecracksfrequently
areassociatedwithotherweldsurfacedefectssuchasundercuttingori.ncom-
‘pletepenetration.Thesesurfacedefectsincreasetheconcentrationof
sdessesinthevic~nityofthecrack.Undertheseconditions,the-delayed
crackisevenmoreapttoinitiatefailureofthejoint.

Thesefailuresmayhappenwhilethepartsstillarebeingfabri-
,, catpd,duringtestingofthepartsbeforeservicefor,worseyet,afterthe
~ partshavebeenputintoservice.Financiallosscanbeconsiderablein
thesefailures.Itcanrangefromthecostofmakinga simplerepairto
thecostofreplacinganentirestructurepluslossofrevenuethatthe
weldeditemmightl?eproducingandpossibleliabilitypenalties.Ofmore
concernthanthefinanciallossisthepossiblepersonalinjuryorloss
oflifethatcouldresultfromsucha failure.

Delayedcracksactasinitiatingpointsforfracturewhenthe
partisloadedorstressed.Sometimesthisisa brittlefracturethat
occursrapidly.usuallythisoccurswhentheoperatingtemperaturedrops
lowenoughforthesteeltobecomebrittle.Delayedcrackscanstart
fatiguefailuresevenatambient
ofstresswillcausethedelayed
thatthestructurecannolonger
occurs.

orelevatedtemperatures.Repeatedcycles
cracktogrowgraduallyuntilitissobig
supportitsoperatingload.Failurethen

Examplesofthesetypesoffailurescomefrointhechemicaland
bridgebuildingindustries.A mild–steelheavywall-heatexchangerfor
a chemicalinstallationfailedduringtesting(Figure5).(1)*Delayed
toecrackstriggereda brittlefractureduringpressuretesting.The
temperatureofthewaterusedtopressuretheheatexchangerwas40F,
wellbelowthetemperatureatwhichthissteelbecamebrittle.In1962,
thenewlyconstructedKingsBridgeinMelbourne,Australia,collapsed
duetothedevelopmentoffracturesfromdelayedtoe.cracksinweldsin
oneofthesupportingspans.(2)
.,

A moresubtleeffectofdelayedcracksistheeffecton”production
schedulesandfabricationcosts.Theusualprocedureistoinspectfor
delayedcracksatsometimeintervalaftera weldiscompleted.Ifdelayed
crackingisgoingtooccur,thistimeintervalpermitsthecrackstodevelop
beforeinspection.Ifinspectionisdoneimmediatelyafterwelding,the
cracksmayoccurafkerinspectionhasokayeda weld.USCGrequirements
callfora delayofsevendaysbeforeinspection.Thisdelay
extendstotalnroductiontimes,andrequiresspaceforstoringwel~e~
componentswhileawaitinginspection.If delayedcracksdooccur,considerable
timeandexpenseis

* ReferencesaregiveninSection6.
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requiredtoremovethecracks,makerepairwelds,waitagainforseven
days,andreinspect.Ifdelayedcrackscouldbepreventedwithcertainty,
thisdelaytimecouldbesignificantlyreducedorperhapseveneliminated.

Fmmyd5. FRACTU~INHEATEXCHANGER
A DELAYEDTOECRACK

THATSTARTEDAT

—.
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CAUSESOl?DELAYEDCRACKS

Threeconditionsarerequiredfordelayedcrackingtooccurin
a weldjoint:

● Hydrogenmustbepresent.

● Theheat–affectedzoneand/orweldmetalmusthave
a hardenedmicrostructure.

● Theweldjointmuskhavesignificantinternal
stresses.

Thesethreeconditionsmustactincombinationtocausedelayedcracking.
Theformationorabsenceofthehardenedmicrostructurewilldetermine
whetherornotdelayedcrackingcanoccur.Ifthesteelissusceptible
todelayedcracking,theamountofhydrogenpresentandthelevelof
stressesinthejointprovidingboth=e abovea thresholdleveldetermine
howquicklythecrackwilldevelop.Somesteelsareverysusceptibleto
delayedcracking;cracksinthesesteelswilldevelopatlowinternalstress
levelsandata lowconcentrationofhydrogen.Steelsthatarelesssus-
ceptiblewilltoleratehighlevelsofhydrogenand/orhigherinternal
stresses.

Delayedcrackingsusceptibilityofa steelisgovernedbyits
composition.Thisisbecausethedegreetowhichthejointheat–affected
zonehardensasitcoolsafterweldingdependsonthesteel’scomposition.
Low–carbonsteelsdonot-hardenreadilyand,thus,havelowsusceptibility
todelayedcracking.Highercarbonandlow–alloysteelshardenmore
readilyandaremorepronetodelayedcracking.Incertainhardenable
steels,thedegreeofhardeningcanbedecreasedthroughcontxolof
weldingheatinput,coolingrate,andotherproceduralfactors.

Hydrogenisintroducedintotheweldjointfromthegasenvelope
thatsurroundstheweldingarc.Theweldingarcbreaksdownanyhydrogen
bearingcompoundsthatitencounters,a processwhichprovidesfreehydrogen
thatcanbedissolvedbytheweldmetal.Typicalsourcesofhydrogencom-
poundsincludedampelectrodecoverings,moistureonweldjointsurfaces,
orelectrodeswithorganicortitaniacoverings.Theuseofelectrodes
withbasiccoverings,theuseofa gas-shieldedprocessorsubmerged-arc
welding,ortheeliminationofmoisturewillreducetheriskofhydrogen
pickup.

Stressesbuildupina weldjointasitcoolsandshrinksafter
welding.Themagnitudeofthesestressesareinfluencedbythejoint
design,platethickness,andweldingprocedure.Thesestressescanbe
controlledtoa degreethroughweldingproceduresthatreduceormore
evenlydistributetheamountofshrinkagethatoccurs.
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MechanismofDelavedCrackina

Noonereallyknowswhattheexactmechanismofdelayedcracking
reallyis,buta varietyoftheorieshavebeenproposedtoexplainwhat
ishappening.Threeofthesehavebeengenerallyaccepted,butat
differenttimes.Theplanarpressuretheorywasthefirst;itwassuper-
sededbytheadsorptiontheory;currently,thetriaxialstresstheory
seemstoofferthebestexplanation.

Theplanarpressuretheorysuggeststhatashydrogenatoms
diffusethroughthesteel,theycongregateinmicrovoidsandother
microscopicandsubmicroscopicdefects.Thehydrogenatomsrecombine
intohydrogenmoleculesinthesemicrovoids.Thisformationofhydrogen
moleculesbuildsupveryhighhydrostaticpressureswhichtriggerthe
initiationofa microscopicfractureorcrack.Asmorehydrogendiffuses
intothismicrocrack,furtherpressurebuildupoccusandthecrackgrows.
Ultimately,thecrackreachesa macroscopicscalewhereitcanbeseenor
detectedbyvariousinspectiontechniques.

Severalvariationsoftheplanarpressuretheoryhavebeen
developed.Asanexample,oneofthesesuggeststhatthehydrogen
inthemicrodefecthelpstosupplytheenergyneededtopropagatethe
crack.ASthecrackormicrovoidenlarges,thehydrogengaswithinthe
voidexpands,anexpandinggasreleasesenergy.Thisenergyrelease
lowerstheappliedstressneededtopropagatethecrack.Continuedcrack
growthrequiresa continuedsupplyofhydrogengas.Thus,thecrackgrowth
istimedependentastimeisrequiredformoregastodiffuseintothevoid
fromthesurroundingsteel.

A secondmajortheoryistheadsorptiontheory.Itsuggests
thatwhendiffusinghydrogenreachesa microvoiditisadsorbedonthe
surfacesofthemicrovoid.Whenthishappens,theamountofenergy
requiredtopropagatethemicrovoidislowered.Ina highstressfieldl
thesemicrovoidsthenwillgrowintomajorcracks.Again,theamountof
hydrogenrequiredtocontinuepropagationmustbesuppliedbydiffusion.

Bothofthesetheoriesfalldownwhentryingtoexplainsome
oftheotheraspectsofdelayedcracking.Forexample,boththeories
requiretheexistenceofmicrovoidsandexplainhowthesemicrovoids
propagateintocracks.Theyfailtodealwiththeinitiationofcracks
intheabsenceofmicrovoids.Also,heatingwillreducetheeffects
ofhydrogenbyspeedingupthediffusionofhydrogenthroughthesteel
tooutsidesurfaceswhereitwillescape.Todiffusethroughmetal,
hydrogenmustbeintheatomicform.Molecul=hydrogeninmicrovoids
willnotbebrokendownintoatomichydrogenbythisheating.These
theoriesfailtoresolvethispoint.Thetriaxialstresstheoryfills
thesegaps.
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Thetriaxialstresstheorysaysthathydrogenwilldiffuse
throughsteeltoregionsof-hightriaxialstresses.(314)Suchregions
alwaysaxepresentona microscaleina martensiticmicrostructure.If
a criticalstresslevelexistsanda criticalamountofhydrogenispresent
inthisarea,a microcrackwillinitiate.Asthecrackappears,theregion
aheadofthecrackisstijecttoincreasedtriaxialstressesandfurther
diffusionofhydrogentothisregionoccurs.Theconcentrationofhydrogen
againbuildsupuntilitreachesa criticallevelandthecrackpropagates
a littlebitfurther.Thistypeofpropagationcontinuesuntilthecrack
reachesa macroscaleandittheniscalleda delayedcrack.

Froma practicalstandpoint,thedevelopmentofdifferenttheories
doesnotchangetheproceduresthatareusedtopreventdelayedcracking.
Delayedcrackingiscausedbya combinationofhydrogen,susceptiblemicro-
structure,andinternalstresses.Alltheoriesrecognizeandagreeonthis
fact.Preventionissimplytheremovalofatleastoneofthesecontributing
fackoxs.Sincethismanualisdealingwiththepracticalaspectsofpreventing
delayedcracking,thetheoriesarenotdiscussedfurther.

TestsforDelayedCrackingSusceptibility

Varioustestshavebeenusedforevaluatingsteelsfortheir
susceptibilitytodelayedcrackingandforuseindevelopingprocedures
topreventdelayedcracking.Noneofthesetestisareideal.Theyall
haveshortcomingsinthattheymaybeonlyqualitative(ago-nogotype
oftest)ortheymaynotreproduceexactly‘thestressorthermalcondi-
tionsofaproductionweld.However,theyhavebeenusefulinlaboratory
studies.Theyaredescribedbrieflyheretohelpprovidea morecomplete
understandingofthedelayedcrackingphenomena.Moredetailsofthe
applicationofthesetestsandtheinterpretationoftheresultscanbe
foundinthereferences.

Themainfeatureofallofthesetestsisthattheyaredesigned
toimposea highdegreeofrestraintonthebasemetalpieceswhichmake
upthespecimen.Thisrestraintgenerateshighstressesintheweld
areaandteststheabilityofthesystem(basemetal,weldingprocedure)
toresistthestresswithoutcracking.Eachtest,though,usesa different
methodforachievingtherestraint.

sections
useonly
shopand
thatcan

Thethreedelayedcrackingtestsdiscussedinthefollowing
havebeenwidelyused.Thefirsttwoaresimpletoperform,
a smallamountofmaterial~andcanbeusedbothina production
inlaboratorystudies.Thethirdtestisanexampleofa test
beusedonlyinlaboratorystudies.
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controlledThermalSeveritv(CTS)Test

Thistestisusedtoevaluatethesusceptibilityofa steelto
underbead,root,ortoedelayedcracking.(5-7)Thespecimen usedis shown
inFigure6. Thematingsurfacesofthetwopartsmaybeincontactto
simulategoodjointfitup,ormaybespacedwithshimstoevaluateeffects
ofpoorjointfitup.Theboltisusedtoholdthepartstogetherwhile
thetwoanchorweldsaremade.Thetestweldsaremadewiththespecimen
atroomtemperature.Thebikhermaltestweldismadefirst,thespecimen
iscooledtoroomtemperature,andthenthetrithermaltestweldismade.
Aftera waitingperiodof24hours,thetestweldsaresectionedand
examinedtodetermineifdelayedcrackinghasoccurred.Thethermal
severityoxcoolingratecanbevariedbychangingthethicknessofthe
parts.A thermalseveritynumber(TSN)isobtainedfrom:

TSN= 4 (t+b)forbithermalweld
TSN= 4 (t+2b)fortrithermalweld

where,t andb arerespectivelythethicknessesoftheupperandlower
piecesofthetestspecimen.Byusingseveralspecimenswithvarying
thermalseveritynumbers,theeffectsofvariouscoolingratesofthe
weldjointondelayedcrackingcanbedetermined.

BatteUe UnderbeadCrackingTest

TheBattelletest(8-11)isoneofthesimplest,quickest,and
cheapestcrackingsusceptibilitytestsavailable.Thespecimen,Figure7,
isa smallpieceofthemetalbeingevaluated.A shortbead,about1-1/4
incheslongisdepositedonthepieceusinga standardsetofwelding
conditions,electrodes,andpreheat.Thespecimensarestored24hours
atroomtemperateafterweldingandthenaretemperedornormalizedto
stopanyfurthercrackingthatmightoccur.Aftercooling,thespecimen
iscutlongitudinallyandonecutsurfaceisexaminedforunderbeadcracks
bymagneticparticleinspection.A crackingindexisobtainedbydividing
thetotalunderbeadcracklengthbythelengthoftheweldbead.Usually,
tenspecimensareusedwiththeindexcalculationusingthetotalcrack
andweldlengthsforthetenspecimens.Usingatleasttenspecimens
insuresthattheresultsarestatisticallyreliable.Thesespecimensmay
beusedtoevaluatetheeffectivenessofactualproductionweldingproce-
duresinpreventingunderbeadcracks.Inthiscase,theweldingconditions,
electrodes,andpreheat(ifany)oftheintendedproductionapplicationare
used.
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TensileRestraintCracking(TRC)Test

TheTRCtest(12’13)ismoreelaboratethantheCTSorBattelle
test.Thetestrequiresa largespecimenandspecialspecimenloading
equipment.Ithastheadvantage,though,thatthetestweldcanbea
duplicateofa productionweld;thesameplatethickness,jointdesign,
weldingprocess~weldingprocedures,etc.,canbeusedinthetestas
willbeusedinproduction.

ThetestspecimenisshowninFigure8. Thetwopartsofthe
testspecimen=e firstattachedtothetestapparatusbythefitupwelds.
Thetestweldthenismadeusingtheweldingproceduresthatarebeing
examined.Assoonasthetestweldiscompleted,a sustainedtensile
loadisappliedtothespecimenbythetestapparatus.Thisloadis
maintainedforanextendedkirneperiod(100hoursforex~ple). The
testweldisexaminedperiodicallybydye-penetrantorX-rayinspection
todetiectthedevelopmentofdelayedcracks.

Fora givenmaterialandsetofweldingprocedures,a series
ofspecimensaretestedwitheachspecimenhavinga differentsustained
load.A minimumcriticalloadwillbeobtainedabovewhichdelayed
crackingwilloccur.BYcomparingtheseminimumcriticalloads,the
effectofdifferentsteelcompositionsorweldingproceduresondelayed
crackingcanbedetermined.

TheRoleofHydrogen

Theprimarysourcesofhydrogeninarcweldingaretheorganic
materialincellulosicelectrodecoverings,t-hefluxinsubmerged-arc
welding,theshieldinggasingasmetal-arcwelding~andmoisture.Hydrogen
alsomaybepickedupfromforeignorganicmaterial,butthisisnoten-
counteredasfrequentlyastheprimarysources.

MethodbyWhichHydrogenEnterstheWeldJoint

Whenmoistureoranorganicmaterialisinthevicinityofthe
weldingarc,theenergyorheatofthearcdissociatesthesematerials.
Moisturewillbreakdownintoatomichydrogenandoxygen;anorganic
materialwillbreakdownintoatomichydrogenandwhateverotherelements
makeupthecompound.Atomichydrogenreadilydissolvesinmolteniron
sotheweldpuddlerapidlypicksupanyhydrogenthatmaybegenerated
inthearcatmosphere.(Itisimportanttorememberthatonlyatomic
hydrogenwilldissolve- molecularhydrogenwillnot. Thus,hydrogengas

.. . .
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willnotdissolveinmolteniron.Itmustfirstbedissociatedinto
atomichydrogenbe~oresolutionwilloccur.)Theamountofhydrogen
thatcanbedissolvedbymoltenironorsteelisshownbythegraphin
Figure9.
untilthe
Figure9,
themetal
further.

Thehydrogenremainsinsolutioninthemoltenweldpuddle
weldmetalfreezes.Atthispoint,justbelow2800T in
thevolubilityofhydrogeninirondropsdrastically.As
continuestocool,thevolubilityofhydrogendropseven
Thejogsinthecurvebelow2800F correspondtophasechanges

inthesteelthatoccurasitcools.

Sincethesolidifiedandcoolingweldmetalhasa relatively
lowvolubilityfoKhydrogen,thehydrogenmustgosomewhere.Aslong
astheweldstillishot,thehydrogenwilldiffuseratherrapidly
throughthesteel.Someofthehydrogenreachesthesurfaceoftheweld
andescapesintotheai~.A significantamountdiffusesfromtheweld
metalintothehotheat–affectedzone(Figure10).

Astheweldandheat-affectedzonecontinuetocool,therate
ofdiffusionofhydrogendecreases.Iftheweldjointremainedhot,
allofthehydrogenwouldreachthesurfaceandescapeintotheairin
a fewhours. Howeverrhighpost-heatingtreatmentsusuallyarenotused
onshipsteelssotheweldwillcooltoroomtemperatureina rathershort
time.Thismeansthathydrogenstillremainsintheweldjoint,butit
iscontinuingtodiffusethroughthesteelbutata greatlyreducedrate.
Thisslowlydiffusing

SourcesofHydrogen

hydrogenisresponsiblefordelayedcracking.

Thequestionnowarises– wheredothemoistureandorganic
compoundsthatsupplythehydrogencomefrom?Moisturecanreachthe
weldingarcinseveralways.Someoftheseareprettyobvious,while
othersarerathersubtle. Typically,moisturemaycomefrom:

WaterofcrystallizationinelectKodecoverings

MOistUreabsorbedinhydroscopicelectrodecoveringsor
fluxes

Moistureonthesurfaceofelectrodecoverings,fluxes,
orbareelectrodes

Watervaporinshieldinggases

Moistureadsorbedorcondensedonthesurfaceofthe
weldjoint.
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Organicsourcesofhydrogeninclude:

m Organic-basedelectrodecovertngs

● Greaseorotherforeignmatterpickeduponelectrode~

● Grease,paint,crayonmarkings,andotherforeignmatter
onjointsurfaces.

Mostoften,hydrogenintheweldmetalhasoriginatedinthe
coveringsofelectrodesusedinshieldedmetal-arc(stickelectrode)
welding.Boththecompositionofthesecoveringsandthemannerinwhich
theelectrodesarecaredforcanaffecttheamountofhydrogenthatwill
beproduced.

Considerfirstthecoveringcomposition.Mostclassesofelectrodes
havecoveringsthatcontainvariousquantitiesofcellulosiccompounds.
Thesearehydrocarbonsthatgeneratehydrogenwhentheydissociate.When-
evertheseclassesofelectrodesareused,hydrogenautomaticallywillbe
presentinthearcatmosphere.Fourclassesofelectrodes(EXX15,
EXX16,EXX18,andEXX28),however,donotcontaincellulosiccompounds
butinsteadhavelime-basedcoverings.Thesecoveringsweredeveloped
deliberatelytoreducehydrogeninthearcatmosphere.Thus,these
fourclasseshavebecomeknownas“low-hydrogen”electrodes.

Evenlow-hydrogenelectrodescanproducehydrogen,howeverwith
thishydrogencomingfrommoistureinthecoveringbinders.Sodiumand
potassiumsilicateisthebinderinallcoveredelectrodes.Thesetwo
compoundsholdwaterintheformofwaterofcrystallization.Low-hydrogen
electrodesarebakedduringmanufacturetodriveoffmostofthiswater
ofcrystallization,butifbakingisnotdoneproperly,enoughwaterof
crystallizationwillremainandbea sourceofhydrogen.

Impropercareofcoveredelectrodescanturnevena low-hydrogen
electrodeintoa high–hydrogenelectrode.Thecoveringsonlow-hydrogen
electrodesarehighlyhydroscopic,thatis,theyreadilyabsorbmoisture
fromtheair. Iflow-hydrogenelectrodesarecarelesslyexposedtothe
air,particularlyinareasofhighhwmidity,theyquicklywillabsorb
enoughmoisturetorenderthemuselessaslow-hydrogenelectrodes.“
backtotheexampleoftheKingsBridgefailuredescribedearlier,(2?;::-
hydxogenelectrodeswereusedbuttheystillhadsufficientmoistureto
createdelayedtoecracks.Theelectrodeshadnotbeencaredforproperly
andmoistwepickuphadturnedtheminto“highhydrogen”electrodes.
(DetailsofcorrecthandlingaregiveninthesectionControllingHydrogen.)
Moisturealsowillbepickedupbyallowingtheelectrodestocontactwater
orperspirationfroma welder’shandsorclothes.

——
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Hydrogenpickupislessapttooccurinsubmerged-arcorgas-
shieldedmetal–arcweldingastheprimarysourceofhydrogen,i.e.,
electrodecoverings,doesnotexistintheseprocesses.Thegranular
fluxesusedinsubmerged-arcweldingcanpickupmoisturefromtheair
butthiscanbepreventedbykeepingthesefluxesinheatedcontainers.
Unmeltedfluxthatisreusedcancollectoiloxdirtwhichwouldbea
souceofhydrogen.Hydrogenseldo~ispickedupbytheweldingas-
shieldedarcweldingunlesscoolingwaterleaksfromtheweldingtorch
ortheelectrodewirehaspickedupforeignmatterthroughcarelesshandling
orifmoistureladenairisaspiratedintotheshieldinggas.

Moistureonthejointsurfacescanbea sourceofhydrogenin
anyoftheweldingprocesses.Thismoisturecancomefromcondensation
orrainifweldingisdoneinanoutsideyard.Condensationmighteven
bea problemina largeshopiftheshopisopentotheoutside.Pre-
heatingthejointsistheonlysuccessfulwayofdryingwetjoints.

SusceptibleMicrostructure

Thehardenedmicrostructurethatisnecessaryfordelayedcracking
iscalledmartensite.Itsformationisgovernedbythecompositionofthe
steelortheweldmetalandtherateatwhichitiscooledfroma hightem-
pera’cue.Theformationofa susceptiblemicrostructureintheheat-affected
zonewilldependonthecompositionofthebasesteel.Thecompositionof
theweldmetalwilldependonthefillermetalbeingusedandontheamount
ofdilutionfrommeltedbasesteel.Sincedilutiondependsonthewelding
processandconditionsbeingused,itisnoteasytopredictthemicro-
structureoftheweldmetal.

Theeffectofcompositionandcoolingratecanbeexplainedbest
bymeansofthetransformationdiagramshowninFigure11. whena steel
isheatedaboveabout1600F (definedasthe“uppercriticaltemperature”)
thesteel’sstructureiscalledaustenite.Asthesteeliscooledtoroom
temperature,theausteniticstructurewilltransformintoeithermartensite,
bainite,orferrike/pearlitestructuresora mixtureofthese.Martensite
isa hard,brittlestructure;carbonatomsaretrappedintheatomiclattice
ofthisstruckureina mannerfiatcreatesinternalstresseswithinthe
lattice.Ferrite\pear~iteisa sofk,ductilestructure.Bainiteisharder
thanferrite/pearlitebutbothbainiteandferritegenerallyareconsidered
assoft,ductilestructures.Neitherferritenorbainitehavethehigh
internalstressesinherentinmartensite.

ThetransformationdiagraminFigure11isa sortofmapwhich
showswhatt~esofstructuresformwhenthesteeliscooledatdifferent
rates.Eachsteelalloyhasitsowntransformationdiagram.Theonein
Figure11isnotexact,asitisintendedforillustrativepurposes.How-
ever,thetransformationdiagramfora shipsteelwouldbesomewhatsimilar
tothisone.

.— —. — .— — .—
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Thethreedesignatedzonesofthisdiagramindicatethetypeof
structwalchangethatisoccurringinthisarea:

A+FP isaustenitechangingtoferrite/pearlite
A* B isaustenitechangingtobainite
A+M isaustenitechangingtomartensite.

Threecoolingcurvesalsoaredrawnonthisdiagram.Thefastestcooling
rateisshownbyCurveI. Asthesteelcoolsatthisrate,nostructural
changesoccuruntila temperatureofabout500F isreachedwhereuponthe
austenitechangesentirelytohardmartensite.Thiscoolingratewould
correspondtoa drasticwaterquench.Thecurveoftheslowestcooling
rate~Curve111,passesthroughtheA+ FPzonesoalloftheaustenite
transformstoferrite/pearlite.Thiscurvecorrespondstothecoolingrateof
theheat–affectedzoneofa preheatedweldjoint.Theintermediate
Curve11wouldbethatoftheheat-affectedzoneofa weldjointthat
isnotpreheated.Thiscurvepassesthroughallthreezonessosomeof
theaustenitetransformstoferrite/pearlite,sometobainite,andsome
tomartensite.Thisillustrateshowpreheatingcanbeusedtopreventthe
formationofmarkensite,thestructurethatisnecessaryfortheformation
ofa delayedcrack.

Theadditionofcarbonorotheralloyingelementstoa steelwill
acttoshifttheA+FP andA*B zonestotheright.Itwilltakelonger
fortheaustenitetoferrite/pearliteandbainitetransformationstooccur
anda largeramountofaustenitewilltransformtomartensite.Thezones
mayevenbeshiftedfarenoughtotherightthatthecoolingCurve11may
entirelymisstheA+FP orA+B zonesinwhichcasetheheat-affected
zonewillbeentirelymartensit.e.Thisisthecaseforsomeofthe
quenchedandtemperedsteelsusedinshipbuilding.

CarbonEquivalents

Therelativeeasewithwhichmartensitewillformina steelcan
beestimatedbyuseof“carbonequivalents”.Itwasmentionedabovethat
increasingcarbonandotheralloyingelementsina steelwillmakeit
easiertoformmartensite.A steelthatismoreapttoformmartensite
intheheat–affectedzonewillbemoresusceptibletounderbeadcracking.
Thus,thecarbonequivalentofa steelcanbeusedto estimatethedelayed
crackingsusceptibilityofthesteel.Carbonequivalentdoesnotgive
anexactmeasureofcrackingsusceptibilityastherearetoomanyother
factorsinvolved,butitisgoodforestimatingpurposes.

Carbonequivalentisa numberthatexpressesina simplemanner
thehardeningsusceptibilityofthesteel.Itismadeupbyaddingtothe
percentageofcarbonpresentina steel,a factorforeachimportantalloy-
ingelementpresent.Thisfactorisdeterminedbydividingthepercentage
ofthealloyingelementbya numberthatrelatestotheinfluenceofthe

—
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alloyingelement.Referringbacktothetransformationdiagrams,this
influenceistheeffectofthealloyingelementonshiftingthezones
ofthediagramtotheright.

A varietyofcarbonequivalentformulashavebeendeveloped.
Someoftheseformulasuseonlycarbonandmanganesewhileothersinclude
a varietyofalloyingelements.Oneofthemoreaccurateformulasthat
isbeingusedmoreandmoreis:(15)

Wn + %Cr~%NiCarbonequivalent=C.E.=%C-1-— %Mo %Cu__ —_
4 10 20 50 g+— 40

Thecarbonequivalentscalculatedbythisformtilaareprettygoodestimating
ratingsofthedelayedcrackingsusceptibilityofsteels.whenthe
carbonequivalentisknown,itcanbeusedasa basisforselecting
theprecautionsthatmustbetakentopreventdelayedcracking.

Thedelayedcrackingsusceptibilityoftheweldmetalcannotbe
directlypredictedfromcarbonequivalentsbecauseofdilutioneffects.
Usually,thefillermetalhasa lowercarbonequivalentthanthatofthe
skeelbeingwelded.Therefore,precautionsbasedonbasesteelcarbon
equivalentshouldbesatisfactoryforpreventingdelayedcrackinginweld
metals.

WeldStresses

Stressesina weldjointaremadeupof“localstresses”and
‘~ex’cernalstresses”.Thelocalstressesarecausedbythewelding
operationitself.Thebaseplateexpandsandcontractsasitheatsand
coolsduringandafterwelding.Theweldmetalshrinksasitcoolsafter
solidifying.Multiplepassescauserepeatedheatingandcooling.Welding
variationsalongthejointmeanthatheatingandcoolingwillnotbe
uniformalongthejoint.Alloftheseacttogethertocreateinternal
stressesinthejointaftertheweldiscompleted.Externalsources
arenotrelatedtotheweldingprocessbutwilladdtotheinternallocal
stresses.Externalsourcescomefromforcingpartsintoalignment,the
weightofthepartsbeingwelded,shrinkageofotherwelds,lifting
andmovingtheweldedpart,etc.

Unliketheothertwofactorswhicharerequiredfordelayed
cracking,weldstressescannotbecompletelyeliminatedina practical
manner.Weldingstressescanberemovedbyannealinga weldedpartbut
thisisnotfeasibleforweldedshipstructures.Procedurescanbeused
tokeepthesestressesata relativelylowlevelbuttheweldjointalways
willhavesomestresses.Althoughthejointstressesmaybekeptlowby
usingappropriateprocedures,anabruptchangeintheshapeoftheweld
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ora welddefectwillcausea buildupofstressesatthepointofthe
shapechangeordefect.Thesearecalledstressraisers.Stressraisers
canbeexternalorinternal,causedbypoordesign~poorjointfitup,
poorworkmanship,orimproperweldingtechnique.

Fromthestandpointofdelayedcracking,*stressraisersare
ofconcernwhentheyarelocatedeitherinoxclosetotheweldmetalor
heat–affectedzone.Ineitiherofthesepositions,thefieldofincreased
stressthattheycreatewillextendintotheweldmetalandtheheat-
affectedzone.Thisincreasedstresswhencombinedwitha susceptible
microstrucl=ureandsomehydrogenmaybesufficienttostarka delayed
crack.

Stressraiserscanbeina varietyofforms.Theycanbe
inadequateweldrootpenetration,anabruptchangeinthecontourof
theweldreinforcement,undercutting,lackoffusion,oranelongated
slaginclusion.Externalstressraisersarethemostcriticalsince
internalstressesusuallyarehighernearthesurfaceofthejoint.
ThisisbecausemostweldjointsaresuQjectedtosomebendingstresses
whichproducehighsurfacestresses.

* Stressraisersshauldbeavoidedfora varietyofreasons.Theycan
initiatefatiguecracksorbethestartingpointfora brittlefracture
insteelwithlownotchtoughness.Thedelayedcrackingaspectofstress
raisersisonlyoneconsideration.

.— — — —. — — —
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METHODSFORPREVENTINGDELAYEDCRACKING

Theextent-towhichprecautionsarerequiredtopreventdelayed
crackingdependsonthestrengthandcompositionofthesteelbeingwelded.
Tobemoreaccurate,oneshouldsaythatthesemeasuresdependonthe
crackingsusceptibilityofthesteel.However,sincecrackingsus-
ceptibilitygoeshand-in-handwiththesteelcomposition,itissome-
whateasiert-ousethesteelcompositionasa ratingfactor.The
carbonequivalentindexhasbeendiscussedasa measureofdelayed
crackingsusceptibility.Thus,thecalculatedcarbonequivalentof
a steelcanbeusedtodeterminethemeasuresneededtopreventdelayed
cracking.

Thepreventivemeasuresthatcanbeusedfallintothree
categories:

(1)Controlofhydrogen
(2)Controlofweld-jointmicrostructure
(3) Reductionofstressesintheweldjoint.

Thesecategoriesarelistedintheorderinwhichtheynormallyare
applied.Thisalsoistheorderofdifficultyinapplyingthemeasures.
Controllinghydrogenistheeasiestandformostshipsteelsissufficientto
preventdelayedcracking.However,withincreasingcarbonequivalent,
delayedcrackingishardertopreventandadditionalmeasuresmustbe
takenthroughcontrollingthemicrostructureandreducingwelding
stresses.

Specificprecautionsthatshouldbetakenintheweldingof
steelsofvariouscarbonequivalentsaresununarizedinTable1. These
itemsarediscussedinmoredetailinthefollowingsectionsalongwith
otherpreventivemeasuresthatfallintothesimplecategoryofgood
weldingpract-ices.

ControlofHydrogen

Hydrogenintheweldjointiscontrolled
rule:removethesourceofhydrogen.Ifthereis

byfollowinga simple
nohydrogenpresent

toentertheweldinthefirstplace,thenthereisnoneedtoremove
hydrogenfromtheweldjoint.Removinghydrogenfroma weldinvolves
heatingtheweldforanextendedperiodoftimetoallowthehydrogen
todtffuseaway.Itismorereliabletoeliminatethesourceofhydrogen
beforeweldingevenstarts.Thetechniquesrequiredtomeetthissimple
rulearevariedanddorequireprecicecareandcontrol.

Asdiscussedpreviously,thethreesourcesof
theweldingelectrodes,moistureonthejointsurfaces,
materialsonthejointsurfaces.Eachofthesesources
topreventpickinguphydrogenintheweldmetal.

hydrogenare
andcontaminating
mustbecontrolled

.—
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TABLE~. PRECAUTIONSFORWEL13TNGSTEELSOFVARIC)HS
CARBONEQUIVALENTS

MinimumPreheat,F
ThicknessThickness

Carbon 3/4-inchover3/4-
Equivalent PreventiveMeasures orless inch

0.50orless Noprecautionsrequired.
Canbeweldedwithcellu-
losiccoveredelectrodes
withoutpreheat

0.!50to0.57

0.57andover

weld with low-hydrogen
coveredelectrodesorthe
gasshieldedorsubmerged-
arcprocesseswithsuffi-
cientpreheat-toremove
moisturefromthejoint
surfaces

Weldwikhlow-hydrogen
coveredelectrodesorthe
gasshieldedorsubmerged–
arcprocesseswithmedium
preheat

75-125 175
(seetext)

150 250

-. .- — —
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Use of Cellulose-CoveredElectrodes

Hydrogeninappreciablequantitieswillbepresentinthearc
ahnosphereifcellulose–coveredelectrodesareused.Thisisinherent
andnosupplementaryprecautionscanremovethishytiogen.Therefore,
theseelectrodesmaybeusedonlywithlow–carbonequivalentsteels
thatarenotsusceptibletodelayedcracking.

UseofLow-HvdroaeriElectrodes

Theuseoflow–hydrogenelectrodesgreatlyreducestheprimary
sourceof-hydrogeninshieldedmetal–arcweldingwithcoveredelectrodes.
TheseelectrodesmUStbeusedwhenweldingsteelswithhighercarbon
equivalentsthataresensitivetodelayedcracking(Table~),

ASmanufactured,low–hydrogenelectrodeshavea verylow
moisturecontent.Themaximumcontentspermittedb bothAmerican
WeldingSocietyandgovernmentspecifications(16-187~re:

Maximummoisture
Electrodes content,percent*

E7015,E7016,E7018 0.6
E8015,E8016,E8018,E9015,E9016 0.4
E9018,E1OO18,El1018 0.2

Thesecoverings,however,willabsorbmoisturefromtheairveryrapidly
andtoanunacceptablelevelunlesstheyarepackaged,stored,andhandled
properly.Sincethemoisturecontentoftheelectrodesisverycritical
inpreventingdelayedcracking,itisextremelyimportantthatprocedures
beestablishedbytheusertoguaranteepropermoisturecontentinthe
electrodewhenitisused.Theseproceduresshouldbedesignedbothto
minimizemoisturepickupandtoremovewhatmoistureisabsorbed.

InvestigationsdoneatUnitedStatesSteelCorporationprovide
a 9ood@xamPl@ofhowcriticaltheelectrodemoisturecontentisandhow
readilymoistureispickedupfromtheair.(19) E7018electrodeswhichhad
a moisturecontentof0.2percentwerestoredfor24hoursatroomtempera-
tureinairthathadrelativehumiditiesof60percentand90percent.The
moisturecontentofelectrodesincreasedto1percentand1.8percent,
respectivelyforthe60percentand90percenthumidityconditions.Both
ofthesemoisturecontentsweresufficienttocausedelayedcrackingwhen
usedt-oweldsteelswithcarbonequivalentsofabout0.57.

* E70XXandE80XXelectrodessometimesareusedassubstitutesforE90XX
andE11OXXelectrodesfortackandrootpasswelding.Whenthissub-
stitutionj.smade,theE70XXandE80XXelectrodesshouldbebakedto
reducethemoisturecontentto0.2percent.

..——.— —. ..- — .-
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Anotherexampleiswherepenstockswerebeingfabricatedint_wo
locations:outofdoorsina relativelydryatmosphereandinsidewhere
thehumiditywasnearly100percent.(20)identicalweldingprocedures
wereusedatbothlocations.Theweldsmadeoutsideweresoundwhile
thosemadeinsidehada largenumberofdelayedcracks.Sufficient
moisturewasbeingpickedupbytheelectrodesinthehigh-humidity
locationtocausedelayedcracking.

Thefirststepinthecontrolofelectrodemoistureisinthe
packagingoftheelectrodes.Beforepackaging,electrodesarebakedto
driveoffanyabsorbedmoistureandbringthemoistureconkentbelowthe
limitsmentionedabove.Theelectrodesthenmustbepackagedina con-
tainerthatwillprotectagainstoutsidemoistureduringshippingand
storage.Thecontainersusedareeitherhermeticallysealedmetalcans
orcartboardorfiberboxesthatarewaximpregantedorotherwisetreated
tomakethemwaterproof.Themetalcansarepreferredasthecardboard
orfiberboxescanbeeasilybrokenorpuncturedbyroughhandling.For
maximumprotection,electrodesshouldbepurchasedonlyinthemetalcans.

Thenextandmostimportantstepinelectrodemoisture
controlisthepreventionofmoisturepickupatthejobsite.As
explained,theelectrodecoveringswillstarttopickupmoisture
assoonastheyareremovedfromtheirsealedpackage.Toprevent
this,theelectrodesshouldbeplacedina heatedovenimmediately
aftertheyareremovedfromthepackage.Theyshouldstayinthis
ovenuntiltheyaretobeused.Storageintheheatedovenwill
preventmoisturepickup.Heatinginthisovenservesanotherpurpose
also.Testshaveshownthat,eveninhermeticallysealedmetalboxes,
electrodemoisturecontentmayincreaseduringstorage.Thismaybe
a resultofa poorsealontheboxorresidualmoisturewithinthebox.
Heatingtheelectrodeswilldriveoffanymoisturepickedupinthe
packageandrestoretheelectrodestotheiroxiginalmoisturecontent
level.Onlyventedheatingovensshouldbeusedsothatmoisturedriven
fromtheelectrodesmayescapefromtheoven.,

Heak-ingprocedureshavebeendevelopedbyproducersandusers
ofIow-hytbrogenelectrodes.Thistreatmentshouldreducethemoisture
contentoftheelectrodesbelow0.2percent.

(I)Electrodesshouldbebwed accordinqtovendorinstructions
immediatelyafterbeingremovedfromtheirpackage.
Theelectrodesshouldbeplacedintheovenina
mannerthatwillpermitaircirculationaroundthe
electrodes.Theyshouldbestackednomorethan
threelayershigh.

f— _______
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(2)

(3)

(4)

(5)

(6)

(7)

Electrodesshouldbetransferredwhilestillhot
toa holdingovenmaintainedat250F - 300F.
Electrodesshouldbekeptinthisholdingoven
untilissuedforuse.

Weldersshouldbeissueda maximumofa four–hour
supplyofelectrodesatanyonetime.Ifpossible
theholdingovensshouldbelocatedclosetothe
productionarea.Ifnot,theelectrodesshouldbe
issuedina closedcontainerfortransporttothe
weldingarea.

Itisgoodpractice,especiallyifthehumidityat
theweldingsiteishigh,tohavea heatedelectrode
containerforeachwelder.Theweldershouldremove
onlya fewelectrodesata timeanduseonlyelectrodes
thatarestillwarmtothetouch.Coldelectrodes
shouldnotbeused.

Ifthewelderdoesnothavea heatedelectrode
Container,theelectrodes
followingtimelimits:

F.7Oxx 4 hours
E80XX 2 hours
E90XX 1 hour
E~lOXX 1/2hour.

SometimesE70xxandE80XX

shouldbeusedwithinthe

electrodesaresubstituted
forE90=orELIOXXelectrodesfortackorroot-pass
welding.Inthesecases,themaximmexposuretimes
shouldbereducedto1/2hour.

Anyelectrodesthatareunusedattheendofthesetime
limitsshouldbereturnedtoa 250F - 300F holdingoven.
Allelectrodesremainingina welder’sheatedelectrode
containerattheendoffourhoursshouldbereturnedto
thisholdingoven.Theseelectrodesshouldnotbereissued
untiltheyhavebeenrebakedassPecifiedin~.ule(2).

Electrodesshouldberebakedonlyonce.Electrodesthat
wouldrequirea secondrebakingshouldbediscarded.

Anyelectrodesexposedtorain,snow,oranyothermoisture
sourceotierthanatmospherichumidityshouldbeimmediately
discarded.
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(ILshouldbeemphasizedthattheseproceduresaremeantonly
forlow-hydrogenelectrodes.Cellulosicelectrodesshouldnotbebaked
norheldatthesetemperaturesastheelectrodecoveringswillbedamaged.
Sincecellulosiccoveringsareorganic,bakingwillnotremoveany
hydrogenanyway.)

Theseproceduresrequireclosemonitoringtoinsurethat
electrodesarenotmixedupandthattheproceduresarebeingfollowed.
Itisanadvantagetohaveseparateovensforeachoperationtohelp
avoidmixingofelectrodes.

A periodiccheckofthemoisturecontentofelectrodesshould
bemadeoncetheproceduresareestablished.Duringproceduresetup,these
checksshouldbemadefrequently.Itisparticularlyimportanttocheck
moisturecontentondaysofhighhumidityorinclementweather.The
proceduresformeasuringthemoisturecontentofelectrodecoveringsare
describedintheAmericanWeldingSocietyspecificationforlow-alloy
steelcoveredelectrodes.(16)

Theovensusedforbakingtheelectrodesshouldhavea system
forcirculatingtheairinsideoftheoven.Bothbakingandholding
ovensshouldbemaintainedingoodoperatingcondition.Theaccuracy
ofthermostatsshouldbecheckedperiodicallyandanyburned-outheating
elementsshouldbereplacedimmediately.Theseovensshouldbeused
onlyforelectrodeconditioning.Theheatingofotheritemsormaterials
intheseovensshouldbeprohibited.Theseothermaterialscouldleave
organicdepositst-hatcouldbepickedupbytheelectrodes.

Organicmaterialsalsocanbepickedupincarelesshandling
oftheelectrodes.Weldersandtheirhelpersshouldbecautionedabout
handlingtheelectrodeswithgreasygloves,allowingtheelectrodesto
comeincontactwithgrease,oil,dirt,orotherforeignmatter,etc.
Thisisparticularlyimportantiftheelectrodesarehotfromtheholding
oven.A hotelectrodecontactinga paintedsurface,forexample,may
pickuppaintwhichisanexcellentsourceofhydrogen.Anyelectrodes
thathavecontactedanyofthesesubstancesshouldbediscardedimmediately.

Submersed-ArcWeldina

Theroleofhydrogenshouldbelesscriticalinsubmerged-arc
weldingthanincovered–electrodewelding.Thisisbecausehigherheat
inputs-e usedwhichslowsdowntheweldcoolingratewhich,inturn,
providesa microstructurewhichisnotsusceptibletodelayedcracking.
Ifquenched-and-temperedsteelsaresubmerged-arcwelded,though,theheat
inputmustbekeptlowtopreventdegradationofthemechanicalproperties
oftheheat-affectedzone.Inthiscasehydrogenpickupdefinitelyisof
concern.
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However,submerged-arc
moisturepickupandthusrequire

fluxesmaybeverysusceptibleto
ascarefulhandlingaslow-hydrogen

coveredelectrodes.Submerged-arcfluxesusedforweldingquenched-
and-ternperedsteelsshouldbestoredinfluxholdingovensmaintained
at250F minimumtokeepthefluxdry.FIUXexposedtomoistureshould
bediscardedasitisverydifficulttobakedry.Onlynewfluxshould
beused;unfusedflux,unlessi+-iscontrolled,thatisrecoveredfrom
theweldjointshouldnotbeused.Recoveredfluxmayhavepickedup
dirtoroilthatwould= a somceofhydrogen.

Gas–Shielded-ArcWelding

Weldsmadebygas-shieldedmetal-arcweldinggenerallyare
consideredimmunetohydrogenpickup.However,moisturecanbecarried
intotheweldingatmospherebykheshieldinggasifthegasitselfis
notdry.ASsupplied,weldinggasesnormallyhavemoisturecontents
thatarelowenoughtobeusedforweldingeventhehighestcarbon
equivalentshipsteels.Occasionally,though,gasmaybeobtained
thathasa moisturecontenthighenoughtogeneratesufficienthydrogen
tocausedelayedcracking.Alsorleaksinthesystemsupplyinggasto
theweldingtorchmaypermitatmosphericmoisturetobecarriedinto
theshieldinggas. Instrumentsareavailableforcheckingthemoiskure
contentofshieldinggases.

periodicchecksshouldbemadeongasesasreceivedfromthe
supplierandonthegasasitenterstheweldingtorch.Theshielding
gasshouldhavea dewpointlowerthan-40F. Thegassupplysystem
shouldbemaintainedingoodcondition.Iftheweldingtorchesare
watercooled,theyshouldbecheckedfrequentlytobecertainthat
coolingwakerisnotleakingintotheshieldinggasorontotheweld
joint.Whentorch–coolingwaterisfirstturne@onatthestartof
weldingoperations,moisturemaycondenseonthetorchcomponents
particularlyinhumidweather.Thismoisturecoulddripintotheweld
jointorbepickedupbytheshieldinggas. Inthiscase,initialwelds
shouldbemadeonstroppiecestoheatupthetorchanddriveawaythis
condensedmoisture.

MoistureonWeldJoints

Moisturethatmayhavecondensedonthesurfacesofweld
jointsmuskberemovedbeforeweldingexceptwhentheweldsarebeing
madewithcellulose-coveredelectrodes.Wipingisnota satisfactory
wayofdoingthis.Theonlyacceptablemethodistopreheattheweld
joint.

— — . ——__ —-, — .. .. .. . . .... . . . . . . ~.
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ReferringtoTable1,steelswithintermediatecarbonequiva-
lents(0.50to0..57)shouldbepreheatedtoa temperaturerangeof75F -
125F. Iftheambienttemperatureisabove75F,noadditionalpreheating
isrequired.Iftheambienttemperatureisbelow75F,however,theweld
jointshouldbepreheatedtoa minimumof125F.

Steelswithhighcarbonequivalents(over0.57)shouldalways
bepreheatedtotherangeof150F - 25oF dependingonthickness(see
Table1).Thesehigherpreheattemperaturesarerequiredtoreducewelding
stresses~nottodxiveoffmoisture.Howeverttheeliminationofmoisture
isa beneficialby-productofthepreheating.

Thesepreheattemperakuxesarerequiredwithanyofthearc-
weldingprocessesthatmaybeused(coveredelectrode,gasshielded,or
submergedarc). Iftheweldingoperationisinterruptedbeforethejoint
iscompleted,theminimuminterpasstemperatureshouldbemaintaineduntil
suchtimeastheweldingoperationcanberestarted.Interruptingwelding
beforethejointiscompletedisnota goodpracticeandshouldbeavoided.

Specialprecautionsmustbefollowedwhenusingpreheaton
quenched-and-temperedsteels,sincethegoodtensileandimpactproperties
Ofthesesteelsarea resultoftheirheattrea~ent.Thisheattreatment
involveswaterquenchingthesteelfromabout1600F followedbytempering
at1000F to1200F dependingontheparticularalloy.Thekeytothis
heattreatmentistherapidquenchwhichproducesa martensiticmicro-
structure.Ifthesteeliscooledtooslowly,martensitewillnotform
andgoodmechanicalproperties,particularlygoodnotchtoughness,cannot
beachieved.Thismeansthatpreheatingmustbecontrolled.Ifthepre-
heattemperatureistoohigh,theweldheat-affectedzonewillcoolto
slowlytoformmartensiteandtheheat-affectedzonepropertieswill
suffer.

Toavoidlossofheat-treatedpropertiesintheheat-affected
zones,themaximumpreheatingtemperatureforquenched-and-temperedsteels
shouldbe300F. Forthesamereasons,limitsshouldbeplacedonthe
weldingheatinputandinterpasstemperature(discussedinsubsequentsections).

WeldJointCleanliness

Inadditiontocondensedmoisture,theweldjointmustalso
bekeptfreefromorganicmaterialsthatcouldgeneratehydrogenduring
welding.Beforeweldingisstarted,allpaint,dirt,oil,crayonmark-
ings,etc.shouldberemovedfromthejointfaces.Thisshouldbedone
bywipingwitha solvent.Iftemperature-indicatingcrayonsareusedto
determinepreheatingtemperature,themarksfromthesecrayonsshould
notbemadeonthejoinkfaces.Instead,theyshouldbemadeonthe
surfaceofthebaseplateslightlyawayfromtheedgeofthejoint.

—— . . .-. —_ _
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A
of hydrogen

pointofconcernthatmayariseinvolvesthepossiblepickup
fromzinc-silicateprimercoatingsonsteelsurfaces.These

coatingsusuallyareappliedtosteelplatesbeforethejointsarepre-
paredforwelding.Jointpreparationremovesthecoatingsfrombutt-joint
surfaces.However,filletjointsurfacesmaynotbepreparedsowelding
wouldoccurdirectlyontheprimedsurfaces.Investigationshaveshown
thatthesecoatins donotcausedelayedcrackingprimarilybecausethey

’21)However,therestillissomequestionthatthesearenon-organic.
coatingsmaybea souceofhydrogen.Theydoaffectthearccharac-
teristicssomewhatwithanincreasedtendencytoundercutting.

ControlofHeat-AffectedZoneMicrostructure

Ifthesourceofhydrogenisremovedorcontrolled,thesesteels
shouldhavenegligiblesusceptibilitytodelayedcxacking.However,added
insuranceisobtainedinthecaseofas-rolledornormalizedsteelsby
controllingthemicrostructureoftheheat-affectedzone.Thiscontrol
involvespreventingtheformationofthemartensiticmicrostructurethat
issusceptibletodelayedcracking.Bypreventingtheformationofmarten-
siteintheheat-affectedzone,anothercontributingfactortodelayed
crackingiseliminated.

Thefailureofa heavy-walledheatexchangermentionedinthe
firstsectionofthismanualisa goodexampleofa delayedcrackcaused
bya susceptiblemicrostructure.(1)Thejointsintheheatexchanger
werepreheatedbutthepreheatingtemperaturewastoolow.Preheating
temperaturesof200F weresetupusingsteelhavinga maximumcarbon
equivalentof0.58.The
equivalentof0.63anda
sitefromforminginthe
toecrackthattriggered

preheating

steelusedintheheatexchangerhada carbon
200F preheatwasnotenoughtopreventmarten-
heat-affectedzone.Theresultwasa delayed
a brittlefractureduringpressuretesting.

Martensiteformationispreventedbyslowingthecoolingofthe
heat-affectedzonebelowa criLicalrate.Thiscorrespondstomoving
fromcoolingrate11tocoolingKate111ofFigure6. Thehydrogencontrol
measuresinvolvingpreheatingtoremovecondensedmoisturegenerallywill
slowdownthecoolingrateenoughtokeepmartensitefromforming.Other
methodsofreducingthecoolingratealsoareavailableandarediscussed
inthefollowingsections.

Rememberthecautionoftheprevioussectionaboutpreheating
quenched–and-temperedsteels.Thesesteelsareintendedtohavea marten-
siticmicrostructure.Therefore,themethodsofcontrollingtheheat-
affectedzonemicrostructurediscussedinthefollowingsectionsshould
beusedonlywithas–rolledornormalizedsteels.
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Ifa weldjointispreheated,thecoolingrat-eofthejoint
afterweldingwillberetardedwiththedegreeofretardationbeing
dependentonthepreheatingtemperature.Asthepreheatingtemperature
isincreasedthecoolingratewillbedecreased.Thecoolingrate
alsoisdependentonthethicknessoftheplatebeingwelded.Thicker
plateprovidesa greaterheatsinkandweldsinthickerplatewillcool
fasterthanweldsinthinplate.Thismeansthattomaintaina given
coolingraterthepreheatingtemperaturemustbeadjustedtocompensate
forchangesinplatethickness.

Forsteelgradeshavinga carbonequivalentbelowabout0.57
andusedintheas–rolledornormalizedcondition,thecoolingrate
generallycanbecontrolledadequatelybyusingthepreheatingtempera-
turesneededtodriveawaycondensedmoisture.Forthinmaterial,
theminimumplatetemperaturecanbe75F andthecoolingratestill
willbeslowenoughthatmartensitewillnotformintheheat-affected
zoneafterwelding.Forthickplatelhowever,higherpreheatingtempera-
turesarerequired.Asa generalrule,therelationbetweenpreheating
temperaturesandthicknessis:

Plate PreheatTemperatureRequired
Thickness, toControlHeat-AffectedZone

inch MicrostructurelF

Under1 75minimum
1-2 125minimum

Over2 225minimum

Inter~assTemperature

Ina multipassweldltheweldjointwillcoolbetweenpasses.
Theamountofcoolingwilldependonthetimelagbetweenpasses.If
thistimelagislong,thejointcancooltoa temperaturebelowthe
preheatingtemperature.Whenthenextpassisdeposited,thesituation
willbeanalogoustomakingthefirstpasswithoutsufficientpreheat;
theheat-affectedzonewillcoolfastenoughtoformmartensike.What
thismeansisthatina multipassweld,theinterpasstemperatureshould
alwaysbekeptwithinthesamelimitsasthepreheatingtemperature.If
theweldjointhascooledbelowthepreheatingtemperaturebetweenpasses,
itshouldbereheatedtothepreheatingtemperaturebeforedepositingthe
nextpass.

Extiaprecautionswillberequiredwhenweldingundersituations
thatpromoterapidcooling,forexample,incoldweatherorwhenwelding
thickplate.Morefrequentreheatingofthejointmayberequiredin
thesesituations.Theweldjointitemperatureshouldbecheckedfrequently

—
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witha surfacepyrometerorwithtemperature-indicatingcrayons.*Cooling
canbesloweddownbycoveringtheweldjointwithanasbestosblanket
orbyerectingbafflestoprotecttheweldsitefromcolddrafts.If
additionalheatingisrequiredbetweenpassesritcanbeappliedinthe
samewaysthatthejointswerepreheated.

ControlofHeatInput

weldingheatinputisa
thatisgeneratedina weldjoint
Itisa simple

Heat

term
asa

thatestimatestheamountofheat
resultoftheweldingoperation.

numbertocalculateusingtheformula:

In~ut= Weldingcurrentx arcvoltagex 60weldingspeed

wherethesetermsaremeasuredas

heatinput– joulesperinch
weldingcurrent- amps
arcvoltage– volts
weldingspeed- inchesperminute.

Theweldingheatinputwillaffectthecoolingrateoftheweld
jointinthesamemanneraspreheating.Astheweldingheatisincreased,
thetemperatureoftheareaaroundtheweldjointwillbeincreasedand
thejointwillcoolmoreslowly.Astheformulaindicates,weldingheat
inputcanbeincreasedbyincreasingthecurrentorarcvoltageorby
slowingdownthetravelspeed.Increasesincurrentandvoltagearenot
alwayspracticalastheseparametersinfluencetheweldingcharacteristics
oftheelectrodebeingused.Ifa significantincreaseincurrentis
desired,a largersizeelectrodecanbeused.Slowingtheweldingspeed
isa simplemethodofincreasingheatinput.A weavingtechniquealso
increasestheheatinputsincethelineartravelspeedalongtheweld
jointisdecreased.

Heatinputiscloselycontrolledintheweldingofquenched-
and–temperedsteels~butforthepurposeofmaintaininggoodmechanical
propertiesintheheat–affectedzone.Typicalmaximumheatinputsfor
a quenched–and-temperedsteelare45,000joulesperinchforsteelless
than1/2inchthickand55,000joulesperinchforsteelover1/2inch
thick.Suchlimitsarenotneededintheweldingofas-rolledor
normalizedsteelsasthecoolingrakedoesnothave-Lobecontrolled

* Itisimportanttorememberthatmarksfromtemperature-indicating
crayansshouldbemadeonthebase–platesurfaceonly.Markson
weld–metalsurfacesorjointfaceswillbea sourceofhydrogen
whensubsequentweldpassesaredeposited.
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forthesesteels.ASa generalrule,theweldingconditionsshouldbe
thoserecommendedbytheelectrodemanufacturertakingcarenottouse
excessivetravelspeeds.This,incombinationwithrecommendedpreheat
andinterpasstemperaturesshouldprovidea coolingrateslowenoughto
preventmartensiteintheheat-aEfectedzone.Consultationwikhthe
steelmanufactureralsoisrecommendedtoobtainhissuggestionsfor
weldingconditionsforthespecificsteel.

Arcstrikes

~ arcstrikeoccurswhena welder(1)accidentallytouches
theelectrodetothebaseplateata locationawayfromtheweldjoint
or (2)strikesthearconthesurfaceofthebaseplatenearthejoint
andthenleadsthearcintothejointtocontinuewelding.Ineither
casetheyarebadfora varietyofreasonsincludingdelayedcracking.
Theappearanceofanarcstrikeadjacenttoa filletweldisshownin
Figure12. A fractureinitiatedinthisarcstrikeprobablyfroma
hotcrack.Althoughnodelayedcrackswerepresentinthisarcstrike,
theycouldhaveoccurredastheheat-affectedzonecontainedextremely
hardmartensite.

Thelengthoftimeofanarcstrikeisveryshort- probably
onlyabout1/4second.Theamountofmet-almeltedisverysmalland
itwillcoolextremelyfast.Thismeansthattheheat-affectedzone
probablywillbemartensiticevenina lowcarbon–equivalentsteel.
Shrinkagestresseswillbeveryhighalsobecauseoftheinherentshape
ofanarcstrike.Thereisa goodchancethata sourceofhydrogenwill
bepresentsinceaccidentalarcstrikesfrequentlyoccurinanareaaway
fromthejointwheretheplatemaybedampordirty.Thus,anarc
strikeisaccompaniedbyallofthefactorsthatleadtodelayedcracking
andexperiencehasshownthatdelayedcrackingwilloccuratanarcstrike.

Thereisonlyonewaytopreventarcstrikes:usecare.
Accidentalarcstrikescanbepreventedonlybythewelderbeingcareful
inhishandlingoftheelectrodeandelectrodeholder.Ifanaccidental
arcstrikeoccurs,itshouldbegroundoffimmediately.Themetalshould
begrounddownatleast1/32inchbelowtheplatesurfacetobesurethat
allofthehea’c-affectedzoneisremoved.

Anarcalwaysshouldbeinitiatedwithintheweldjointwhere
a subsequentweldpasswillremelttheareaofthearcstrike.Itis
besttostartthearcaboutaninchaheadofthelastdepositfromthe
previouselectrode.Thearcthencanbebroughtbacktotheprevious
depositandtheweldcanbecontinued.Thecontinuingweldwillpass
overthearcstrikeandremeltit.

—
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2x 2%Nital

Locationofarcstrikenexttofilletweldandfracture
initiatedbyarcstrike

9D558

2x 2%Nital 9D559

Magnifiedviewofarcstrike

l?IGuRE12. ARCSTRIKE
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ReductionofWeldJointStresses

Theneedtocontrolweldjointstressesincreasesasthedelayed-
crackingsusceptibilityofthesteelincreasesandisparticularly
importantintheweldingofthequenched-and-temperedsteels.TWObasic
methodsofminimizingthesestressesareavailable(1)throughadjust-
mentsintheweldingproceduresthatareused,and(2)throughthedesign
andfitupoftheweldjoints.Together,thesemethodsareusedtoreduce
shrinkageforcesintheweldjointsandtoeliminatepointsofstress
concentrations.Whilethesepracticesareparticularlyimportantwhen
quenched-and-temperedsteelsareused,theyalsoshouldbeappliedto
theas–rolledandnormalizedsteels.

ReductionofShrinkageForces

Severalmethodsareavailableforreducing
forcesthatbuildupastheweldjointcools.These
ofpreheating,minimizingweldmetalvolume,andthe
sequence.

theshrinkage
includetheuse
controlofwelding

Preheating.Preheatingreducesthemagnitudeoftheshrinkage
stressesina weldjoint.Preheatingproducesa relativelywidebandnext
kotheweld‘chatwillbeatanelevatedtemperaturethroughoutthewelding
cycle.Withoutpreheating,thishigh-temperaturebandwillberestricted
tothenarrowerheat-affectedzone.Atelevatedtemperatures,a steel’s
ductilityincreasesanditsstrengthdecreases.Withthischangeinproper-
ties,theelevatedtemperaturebandwillabsorbsomeoftheshrinkagethat
occursastheweldcools.Bydistributingtheshrinkagethroughthewide
preheatedband,theunitshrinkagestresseswillbelow. Ifshrinkagemust
becontainedwithinthenarrowerbandofa nonpreheatedjoint,unitshrinkage
stresseswillbehigh.

Theamountthatshrinkagestressesarereducedincreaseswith
increasedpreheatingtemperature.preheatingtothetemperaturespreviously
discussedforreducingthecoolingratetocontrolheat-affectedzone
microstructurewillhelpsometoreduceshrinkageforces.A morepro-
nouncedeffectwouldbeobtainedifpreheatingtemperatureswereincreased
to300-400F. Foras-rolledandnormalizedsteels,thisadditionalstress
reductionprobablyisn’tneededifhydrogensourcesarecontrolled.Maxi-
mumtemperaturesalreadyaresetforpreheatingthequenched-and-tempered
steels.Thesearehighenoughtoget-somereductioninshrinkagestresses.

Caremustbeusedinapplyingpreheating.Preheatingshouldbe
uniformandhotspotsshouldbeavoided.Hotspotsresultinnonuniform
expansionandcontractionwhichdefeatsthepurposeofusingpreheating.
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Preheatingshouldbeappliedina bandextendingawayfromthejointat
leastsixinchesinalldirections.Thepreheatingtemperatureshouldbe
checkedata point3 inchesawayfromtheedgeofthejoint.

MinimizeWeldMetalVohme. Themagnitudeofshrinkageforces
isdirectlydependentonthevolumeofweldmetalthatisdeposited.
ThereEore,thesizeoftheweldshouldbeassmallaspossiblebut
stillprovidetherequiredstrength.Forbuttwelds,doubleV orU
jointsshouldbeusedinsteadofsingleV orU joints.Therook
openingshouldbekepttotheminimumnecessarytoachievefull
penetration.Filletweldsshouldnotbeoverwelded.A filletweld
shouldbethesizespecifiedintheweldingprocedureorbythedesign
drawingsandnomore.Nothingisgainedbyoverweldingfilletwelds
exceptanincreaseinshrinkagestresses.Additionalweldmetal
depositedina filletwelddoesnotaddtothestrengthoftheweld
joint.

WeldingSequence.Useofthepropersequenceinwhichportions
oftheweldjointarec~pletedwillhelptokeepshrinkageforces10W.
Blockwelding,backstepwelding,orskipweldingaxesequencesthat
frequentlyareused.

Blockweldingisappliedprimarilywithlongjointsinthick
material.Thejointisdividedintoseveralblocks;eachblockis
fullyweldedbeforeproceedingtothenextblock.Whencomparedto
a techniqueinwhicheachpassorlayerofpassesiscompletedin
sequencealongtheentirejoint,blockweldingprovidessignificant
reductioninshrinkageforces.(22)A ~ed~ctionofuptoone-third
inshrinkageforceshasbeenachievedusingtheblocktechniqueinstead
ofcompletingtheweldincompletepassesorlayers.Maximumeffect
isachievedwhenblockweldingbeginsatthemidpointofthejointwith
subsequentblocksbeingcompletedinsequencefromthemidpointtothe
endsofthejoint(Figure13).

Backstepweldingissimilartoblockweldingbutisappliedto
thinnermaterialthatcanbeweldedinoneortwopasses.Asshownin
Figure14,weldingproceedsalongthejointina seriesofshortwelds
thatareeachmadeinthedirectionoppositetothegeneraldirectionof
welding.Skipwelding(Figure15)isanothervariationinwhichthe
shortpassesarespacedwiththeinterveninggapsbeingcompletedafter
theinitialseriesofshortpasseshavebeendeposited.A secondwelder
canbefollowingalongweldingupthe“spaces”.Byusinga seriesof
shortpassesinthesesequences,localizedbuildupofheatisminimized
which,inturn,minimizestheamoumtofexpansionandcontractionthat
occursintheweldjoint.

Inanyofthesesequences,theoveralldirectionofwelding
shauldbeawayfromthepoinkofhighestrestraintandtowardsthe
areasoflowestrestraint.

— —. -.



FIGURE13. BLOCKWELDINGTECHNIQUE
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FIGURE14. BACKSTEPWELDING

FIGUFW15. SKIPWELDING
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ReductionofStressConcentrations

EveKyeffortshouldbemadetoavoidstressraisersinweld
joinl=s.Asexplainedearlier,thesestressraisersmaycauseconcentra-
tionsofstresseshighenoughtotriggera delayedcrack.Generallyr
preheatingwillreducethesestressestoa noncriticallevel.Howeverr
thebestinsuranceisobtainedbyeliminatingthestressraisersfrom
thebeginning.

Buttweldsarepreferredtofilletwelds.usually,thereis
littlechangeinshapeoftheweLdedpartata buttjoint;a fillet
weldjoinspartsthatgenerallyareatrightangleswhich~initself,
isanabruptchangeinshape.Manyfilletweldsarerequiredina ship
structuresosomeprecautionsshouldbetakentoprovidea shapechange
asgradualaspossible.Figure16illustratesa desirablecontourfor
a filletweld.Thesurfaceoftheweldshouldhavea smoothcontour
thatblendsintotheadjacentsurfacesoftheplate.Theprevioussection
containeda cautionaboutavoidingoverweldingoffilletwelds.This
cautionalsoappliesherebecausea filletweldtihatisnotoverwelded
ismorelikelytohavea goodcontourthanisonethatisoverwelded.

Thecontourofbuttweldscanbea problemareaiftheweld
reinforcementhasexcessivebuildup.ThesketchesinFigure17illus-
tratethisconditionandhowa stressraiseriscreated.Grindingcan
removethisstressraiserbutonlyifitisdoneproperly.

Cornerweldsshouldbeweldedfromtheinsideaswellasthe
outsideifpossible.Whiletheinsideweldmaynotberequiredfrom
a strengthstandpoint,theinsideweldremovesthestressraiserinherent
atthetoeofa cornerweld(Figure18).Thisisparticularlyimportant
incornerweldsas?evenduringconstruction,cornerweldswillbeloaded
ina mannerthatwillcausehighstressesatthetoeoftheweld.

Improperlyfitjointswillhavebuilt-instressraiserseven
ifweldedwiththebestprocedures.Figure19illustratesa failurecaused
bya delayedcrackthatoccurredata stressraiserinpoorlyfitjoints.
Hadthejointbeenfitproperly,thedelayedcrackprobablywouldnothave
occurred.

Particularcareshouldbegiventothefitupoffilletjoint.
ThesketchinFigure20showshowexcessivejointgapcreates”a stress
raiserattheweldroot.Whenthejointgapisincreased,theshapeof
&hefusionlineneartheweldrootisconvex.Inthisarea,thedirection
oftheshrinkageforcesandthefusionlineareroughlyparallel.Witha
widejointopening,theshapeofthefusionlinebecomesconcaveandstress
raisersformattheroot.Heretheshrinkageforcedirectionbecomes
almostperpendiculartothefusionline.Thisorientationoftheshrinakge
forceandthefusionlinecombinedwiththestressraisersproducesa
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Smoothblending.
withplate
surface

\ ‘ndercut
Flatorcon-
caveweld Abruptchangein
surface

(

shapeatweldedge

{( Goodweld Poorweld

FIGURE16. FILLETWELDCONTOURS
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Desirablereinforcementcontour
Gradualchangeincontouratweldedge
Angle9 islow

Undesirablereinforcementcontour
Abruptchangeincontouratweld
edgeproducesstressraiser

AngleG ishigh

Impropergrinding
Stressraiserat.weldedgestillpresent

Correctgrindingtoremovestress
raiseratweldedge

l?IGURx17. PROPERGRINDINGTOREMOVEEXCESSREINFORCEMENT
INBUTTWELD
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FIG’URZ18. CORNERWELDCONTOURS
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bx 2%Nit-al 2D800

FIGURE19. FAILURECAUSEDBYA DELAYEDCRACKINA
POORLYFITJOINT

Withgoodfitup,thesurfaceoftheroot
weldwouldhavehada flatcontourthat
wouldhaveavoidedthestressraiser.
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FIGURE213.FILLETWELDSWITHVARYINGJOTNTGAP
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significantincreaseintensilestressesattheweldcoot- a condition
conducivetodelayedcrackingattheweldroot.Someinvestigationshave
beenmadetoseehowthejointgapinfilletweldsaffectstheoccurrence
ofdelayedcracking.(23)Fi~~etweldsweremadeina steelhavinga carbon
equivalentofabout0.62sothissteelwasquitesusceptibletodelayed
cracking.Low-hydrogenelectrodeswereused;stressesontheweldjoint
wereentirelyduetoweldshrinkage.Withoutpreheat,delayedcracks
developedattheweldrootwitha jointgapofaslittleas1/64inch.
Preheatingto200–300F wasnecessarytopreventdelayedcracks.Although
thesewerequiteseveretests,theyservetoillustratehowpoorjoint
fitupcanresultindelayedcracking.

Variouswelddefectsarestressraisersandcancausedelayed
crackingiftheyarelocatednearthefusionline.proximitytothe
fusionlineisnecessarysothatthefieldofconcentratedstresswill
extendintotheheat-affectedzone.Themosttroublesomedefectsare
undercutting,lackofpenetration,lackoffusion,andslaginclusions.

Undercuttingoccursont-hesurfacesofthejointwheretensile
shrinkagestressesarehighest.Itishardesttopreventintheroot
ofweldsmadefromonesideonly.TheundercuttinginFigure21has
causeda smalldelayedcrackontheleftsideoftheweld.Ifatall
possible,buttweldsshouldbemadefrombothsidestoavoidthistype
ofdefect.Undercuttinginbuttweldsmadefrombothsidesandinfillet
weldscanbepreventedthroughuseofproperweldingtechnique.

Lackofpenetrationinbuttweldsmadefromonesideiseven
moreseriousthanrootpassundercuttingbecauseamuchsharperstress
raiserisformed.Again,correctweldingprocedwxesorweldingfromboth
sidescanavoidthisdefect.

Lackoffusionandslaginclusionsarelessseriousbecause
theyoccurbelowthesurfacewhereshrinkagestressesarelowerin
magnitude.Slaginclusionsarebadonlyiftheyareelongatedandform
a sharpnotch.Bothofthesedefectscancreatehighstressconcentrations
iftheweldishighlyrestrainedorifexternalloadsareappliedduring
welding.Externalloadscanbecreatedifforceisneededtoholdtheparts
inalignmentforwelding.

TackandRepairWelds

Tackweldsandweldsmadetorepairwelddefectsmustalways
beconsideredinthesamemannerasa constructionalweld.Thismeans
thatalloftheprecautionsusedinmakingtheconstructionalweld
mustbeusedinmakingtackandrepairwelds.Delayedcrackingcan
accompanybothoftheseweldsifproperproceduresarenotfollowed.
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FIGURE21. ROOTBEAEUNDERmTTING
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Thecharacteristicsofbothtackandrepairweldsfavordelayed
cracking.Tackweldsareshort!single–passweldsthatwillcoolrapidly.
Theymaybehighlystressedifthepartsthatthetackweldisholding
inalignmenthavebeenbentordeformedtoachieveproperfitup.Repsir
weldsmaybeofanysize;smallrepairweldswillcoolfastliketack
welds.Mostrepairweldswillbehighlyrestrainedbythesurrounding
plateandweldmetalsoshrinkagestresseswillbehigh.Whatthismeans
isthattackandrepairweldsmusthaveatleastasmuchifnotmore
carethantheprimaryorconstructionalweld.Tackandrepairwelds
muskbemadewiththesameproceduresasusedwiththeconstructional
weld.Thisincludesthesamepreheatfthesameelectrodes,thesame
jointcleaningprocedmes,etc. Inaddition,a minimumlengthshould
berequiredEortackwelds;threeinchesisrecommended.Shorter
tackweldscoolfasterandaremorehighlystressed.Veryshort
tackweldsreallyarenotmuchmorethanlargearcstrikes.

Theserequirementsfortackandrepairweldsshouldberigidly
enforced;theimportanceoffollowingtheseprocedurescannotbe
stressedtoohighlytowelders,weldingforemen,andinspectors.

inspection

IL

Inspectionproceduresthatcanbeusedtodetectdelayed
cracksarediscussedinReportSSC–245,“AGuideforInspectionofHigh-
StrengthSteelWeldments”.(Tobepublished)

—..—
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