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ABSTRACT

A recentadventinshipconstructionistheuseof
high-strengthlow-alloysteelswith100,000-psiyieldstrengths
forshiphullstructuralelements,makinguniquedesignconcepts
possible.Thisapplicationisa significantstep,butthemate-
erial’sbehaviorneedstobefurtherdefined.Forthebenefitof
theowners,designers,andfabricators,a projectwasinitiated
bytheShipStructureCommitteeto establishwhichmechanical
propertiesshouldbe usedascriteriaforjudgingperformance,
toevaluatelarge-scaleweldmentstodeterminethesuitability
ofthesecriteria,andto selectsmall-scalelaboratorytests
thatcorrelatewiththelargescaletests.A surveyofshipyards
andshiprepairersrevealedthatthesenewermaterialsarebeing
usedonlyincriticalstrengthelementsofshiphulls. Welding
proceduresarequalifiedbyexplosionbulgeteststodefinesafe
operatingtemperaturelimits.A surveyof thepropertiesof
thesematerialsandtheirweldmentsindicatedthattheHAZmight
besuspectedto bemore susceptibletocrackinitiationand
growththantheunaffectedbaseplate,butitwasconcludedthat
moredataareneededtoestablishserviceabilitycriteria.It
isrecommendedthatlaboratoryinvestigationsbeperformedto
determinetheeffectofenvironmentandcyclicstressesonslow
crackgrowthandestablishthe fracturetoughnessofweldments,
includingtheeffectsofresidualstressandmetallurgicaland
geometricdiscontinuities.
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1. INTRODUCTION

Merchantshiphullstructuralelementsarecurrentlybeingcon-
structedof awidevarietyof steelsthatcanbe classifiedintoseveral
groupssuchas theas-rolledor normalizedstructuralcarbonsteelswith
yieldpointsupto40,000psi, thelow-alloysteelswithyieldpoints
rangingfrom40,000to 75,000psi, andthequenchedandtemperedlow-
alloysteelswithminimumspecifiedyieldstrengthsabove75,000psi
(I+SLAQ andT steels). Figure1 depictstwohybridsteelhullsandthe
specificstructuralelementsmadeof FISLAQ andT steelsincurrent
designs.

Thebehaviorof as-rolledandnormalizedsteelsinmarineservice
is knownwellenoughto establishrequirementsfortheirusageinship
hullconstruction.(1,2,3)’~CThisis notthecasefor HSLAQ andT steels,
althoughthereis a considerablebodyof informationonthebehaviorof
thesesteelsderivedfromlaboratoryinvestigationsandfromtheiruse
inotherengineeringstructures, (4,5,6)

A three-phaseprogramhasbeenundertakento definetherelation-
shipbetweenmaterialpropertiesandperformancecharacteristicsof

FISLAQ andT steelweldmentsbeingused~ntheconstructionofmerchant
shiphulls, andtodelineateinvestigationsrequiredto developthe
criteriawhichwill assurelongtermsatisfactoryservice. Thisscope
oftheoverallprogramis as follows:

PhaseI, Item1 - Determine,usingexistingknowledge, those
mechanicalpropertiesandquantitativevaluesof FISLAweld-
mentswhichshouldbeusedas criteriaforjudgingsatisfactory
performanceinthevariousserviceenvironmentsof a cargoship
hull.

PhaseI, Item2 - Undertakea studyoftheavailableweldingpro-
ceduresapplicableacrosstheboardfor repairweldingany
combinationofFISLAandplaincarbonshipsteelsandprovidea
weldingtechniquecapableof producinganadequatetemporary
weldinsmallremotepartsor atseawhereweldingsupplies,
procedurecontrols,andwelderqualificationsarelimited.

PhaseII - Evaluatelarge-scaleweldmentstodeterminethe
suitabilityofthecriteriaselectedinPhaseI, Item1.

Phase111- Selectsmall-scalelaboratoryteststhatcorrelatewith
thelarge-scaleweldmenttests,

,---<7

‘~SuperscriptnumbersinparenthesesrefertotheBibliographyatthecnd
ofthispaper.
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ThisreportsummarizestheresultsobtainedinPhaseI, Item1.
Thisstudyincludeda surveyoftheuseof FISLAQ andT steels
in shipbuilding,withemphasisonfabricationandinspection
procedures,anda reviewof relevantdataonthemechanical
propertiesofthesematerials.

H. RESULTSOFSURVEY

Theshipbuilding,shiprepairing,andsteelindustriesweresur-
veyedto determinethepresentstateofutilizationofHSLAQ andT
materialsandto delineateinvestigationsrequiredto establishthecriteria
whichwill assurelongtermsatisfactoryserviceof merchantshiphulls.

Thesurveyproducedthefollowinginformation:

HSLAQ andT materialsarecurrentlyusedonlyincritical
highlystressedelementsof shipstructure.

Thisclassofmaterialis morehighlystressed,bothfrom
residualandservicestresses, thansimilarlyusedcarbon
steel. Forexample,changesinoveralldesignandreduced
sectionsizes raisethestresslevelsinlocalizedareasby
increasingtheflexibilityofhulls. Also, residualstresses.,.-”
inFISLAQ andT weldrnentsareexpectedtobehigherthanin
carbonsteelweldmentsbecauseofthehigheryieldstrength
oftheHSLAmaterials.

Theoccurrenceoffabricationflawsanddefectscreatesa
moresevereprobleminIHSLAQ andT materialsthanin
carbonsteels. Qualitycontrolandinspectionproceduresin
shipstructureshavenotbeenrefined‘coa degreecommell–
suratewiththematerialsFabricationprobl~ms,where
HSLAQ andT materialsareused. It is essentialthatthese
refinementsbemade.

TypicalHSLAQ andT basemetalpropertiesareas follo\vs:

Cv at - 60
UTS 0.270Ys Elong. Hardness E20S (ft-lb)
(ksi) (ksi) (%) (Rc) NDTT(“F) L T— —

ll!5-i.25 105-115 20 25-30 -50 30-.55 20--[[)

. HSLAQ and‘1’submer~cdarcwrldm<llts~’~llibiiLl]t’[t>[l,nvil~}:
generalbehavior:

Hardness(Rc) Cvat -50”F (ft-lb) II;xlpl(ltiitltll;lll~(’
WeldMetal IHAZ WeldIvirta.1 HAY, 1-’1’1’:(i’l“)

25-30 20-40 LO-35 10–’[0 -101,1 11[)
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ThereareverylittledataonHSLAQ andT materialswhich
areapplicableto the evaluationof shipstructureserviceability.
SteelswithhardnessvaluesequaltothoseoftheHAZin
A514/A517 shipstructureweldmentsexhibitsusceptibilityto
crackinitiationandslowcrackgrowthinmarineenvironments
whensubjectedto stressesless thanthevaluesexpectedin
shipstructures.Thesesteelsmayalsohaveappreciably

,..’ <’‘ shorternotchedspecimenfatiguelives inmarineenviron-
,//”“ mentsthandocarbonsteelswhenthedifferenceinservice

stresslevelsis considered.

TheHAZinHSLAQ andT weldmentsis suspectedto bemore
susceptibleto c~ackinitiationandgrowththantheunaffected
baseplatebecauseof its propertiesandits geometriclocation
withrespectto discontinuitiesandhighestcombinedstresses.
TheonlyHAZpropertythatcanbe accuratelymeasuredinan
actualweldmentis hardness. Thisis usefulinformation
becausehardnessvaluescorrelatewithtensilestrengthand
fracturetoughnesspropertiesfor a particularsteelalloy.(7)

HI. SURVEYOF THE
INMERCHANT

A. SurveyProcedure

USEOFHSLAQANDT MATERIALS
SHIPHULLCONSTRUCTION

Theinitialprogrameffortwasthedeterminationofwhy,where,
andhowHSLAQ andT steelsareusedincurrentandplannedmerchant
shiphullconstruction.Thisinformationis requisiteto selectingthe
performancerequirementsofthematerialsof construction,establishing
therelationshipsbetweenpropertiesandserviceability,andprogram
development.

A questionnairewaspreparedandsentto alloftheshipbuildersand
andshiprepairfacilitiesinthecountrywhoarepotentialusersofHSLA
Q andT steelstructuralelementsinmerchantships. A samplequestion-
naireis includedas theAppendix.Ofthe56 questionnairesdistributed,
10werereturned.TheCoastGuard,ABS, andHSLAQ andT steelsup-
pliersw-erealsoqueriedto assurethata completelist of shipyards
usingthisclassofmaterialswasdeveloped.Thedatafromthequestion-
nairesandothersourceswerecompiled,summarized,andreviewedand
a fieldtripitinerarydeveloped.Theitineraryincludedvisitsto all of
theshipyardsusingA514/A517materialsinhullconstruction.The
itineraryalsoincludedvisitstoweldingsupplymanufacturers,theR&D
laboratoriesof steelsupplie!+s,andotherR&Dlaboratoriesthathad
studiedthepropertiesor participatedinthedevelopmentofthesemate-
rials. It alsoincludedvisitsto Japaneseshipbuilders,researchand
developmentlaboratories,anduniversities.

Theshipyardvisitsweremadebya weldingengineeranda
structuralengineer,eachofwhomha~ :<periencewithHSLAQ andT
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materialsof construction,Itwasagreedthatspecificinformation
obtainedinthesevisitswouldbekeptconfidentialexceptforthatinformat-
ion whosepublicationwasconsideredessentialtotheprogrameffortand
forwhichspecificwrittenauthorizationfor its releasewasobtainedfrom
thesourceorganization.Fullcooperationwasobtainedfromall ofthe
shipyards visited which provideda realisticbasisforproblemassess-
ment.

Thebasicplanfor a shipyardvisitwasto:

Reviewplansandspecificationsincludingdesigndetails,
weldingprocedures, qualitycontrol,andinspectionpractices.

Observefabricationpracticesindetail,includingauditingof
workmanship.

. Critiqueofmaterialsof construction,practices,andproblems
encounteredinHSLAQ andT fabricationwithshipyardperson-
neldirectlyconcernedwitha responsibilityforwelding.

Specificdocuments,information,anddataofparticularinteresttothe
programwererequestedandobtainedforprojectfilesto serveas a
basisforfuturework.

Theothervisitsweremadeto determineandcollecttheinformat-
ion availableonHSLAQ andT materials,includingweldments,andon
specificlaboratoryteststhatbestsimulatetheserviceabilityof a
structure. Thisinformationwasreceivedonthesameconfidentialbasis
as theshipyardinformation.TheexperiencerecordofHSLAQ andT
materialsinotherstructures,includingfabricationproblemsandfailure
investigation,wasreviewedinrelationshipto shipyardpracticesand
marineenvironments.

B. SurveyResults

1. Design

Thereare
consideredinmerchant

severalmechanismsof failurewhichshouldbe
shiphulldesign,including:

Excessiveplasticdeformation,includingplastic
instabilityy

Excessiveelasticdeformation,includingelastic
instability

. Tensile(ductileor overload)failure

. Lowcycle(highstrain)fatigue

. Corrosion
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Stresscorrosion

Corrosionfatigue

. FastIracture,includingcleavageandlowenergytear
fracture.

Anactualservicefailure,of course,is usuallytheresult
ofmorethanoneoftheaforementionedmechanisms.

Thestructuraldesignproblemshouldinclude:

Assurancethatanas-builtstructureis adequateto
withstandserviceloading

. Assurancethatserviceloads, or environmentsand
incidents,donotdegradestructuralor materialsprop-
ertiesbelowacceptablelimitsduringrequiredservice
life

. Assurancethatjointdetailsarereviewedin 1ightof
materialspropertiesto minimizeflawsthatwould
degradeperformanceinwhichthecalculatedstress
magnitudedoesnotexceedanallowablestressvalue
derivedfrommechanicaltestpropertiesof themate-
rials of construction.Environmentaleffectscanbe
consideredbytheinclusionofthisparameterina
specifiedmaterialstestprocedure.Theeffectsof
fabricationflaws, defects, andresidualstressescan
seldombe so included,becauseofthelimitationsof
testspecimensize andotherpracticaldifficulties,
andmustbedevelopedseparately.Theevidenceis
thattheproblemoffabricationflaws,bothincharac-
ter andeffect, is differentinHSLAQ andT steels
thaninlow-carbonsteels.(8-13)

Qualitycontrolandinspectionproceduresmustconsequently
be reconsideredinthelightofpropertiesof materialsof construction.
Theconstructiondetailsshouldprovideinspectablejoints.

Thisstudyis limitedtotheeffectsof changesinmechanical
propertiesofmaterialsof shiphullconstructiononserviceability.The
factthatthestructuralgeometryof shipsutilizingHSLAQ andT steels
is alsodifferentfromthecarbonsteelshiphullswhoseservicerecord
is thepresentbasisfordesignmustnotbeforgotten.Ingeneral,these
differencesderivefromthenewcargohandlingsystemsthatrequire
modificationof strengthdeckdesign, Thefactorsrequiredfor satis-
factoryutilizationof carbonsteelsinmerchantshiphullconstruction
havebeenestablishedandthetaskathandis to establishlikefactors
IorHSLAQ andT steelstoprovideequalserviceabilityandpermit
economicconstructionfortheparticularcaseof shipyardconstruction

-. ;..-..
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andmarineservice.(14-17)

.. 1,

ThedesigndetailsoftheseveralshipsusingHSLAQ andT
steelswerereviewedduringvisitstovariousshipyards. SeeFigure1
fortypicalhullsectionspresentlybeingfabricated.(18-22) Theincreased
areaofhatchesinsuchshipsis compensatedforbyusinghigher-strength
steelsinlieuofheavysectioncarbonsteelplatesandshapes. This
avoidsseveraladversegeometryandfabricationfactors.

2. Fabrication

Themostcommonweldjointsobservedduringthevisitsto
variousshipyardswerethedoubleweldedI)V!Tjoint, intermittentfillet
joint, doublefillet“T” joint,doublebevel“T“ joint, andthedouble“bevel
cornerjoint(filletreinforced).Theseweldjointconfigurationsare
standardfor all typesof stiffenedplateandstructuralconstruction,The
onlyjointconfigurationwhichcausedsomeconcernwasa doublebevel
cornerdetailusedtojointthedeckscantlingsto gunnelbarandsheerstrake.
Theconcernis thatthejointdoesnotlenditselfto radiographicinspection.
Thedifficultyof inspection,coupledwiththehighrestraintoftheweld
jointandthehighstressthroughthethicknessofthedeckplating,can
leadto problems. Theseproblemscanbeovercomebychangingthe
jointdesigntomakeit morereadilyinspectable,orbyemployinga more
reliableweldingprocess. Properlydesignedjointsusuallyreducefiller
metal requireme~ts,thenumberofpasses, anddistortion.Theyalso
facilitategoodworkmanship.

At shipyards,mostjointdetailsarepreparedbyoxygen-gas
torchcutting.Thismethod,whenproperlyused,leavesverylittleslag
or oxideonthepreparedjoint. Inthecaseof alloysteelswithrelatively
highhardenability,therearetwofactorswhichmustbe consideredwhen
jointsarepreparedinthismanner. Thefirst andmostimportant
factoris thepossibilityof crackingalongthetorchcutedge.The
secondfactoris thelackofductilityandincreaseinhardnessinthe
HAZcausedbythetorchcutting.InthecaseofFISLAQ andT steels,
it l-naybenecessaryto grindthetorch-preparededgeofthickerplates
to eliminatecracksandhardtransformationproducts.As steel
hardenabi.lityincreases,themorelikelygrindingwillbeneeded.
RelativecalculatedhardenabilitynumbersareshowninTableI.

AllweldinginvolvingA514/517materialsis supposedto
})( [:crformedusinglowhydrogentechniquesinconjunctionwithcontrolled
pr(:lleatandinterpasstemperatures.Theobservedweldingprocedures
varylittlefromyardtoyardandessentiallyconformtothoseforHY80
;~sspecified inNAVSFHPS0900-006-9010.

ThemajorityoftheweldingperlormedonA514/517mate-
~i;ll~is accomplishedusingtheshieldedmetalarcprocesswith
l’:] I 018 M or G F,l.cctrodes.



Tabe 1. CornPositonandPropertiesofASTMA514/A517-Steels
SteelsUsedinShipConstructionandOther

ASTMA514/A517
Grade A B c D E F G H T K _ AS7T4A441 ASTMAZ42

ASTMA537
A

Chernistry
(Ladle!

c
Mn
P
s
.5i
Ni
c,
Me
v.
T,
Zr
c.
B

0.22!&x
0.85- 1.25
0.04M=
0.05kin
0.30hi..

. .
-.
-.

0.02Min
. .
-.

0.20Min
. .

0.20Max
1.25Max

.-
D.05Max

.-

.-

. .

. .

. .

. .
-.
-.
. .

1.02

0.41

0.20Max
D.70-1.40
0.040M=
O,050Ma.
0,!5 .0.50

.-

.-

. .

. .

. .
-.
. .
-.

0.12 - 0.21 0.10-0.20
0.70- 1.00 1.10. 1.50
0.035Max 0.035Max
0.040Max 0.040.Max
0.20- 0.35 0.15-0.30

. . . .
0.40 0.80 .-
0.15- 0.25 0.20- 0.30
0.03 0.08 --
0.01 0.03 --

. . -.

. . -.
D.0005- 0.0050,001 0.005

0,13-0.20
0.40- 0.10
0.035Max
0.0.0Max
0.20 0.35

-.
0.85- 1.20
0.15 0.15

. .
0,04-0.10

-.
0,.?0- 0.40
0,0015 0.005

0.12 - 0,21
0.40- 0,70
0.035Ma.
0.040Max
0,20 0.35

.-
1.40..?.00
0.40- 0.60

--
0.04-0.10

--
0.20 0.40
0.0015- 0.005

0.)0-0.20
0.60- 1.00
0.035Max
0.040Max
0.35.0.30
0.70-1.00
0.40- 0.45
0.40- 0.40
0.03- 0.08

-.
-.

0.15-0.50
0.002- D.006

0.15-0.21
0.80-1.10
0.035Max
0.040M=
0,50- 0.90

--
0.50- 0.90
0.40. 0.60

-.
. .

0.05-0.15

0.12-0,21
0.95 1.30
0.035Max
0.040L{a=
0.20- 0.35
0.30- 0.70
0.40- 0.65
0.20- 0.30
0.03. 0.08

. .

. .

. .
0.0005Mi.

0.12 - 0.21
0.4!. 0.70
0.035Max
0.040Max
0.20-0.35

. .

. .
0.50- 0.65

. .

.-

. .
--

0.001- 0.005

0.10-0.20
1.10- 1.50
0.035Max
0.040Max
0.15 - 0.30

0.15-0.21
0.60-1.10
0.035Mm
0.040Max
0.40- 0.80

--
0.50- G.80
0.18 0.20

-.

. .

. .
0.45- 0.55

..

..

.-
. .

0,05.-0.15
. . -.

0.001 0.005
.-

0.0025Max 0,0025Max

CA
I8.0 17.2 M. z 23.7 25.0 4.62 8.1 1.46 1.1711.1 4.5

Carbon
(Equiv.)

Ew E.60 G.430,56 0.71 0.65 0.B9 O.71 0.75 0.62 0.46 0.56 0.43

AMGr.des
115,000to135,000psi 63,000- 70,00Ll63,000 70,00065,000- 85,00G

42,000 50,00042,000 50,00046,000 50,000
16 18% 16- 19% 19-23%

T.11,il.
Ymid
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Hardness
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18%Mm

Radius= 2X Thicknessbr 1 in. andunder

Ra&ius. 3X ‘Ihick.e,s for over 1 to2-1{2 in. 1..1,

Radwfi1T to 3!4 in. Incl. Radius1-1/2T
to 1-1/4i.. Inci.

R.C,”S 1.1/2T.v., 1 t. Radius2 T over
1-1f2 in. Incl. 1.1/4m2 i.. in.1.
Rzdiua2 T OVer1-1!2 in.
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WhenA514/517materialis weldedto oneofthemedium
strengthmaterials,theusualprocedureis to usethepreheat,interpass,
andlowhydrogentechniquesrequiredbythehigh-strength,quenchedand
temperedmaterial. Theweldmetalstrengthis usuallychosensuchthat
it matchesthatofthelowerstrengthsteel. ?Iowever,oneoftheyards
visitedchosetomatchtheweldmetalstrengthtothehigher-strength
basematerial.

Withoneyardexcepted,therootpassof grooveandtee
weldsandsinglepassfilletweldsaremadeusingE8018or E9018elec-
trodes. Thisis doneinanefforttominimizethechanceof rootcracking
ingrooveweldsandtransversecrackinginfilletwelds. Thisselection
wasbasedontestswhichindicatedthatdilutionwiththebasemetalraises
thestrengthofthedepositedweldmetaltonearthatofthebaseplate.

Theuseofthelowerstrengthelectrodesforrootandsingle
passfilletweldingseemstobe aneffectivemethodinreducingthe
chanceof rootcracks. Theonlydrawbacktothisprocedureis thepos-
sibilityofthewelderusingthelowerstrengthelectrodeforweldingsub-
sequentfillerlayers. Anyprocedurewhichrequiresmultiplefiller
metalshasthesamedrawbackandrequiresclosesupervisionbythose
inchargeofqualitycontrol.

Onesemiautomaticprocess, shortcircuitingMIG, iS
currentlyusedbytheshipyardsinHSLAQ andT welding. Thisprocess
is beingusedtomakea fullpenetrationcornerweldof deckplatingto
sheerstrake.

Twofullautomaticprocesseswereinuse, thesubmerged
arcandMIGprocesses. Theonlysubmergedarcweldingprocedurein
useforwhichdetailswereavailablelimitstheheatinputto
25,000joules/in. for l-in. -thickplatebecauseoftheresultsobtained
ontwoexplosionbulgetestserieswhichwerefabricatedandtestedfor
weldingprocedurequalification.Oneserieswasfabricatedwitha maxi-
mumheatinputof 55,000joules/in. andthesecondwasfabricatedusing
a maximumof 25,000joules/inch. Althoughtheformerdidnotqualify
withtheexplosionbulgetest, theauthorsdo not considerthelatterto
beeconomical.It is possiblethata successfultestseriescouldhave
beenfabricatedusinganintermediateheatinputthatwouldbemore
economicalthanthe25,000joules/in. procedure.

TheautomaticMIGprocedurewhichwasobserveduseda
heatinputof 55,000joules/inch. Thisprocedurewasalsoqualifiedby
theexplosionbulgetest.

Thetwoprecedingparagraphsindicatethatthecalculated
heatinputmaynotbe anaccuratemeasureof,theheatactuallytrans-
mittedtothebaseplate. Apparently,a largeportionofthearcenergy
oftheMIGprocessis dissipatedas a~cradiationandis nottransmitted
toih~>weldpuddleandultimatelytothebaseplate, Thiswouldmean
thateachzoneintheHAZwouldbe attemperaturefor a shorterlength
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Oftimeandthateachzonewouldbe narrower. Sincemostmetallurgical
reactionsaretimeaswellas temperaturedependent,it canbe assumed
thatHAZdegradationmaybe a functionoftimeattemperature.Forthis
reason,it appearsthatdatamustbe gatheredor generatedso thata
factorcanbe addedtotheheatinputformulawhichwouldgivea more
accuratevaluewhenconsideringa specificweldingprocess.

Themajorproblemwhichconcernsfabricatorsof high-
strength,quenchedandtemperedsteelsis weldrnentcracking.There
areessentiallythreetypesof crackingwhichcanoccurwhenthesetypes
of steelsarewelded.Theyare:

WeldmetalandHA.Zcracking- Associatedwiththe
transformationof austenitetomartensite, this typeof
crackingis a functionof coolingrateandseemsto be
independentof externalrestraint.

Hotandcoldcracking- Hotcrackingis associatedwith
lowmeltingpointconstituentswhichlackductilityatthe
hightemperatureendofthesolidificationrange. Cold
crackingis a functionof externalrestraintcoupledwith
coolingratesandmetallurgicaltransformations.

Delayedcracking- Thistypeof crackingis themost
seriousas it canoccurdaysafternondestructive
testingandcanleadto failurebyfatigueand/orfast
fracture.

TheU. S. NavalAppliedScienceLaboratory(NASL)has
performedconsiderableresearchonweldrnentcrackingproblemswhich
areassociatedwithhigh-strength,quenchedandtemperedsteels.
Althoughtheirworkhasbeenonthe“highchemistry”steels, their
approachandtestsshouldbe applicabletotheA514/517varietyof steels.
TheNASLWeldabilityTestSystemis logicalandappearstobe a good
approachtotestingfor cracksusceptibility.(23)

TheNASLsystemis actuallya seriesoftestswhich
includesa modifiedControlledThermalSeverity(CTS)test, Keyhole
SlottedPlatetest, andNASLCircularFilletWeldability(NCI?W)test.
Thistestsystemessentiallyevaluatesa fillermetal/basemetalsystem
forthetypesof crackingdescribedabove, Thissystemcanbeusedto
evaluatebasemetalandfillermetalchemistry,degreeof restraint,
weldingparameters,andtheirinteractionona givenbasemetal/fiHer
metalcombination.Theresultsreportedinthepaper(23)correlatewith
fabricationexperiencegatheredinshipyardsandwithexperimentalwork
performedonlargemodels.

3. Inspection

Economy,soundness,andmechanicalpropertiesaredeter-
mindedbyweldingprocedurefactorsincludingmaterialthickness,mate-
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rialquality,jointdesign,weldingpositionandsequence,fillermetal,
shieldingsystem,preheatandinterpasstemperatures,heatinput,post-
weldheattreatmentandweldsurfacetreatment.Qualitycontroland
inspectionproceduresassurethatthebestpossibleweldrnentis obtained.
Thelackof sufficieillqualitycontrolof HSLAQ andT baseplateusedin
shipbuildingmakesit likelythatmanyofthefactorswhichcontrilmt~to
weldrnentcrackingarepresent,suchassegregatesofnonrnetallicinclusions
andalloyingelementsandvoidssuchas laminations.Theshipyard
environmentmakesit difficultto eliminatehydrogeninducedcracking.
Consequently,thereis a likelihoodthatmanyburiedflawsandextensive
crackingcouldexistinHSLAQ andT weldrnentswhoseorientationwould
preventtheirdetectionbyradiography.Thishasbeenthecauseof
failureinotherstructuresmadeofthisclassofmaterials.(24) Onlyone
shipyardvisitedusedbothradiographyandultrasonicinspectionfor
buriedflawanddefectdetection.All othersrelyonradiographyalone.

IV. SURVEYOFTHEMECHANICALPROPERTIESOF
HSLAQ ANDT MATERIALSANDWELDMENTS

A. MechanicalPropertiesandServicePerformance

Themechanicalpropertiesof steelsarealteredbyheattreatment
andplasticdeformation.Weldingprocessesimposecomplexandsevere
thermalandmechanicalconditionsthatproduce~radientsinnlicrostruc-
turesandpropertiesinthezonesadjacenttothefusionlines. Fabrica-
tionflawsanddefects,andresidualandrestraintstressesassociated
withweldingprocesses,alsoaffectthestrengthoftheresultingstructures.

Properweldingproceduresfor low-carbonsteelsprovideweld-
rnentswithsoundnessandlmechanicalpropertiessuperiortobasemetal.
Thislimitstheproblemof serviceabilitydeterminationtoweldingpro-
ceduredevelopmentandmeasurementofbaseplateproperties.Atthe
presenttime, however,thepropertiesof theheat-affectedzoneofthe
FISLAQ andT steelsar~inferiortobaseandweldmetalpropertiesin
weldrnentsmadebythebestavailableweldingprocedures.Hencethe
problemof serviceabilitydetermination01HSLAQ andT steelsmust
includemeasurementofHAZpropertiesandconsiderationoftheinter-
actionoftheaccompanyingeffectsof fabricationflawsandresidual
stressesonbehavior.(24-27)

Thefactorsappliedtomechanicaltestresultsto obtaindcsigll
stres.,valuesto accountfortheseparameterscannotbe assumedto bc
thesamefor HSLAQ andT andlow-carbonsteels, hencethey mustIIC
developedbyexperienceor experiment.Inaddition,thereis insuffi[:itllt
informationavailabletoproperlyassessthebehaviorof HSLAQ andT
steelbasemetalinmarineservice;thisincludeslack01knowlrdy,~.of
shipstructuralmechanicsaswellas 01materialsproprrtics. pJ’3\Llr-
theless,theexperienceswiththeuseof HSLAQ andT mi~t~’rialsill
otherstructuralapplicationsandthe
provideabackgroundfordelineating



-12-
a designbasisfortheuseof HSLAQ andT steels. Theywill alsoprovide
preliminarypredictionsof servicebehaviorof shiphullstructural
elementsmadeofthesematerials.

A requirementoftheweldingprocedureis thatitwillprovide
specimensthatwill “qualify”usingassignedspecimentestprocedures.
These“standard”specimentestprocedures(tensile,hardness,andnotch
toughness)mayor maynotberelatedto serviceabilityandmechanismsof
failure. Theproblemhereis thatthespecimentestprocedureanddata
interpretationcriteriamaybeestablishedfor a specificsetof materials
properties,suchas onemightobtainfor low-carbonsteels, bycorrela-
tionwithserviceexperience.Theyarenotnecessarilyapplicableto
differentmaterials,suchas HSLAQ andT steels, yethavecommon
acceptancerequirements.

Therearea setof importantpropertieswhicharenotcurrently
evaluatedas a standardizedprocedure.Thesepropertiesincludefatigue
strength,fracturetoughnessandtheeffectsof environmentonservice-
ability. Thefatiguestrengthis theonlypropertyforwhichdataonHSLA
materialsareavailableandwhichrelatesdirectlytoknowndesign

(28) Laboratorydataontherequirementsof 25,000psifor 2 X 106cycles.
fatiguepropertiesinair, aqueous,andsalinewaterenvironmentsare
available. Therearealsolimiteddataon corrosionresistancewhich
areinsufficientto establishquantitativepredictionsofbehaviorbutdo
indicatetrendssuitablefor comparingtheserviceabilityof HSLAQ and
T materialsto carbonsteelsinmarineenvironment.A fracture
mechanicsapproachcanbeusedto establisha relationshipbetween
stresslevelandcracksizewhichcaninitiateanunstablefastfracture.

Theeffectoftest specimensize is equallyimportant,andequally
difficultto assess, Testspecimenandactualhardwares~zeeffectsinvolve
severalvariablesthataffecthardwarebehavior.Inaweldrnent,thereis
theunpredictablepresenceanddistributionof residualstresses, flaws,
andmaterialproperties.It cansafelybe saidthatnoselectedsegment
of aweldmentwillhavecharacteristicsidenticaltothoseof another
segment. Consequently,nosegmentcanbeexpectedtobehaveexactly
as anothersegment,Ina largeweldedstructure,thelikelihoodis high
thattheworstconditionswillexistsomewhere,sothismustbethebasis
for anengineeringestimateof structuralbehavior.

It is obviousthatconsiderableempiricalworkis required,inlieu
of experience,to resolvetheseproblems. Inparticular,it is essentialto
determineforI-IAZmaterial:

Theslowcrackgrowthbehaviorof flawsinregionsofhigh
stressandinmarineenvironments

Crackinitiationandgrowthinresponseto cyclicloadsinthe
marineenvironmentas relatedto shiploadings

Fastfracturebehaviorinmarineenvironments.
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Thesedatacanbeusedto establishsurveillanceproceduresaswellas
qualitycontrolandinspectionrequirementsfor structuralelementsmade
of HSLAQ andT materials. It shouldbenotedthatthisinformationis
notavailablefor carbonsteelmaterialsofthethicknessrequiredinthe
structureswhichuseHSLAQ andT materials. Considerationmustalso
be giventothedifferencesinbehaviorbetweenHSLAQ andT materials
andtheirpredecessors.Inothertypesofhardware,thishasresultedin
initialunacceptablefailureexperiencethathasfurtherresultedinrestric-
tiverequirementsto eliminatetheproblemsencountered.(5) Hopefully,
thiscanbeavoidedin shipstructuresbydevelopmentoftheinformation
requisiteto establishingthelimitationsofthesematerialsof construction
as wellas theirattributes,

B. Hardness

Theproblemathandis to evaluatetheserviceabilityofEISLA
Q andT weldmentsmadehyacceptableweldingprocedures.Thefirst
insightintothenatureofthisproblemis obtainedbymicrohardness
surveysacrosstheweldrnent.Hardnessis anindicatorofthetensile
propertiesof steelsand,becaus~materialsbehaviorvarieswithtensile
properties,indicatestrendsinbehavior.Increaseinyieldandtensile
strengthof a materialgenerallyindicatesdecreaseinfracturetoughness
andductility,andincreasein sensitivityto env-ironmentaleffectsonflaw
growth. DiamondpyramidhardnesssurveysmadeonA514andA517
materialsindicateHAZstrengthlevelsareintherangeof sensitivityto
stresscorrosioncrackingandlowfracturetoughness.Typicalmeasured
rnaxirnumHAZhardnessvaluesare”DPH425whichconvertsto
RockwellC43.

c. TensileStrendh

A basicsourceof datafor estimatingserviceabilityis thetension
test.(22) Thematerialspropertiesobtainedareyieldpoint,tensile
strength,elongation,andreductioninarea. Thistestis performedon
as-r,~ceivedbaseplate,weld, and sometimesonbaseplateheattreated
to simulateheat-affectedzonematerial. Theevaluationof residual
stress, plasticstrain,andnotcheffectsonrealhardwarematerialsof
constructionpropertiesarenotincludedinthistest, Thesedataare
primarilyusefulforqualitycontrolandmaterialcomparison.

Theinitialtensiontestpropertiesspecifiedareforas-received
baseplate. Theas-receivedbaseplatepropertiesmustbeconsidered
fromthestandpointof eventualHAZpropertiesas wellas fromthatofthe
requiredbaseplateproperties.It is considereddesirableto haveopti-
mumobtainablepropertiesinas-receivedbaseplate.

TheminimumO.27’ooffsetyieldstrengthrequiredIortheclassof
materialsconsideredis 100,000psi; thisvalueis usedas a design.basis
for stabilityanalysis. The mill testyieldstrengthis usuallyhigher
than100,000psiandcanbeincreasedfurtherbyreducingthetempering
temperatureor bycoldwork. Thetensilestrengthofthesematerials
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is usuallyintherangeof 115,000to 135,000psiandcanalsobeincreased
bythermalor mechanicaltreatment,‘cutnottothesamedegree. An
increaseinthesevaluesis usuallyaccompaniedbya reductioninnotched
fatiguestrength,ductili~y,andnotchtoughness;hence,it is ess~ntial
to establishcontrolontheseproperties.

Ductilityis anothermeasureof processcontrol. Sincethisprop-
ertyis alsoaffectedbymaterialflawsanddefectsin specimensstressed
inthetensileinstabilityregionofthestress-straincurve(abovemaxi-
mumtensileload),ductilityis notanintrinsicmaterialsproperty.
Typicalvaluesfor ductilityare20%elongationina 2-in. gagelengthand
65~0reductionof areameasuredona standardASTMspecimen.

Theweldmaterialshouldhaveequalor bettertensileproperties.
HAZmaterialtensilepropertiesaretoodifficulttomeasureindepen-
dentlyto serveas a qualitycontroltensiontestrequirement,Theonly
indexofthesepropertiesis hardnessmeasurementsandnotenoughwork
hasbeendoneto providea guidefor selectionof suitablevaluesofthis
property.

D. NotchToughness

Threefracturetoughnesstestsare currentlyusedwhichare suit-
ablefor qualitycontrol(seeSectionVI onterminalfailure). Theseare
theCharpyV-notch(ASTME23), theDrop-Weight(ASTME208), and
theExplosionBulgeCrackStarter(NAVSHIPS0900-oo5-5ooo).

1. CharpyV-NotchTest

TheCharpyV-notchtestis suitablefor ev-aluatingbase
plateandweldmaterials. Correlationswithfracturemechanicsvalues
havebeendevelopedbyWestinghouse,U.S.steel,andtheI’Ja=l
ResearchLaboratory(NRL)whichprovidea suitablebasisforusingthe
resultsofthistest. Theseresultsindicatethat25 ft-lb absorbedenergy
is a minimumvaluefor 1-in. -thickplatewhichwillprovideanacceptable
criticalcracksizeatyieldstrengthloadings.(29,30)

Laboratoryinvestigationsusingotherbrittlefracturetests
havedemonstratedtheseveredeg~adationof fracturetoughnessinHAZ
material. Consequently,it is necessaryto offsetthisreductionby
increasingminimumtoughnessinbaseplate.

Figures2and3 presentsomenotchtoughnessdataon
A517F materialsthathavebeenusedforthesecorrelations.

2. Drop-WeightTest

Thedrop-weighttestdefinesthenilductilitytransition
temperature(NDTT).(26) Thistesthasseveraldeficiencies(forexample,
materialtemperingbybrittlebeaddeposition)butdoesprovidea better
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AffectedZonein% in.
ASTMA517F5

I I

‘O L—L———J
-1oo -50 0 50 100
Temperature, “~

(b) .A517ASteel
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(a)~44~,~T-75-HS,andA517Steels PlateTensileProperties

Tensile Yield
Steel Strength(psi) Strength(psi)

A441 70,000 50,000
LT-75-HS 90,000 75,000
A 517 115,000 100,000

Fig.3 CharpyV-NotchImpactEnergyCurves



-16-

indexoftemperaturetransitionfromductiletobrittlebehaviorthanthe
CharpyV-notchtestandis moreconvenientthantheexplosionbulgetest
for shipy-arduse. If drop-weighttestscannotbe runbecauseof material
limitations,it is recommendedthattheCharpyV-notchimpactenergy
valueof 40ft-lb beusedas theNDTTcorrelationenergylevelfor esti-
matingtheNDTTofthebaseplate, Thatis, theas-receivedbaseplate
CharpyV-notchimpactenergyshouldbeatleast40ft-lb atatest
temperature60”F belowtheminimumdesigntemperature.

3. Explosion13ul~eTest

A fundamentalproblemis theevaluationof actualweldments
whosecomplexitycannotbe simulatedin simplesmallspecimens.The
explosionbulgetestis oneprocedurecurrentlyused,onalimitedscale,
for thispurposeandfromwhicha considerableamountof informationis
graduallybeingaccumulated.

SomeofthesedataareincludedinTables11throughVI.
Severalobservationshavebeenmadew-hichareimportantwithregard
totheuseofthistestfor establishingtheperformanceof weldmentsin
high-strength,low-alloysteels. Thetestdefinesthreetransitiontem-
peraturesas describedbyNRLinReference26. Thesetransitiontem-
peraturesarenilductilitytransitiontemperature(NDTT),fracture
transitionelastic(FTE)andfracturetransitionplastic(FTP). Inferritic
materials,theFTEis usually60”F higherthantheNDTT. Theobserva-
tionhasbeenmadethatforthequenchedandternpercdlow-alloysteels,
theactualFTEandNDTTtemperaturesareoftenveryclosetogetherand
nearlyidentical.Theobservationhasalsobeenmadethatinexplosion
bulgetestingthesesteels, it is nearl,y impossibletoobtaina so-called
“flatbreak”whichhasalsobeenusedas thedefinitionof NDTTtemperat-
ure. It is believedthat,becauseof theveryhighyieldstrengthtotensile
strengthratio,to forcea cracktopropagateoneneedsto exceedtheyield
strength,eveninthehold-dnw-narea.

Themostdesirableresultsare: (1)fracmrepathsthatdo
notindicateseveredegradationofweldnlentmaterialswithrespectto as-
receivedbaseplate;(2)greaterthan5~0plasticdeformationbefore
fracture;and(3)FTPbelowoperatingtemperature.Thisbehavior
cannotoftenbeobtainedin shipyardHSLAQ andT weldments.

Atthepresent time, the recommendation for weldrnent
qualitycontrol is that the FTE, as definedbytheexplosionbulgetest,
mustbebelowtheoperatingtemperature.Thistestdoesnotprovidea
measureof fracturetoughnessintheHA.Z,butdefinesthelowerlimit
of safeoperatingtemperatureaccordingtopresentconcepts01fracture
safedesign.Thistestmaybe replacedbythedynamicteartestbeing



Table11. Geil~ral!UeldingProceduresandTestResultsforL1.S.SteelExplosionBulgeTestsonWelded
Platesof,4517F Steel

P*eh..
Bzse Metal

Number.1 El.ctr.dc C!lrre.1
WeldMe(ml

voltage, TravelSpeed Heat3nput Drq-},:e,ght C,,at -50T Cwat -50-F CvaCO-F, Cv at -50-F FTE
Temp., t- I%s,cs TyT,e Dia., i.. R..:., arwps “oIts Rage, ipn Ra.Re, KJ/Im. NDT,’F [Lo.E.) ft-lb (Trar,s,)It-lb ft-lb [t-lb TSIIW,OF1

Plate TII,ck..
,. JO,,tDz,,s.

112 boos,.gle

1 60°Double

2 60°Double

,5 9 E11018G1/8Root, 125-170 21 6.1-13.0 lb,5-35.0 -70 29 23 52 37 -40
5132

75 12 E11018G1/SRoot, 120-210 21 z. 8-8.5 25,8-56.2 -50 53 32 52 32 -30
5f3z,
>{16

200 44 X[1018G5/32, 170-210 Zi 3.2-8.6 32,0-70.0 -80 50 4; 70 54 . .

i.. ~ BuIx.He,@It,m. Ikd.cmo”,% DiametricCr-ack,tm.

112 1
2
3
4
5

}.112
1-15{16

3-1j2
6-112
9-il.?

!3.1/2
21

2-5/16
2-11{16
3-1/.?

2-1/8
2.11/16
3-3116

3-1[2
6-112
11
17

Z.3J.3

0
0
0

9-314

1
I-J
=-J
{

2 1 .-
2 . . 4 9-3!4
3 . . 6-3)4 15

~d!~~ ~~i~,, “aterial--ldentificat esofP.rmcoSSS-1OO!I1OOPlatesonandProPert
mechanicalPrope I
,ertie 5
% E1. I

,s
Impact$
E208

rtsilePI
T. S.,
ksi

122.3
124.8
118.7
118.4
115.8
119.0
116.8
117.3
122.3
130.3
122.5
126.0
127-.5

0.270Y.S.,
k=i

112.I
Ii4.7
109.0
108.5
106.3
109.I
105.8
108.3
112.2
)19.8
1)1.1
L18.9
113.9

U2!72
;“ a
~—

30
47
48
48
48
3
3

57
38
40
33
56
51

s
E
T.

27
10
262
30
38
3
3

29
35
31
22
28
40

ChemiczLComposition
FinalHeatAnaly~is, TO

c Mn P s si c, c. MO Ti B

0.18 0.66 0.010 0.020 0.28 1.00 0.24 0.24 0.070 0.002
0.16 0.70 0.012 0,022 0.35 1.92 0.26 0.52 0.058 0.002THca! HtT

No. Ch NO.

50627 P-26974
50826 P-2B507
50826 P-28504
+3862 P-53850

P-53852
43062 P-53849

P-53851
43862 P-53848
52.902 P-52639
43723 P-53569
50576 P-64043
51519 P-36361
53592 P-64044

Mat’1
~

A
B
c
D

E

F
G
H
J
K
L

~hi.k. ,
in.

1
l-3)4
1-314
1

1

1
h
I-314
1.
1-3/4
1

ASTM
Grade

A517-33
A514-E
A517-E
A517-D

A517-D

A517-D
A517-D
A517-3Z
A5i7-E
A517-E
A517-D In 2 in. %R. A.

20.0 6?.9
21.0 54.7
21.0 64.3
23.0 61.9
23,0 68.7
Zl, o 64.5
22.0 68.D
23,0 68.7
20.0 70.I
17.0 56.5
10.0 59.6
20.0 68.0
19.5 66.9

NDT,“Y
-501
-50L
L40
.50[

4
4
4

0.010

0.010
0.013
0.012
0.010
0.010

0.25 I 0.20 I 0.,075I 0.002
Sameas above

0.014 I 0.26 I 0.95

Same as above

O.16

0.16
0.16
0.13
0.17
0.18

0.54

0.52
0.58
0.62
0.5a
0.50

\
‘.

0.070 0.002
0.061 0.002
0.066 0.002
0.062 0.002
0.091 0.002

4
-501

<.z04
.701
.3~l
-701 L0.006 0.25

0,010 0,28
0.020 0.34
0.012 0.28
0.016 0.28

0,92
1.73
1,89
1.82
0,96

0.28
0.23
0.23
0.24
0.26

0.21
0.50
0.42
0.52
0.23

1. P-2 Specimen.
2. -30” F”datz, NOtMS at -60”F.
3. Not obtained.
4. This NDTwas determinedimnnEqcdoaim Bulge Test.



TableIIIB. ExplosionTestslofArmcol-In.-ThickSSS-1OOAUnweldedBasePlate

(MaterialCodeL - A517G!RD)

Type Test
Test No.

Crack El
Starter

E4

E3

i3ulge2 E2

Test
Temp,
“F

o

-40

-80

0

Shot
No.

1

1

1

1

2

3

4

Fracture
Results Characteristics

Twolcracksinbulge O*FaboveFTE
region- 8 in.and12in.
1ong

Fivepiecesblownfrom -40°Faboveh!DT
center,twocracks
throughtoplateedge

Ninepiecesblownfrom -80°FisaboutNDT

1. 7-lbpentoliteat15-in.standoff.

center,onecrack
throughtoplateedge

6flThinning
l-%-in.Bulge
8%Thinning
2-1/8-in.Bulge
12%Thinning
2-5/8-in.Bulge
19.8%Tl~inning
3-1/8-in.Bulge

Nocracksinplate.
O“FisFTPof
unweldedplate.

I
l--

2. Thicknessreductionsexceedsminimumrequiredby100%onfirstshot.



TableIV. bleldingProceduresforArmcoSSS-100A/100ExplosionTestPlates

1-3/4

1-3{4

Grade

A517-D

A517-E
A517-D

A517-D/E
A517-D

A517-E

A514-E

code series

~
A 2

r),L,
G 4
J 5
L 5
L 5

LII ;=4==&zsample
ldent. Process

2.3 SMAW
1,2,3 SAIZ;

D,E,G SA<W
B.,2 SAW
A-l,A-23 sAw
c-1 SAX>:
C.24 SAW
1-4 GMAW-FC
5-8 GMAW
7,8,9 SMAW
4,5,6 SAW
B,C SAW
D1 D2 D4 ‘SAW
5-9 SMA<,V

Welding Proccd
Heat 3nput, Ilti.

3b,000- 45,000
33,500- 52,000

3%000-45,000
42,50052,500
22,500-‘2S,000
4.3,500-52,500
42,500-52,500
32,000-48,000
34,000- 44,000
26,500- 47,000
39,000- 63.000
37,500 60; 000
42,500 52,500
27,000- 39,000

-
70-Dbl-V ?.!3- l!3
70° Dbl-VlJ3213 1
Sameas above 1
sameas above 1

Samea, above I
Samea.,above I
Samea, above 4
70-Dbi-V1/2- lf? I 1
70° Dbl-V 1/3 2!3 I
60°Dbl-V lt2 - 112 I 4

la. PrefiezEtemperature[o=tesEseries 1 - 4 wzs100 150=F. For test5. it was ZOO-F.
1b. All sample.weldedwithO-in. LOltS-m. landand0-in. to1{16.Im.gz~.
1..Ailsamplestorchbe..eledand~roundto brightmetal.
1d, AHsamplesweldedin fiat positioG13CRE300”F max. interpus temperature.
2. All l-in. Dlateamoles are A517-DextentMIScm..
3. Weldreinforcementgroundflush. All othertestweldmentshadweldremforcemerdle[t in @ace.

AHweldnwntstestedm a. weldedcondition.
4. Thissamplewasa compositeof A517-EweldedLOA517-D.

Root P&s,es

E

d Material

1f8 E11OI7-M
1/8 ox-loo wf709-5

5/32 W-25,w/709-5
5/32 ES018-C3
5/32 E8018-C3
513Z E8018-C3
5)32 12BD18-C3
7164 McKavFluxCOre

TableV. NotchToughnessDataforArmcoSSS-100A/100bleldments

Filler )detalandt.r
FluxDala

5/32in. E11018-M
1/8in, OX-1OOw/709-5

5/32in. W-25w/709-5
5132in. W-25,,/709-5
1/8i.. W-25w/709-5
5132in. W-25w1709-5
5f32iu. W-25wf709-5
7164in. h3cKavFCWire
l/16in. Airc. SoltdWirp
5/32in. E11018-M
1/8in. M188w{709-5
5/32,“. W-25w/709-5
5/32in. W-25w1709-5
5J32in. E11018-M

B,,, PlateWeldl.gProcedureJ
Weld H.A.2 EKPIC.S,O”CrickSt&rL,, Test Rcsnlts
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H 4 B sAw
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TableVIA.ResultsofExplosionBulgeTestsofArmcoSSS-1OOAWeldments

Material

~

1 A517-D

IA5i7-DIE

L

den~itication
Mat,1 Test sample
Code Series Ident.

A 1 ~A2

) ~z

D 4 D.B12

L 5 Al -22

AZ-23

5 C1-22

LIJ 5 C2-22

A 3 92

WeldProcedure

SMAW 36,000-45,000

SAW I 34,000-45,000
SAW 22,500- Z0,000

I
5Aw 22,500- 28,000

SAW 42,500- 52,500

SAW 42,500- 52,500

GkiAUr 34,000- 44,000

Test Shot Thinning,
Temp, “F NO. %

+3o 1 5
2 6
3 12

0 1 5.‘1
2 8.2
3 11
4 13

+40 I 5.8
2 6.9
3 12.6
4 18.4

0 1 6.2
2 9.1

0 1 5.4
2 7.4
3 10.8
4 17.6

0 ) 3.9

0 1 3. L

+3o 1 5.8
2 ?. 8
3 10.2
4 16.0

Ht, i~.
——
1-3/8
2-1/8
2-1/2
1-1/2
2-1116
Z-lfz
2-7/8
1-9!16
2-kt4
2-314
3-518

l-7t16
2-3(16
2.5/8
3-lf8
1-7f8

1.3f4

L-318
1-15/16
2-7f16
2-13/16

None
112-in. crack - toe of weld
Extendt. 9 in. alongweld
,None
No”e
Short.rack across weld
Crackdidnot increase
None
None
.%natltears m meldandat toe
Extendedalongtoe andBMin

bulge
hron.
Crack~ngat toe of~eld and

thruholddm=min base
metal

None
None
None
None
Extensivecrackingin HAZ

Samea, above. Coniined
toA517-Dside oi weld
None
None
Smll crackinweld
NOextensionOicrack

1. 7-lbDentoltteat 15-in.standolilor l-in. plate.
2, As-weldedconditionv,ith\veldbeadreinforcementin place.
3. Weldreinforcementremovedby grinding.

Table!ITR.!?esultsofExplosionBulgeTestsofArmcoSSS-1OOMelcirnents

Material Descripc
Thick. , I ASTM 1 MaLmI

M
sarnp~e
Ident.

C-B12

D2-22

D4-22
42

30”F aboveFTE andnearFTP
O°FHAZ

O-F is at FTP oiHAZ, Weldand
BasePiale

+40°F i, near FTP .1 F3AZ

O-Fis belmzFTP.fHAZ

O-F is FTP of HAZ, Weldand
Base PIatc

+30°F is at FTP of HAZ,
WeldandBee Pia&

WeldProcedure
E. lesion Bul~eTest Resultsl

Test S!lot Thinning, Bnlge
Process

Fracture
I HeatInput,J/in. Ternp, “!? NO. % Ht. in. Res(Llts Characteristic

I I I I
SAW

sAW

SAW

SAW

37,500- 60,000

42,500- 52,500

Sameas above

27,000- 39,000

+40

o

0

+60

1
2
1
2
1
2
1
2 ~

Crackinginweld zndplate inbulge

Crackkrginweld, HAZ andplate

I
I--J
o
t

1. 28-lb=enmtiteat i7-in. standoff.
2. As-weldedmnditim%.,ith.vcldbeadzeinforcementinplace.
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developedatNRLwhichshowsconsiderablepromisefordefiningdynamic
fracturetoughnessvaluesinadditiontotransitiontemperatures.

Thebasicobjectiveof explosionbulgetestsis to demon-
stratethattheweldmentwillnotpropagatefastfractureatelasticstress
levels. As previouslyindicated,thissuppositionis notnecessarily
truefor Q andT materialsandtheotherdatapresentedindicatethat
it is nota sufficienttestto determinelikelihoodof fastfractureatless
thanyieldstrengthstressloadinginthepresenceof reasonablesize
flaws. It is a usefultestfordeterminingthezoneof lowestfractur~
toughnessandprovidingfractureappearancecriteriafor interpretation.

E. FatigueandCorrosionFatigue

Theconventional(smooth,polished,flawfree)fatiguespecimen
testsdisplayfatiguestrengthsthatincreasemonotonicallywithincrease
intensilestrength.As-rolledsurfacesandthepresenceofmechanical
andmetallurgicaldiscontinuities,suchasmightbepresentinaweld-
ment,cansignificantlydegradethefatiguestrengthof constructional
steels, Figure4.(31)

Figure5 depictssmallspecimenA517F datawhichfurther
demonstratetheeffectsof surfacediscontinuitiesonfatiguestrength.
Thestressconcentrationfactorforthesediscontinuitiesis low, relative
tothatformanykindsof fabricationflawswhichcouldoccurinHSLA
Q andT materials. Thesmallspecimensize limitscrackpropagation
lifeto sucha degreethatthesedatacanbe consideredas crackinitiation
life forthematerialandindicateddiscontinuityina largestructure.
Figure6 alsoshowsthedegradationof fatiguelife ofbaseplatemate-
rial as a functionof materialstrength,butona normalizedloadintensity
basis. Figure7 depictsa comparisonof initiationandpropagation
fatiguelivesfor HY-80baseplatematerialinair andsaltwater.
Figure8 showstheeffectof a 3. 5’%saltwaterenvironmentonthefatigue
crackgrowthrateinA!3171?material. Thesetrends,togetherwith
higherdesignstresses, indicatethatHSLAQ andT shipstructural
elementsmayhaveconsiderablyshorterfatiguelivesthancarbonsteel
elements. However,if attentionis givento designdetailsandfabrica-
tionqualitycontrol,a structurewithadequatefatiguestrengthcanbe
fabricated.

l?. EnvironmentalEffects

1. Corrosion

ThecorrosionresistanceofunstressedHSLAQ andT base
platematerialsexposedtomarineenvironmentsappearstobeequalor
superiortothatof carbonsteelmaterials.(32) Steelswithveryhigh
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strengths(or ofhighhardness)maybe susceptibleto corrosiveenviron-
mentsotherthanhydrogensulfide. Thechlorideionmaybedetrimental
orbeneficialto corrosionresistance.

2. StressCorrosionandHydrogenEmbrittlement

U. S. SteelCorporationtests(33)showedthata marine
atmosphereenvironmentwasmoreseverethanseawaterandsemi-
industrialenvironmentsonthestress-corrosionpropertiesofunwelded
stressedsteelspecimens. Thesesteelsrepresenteda rangeof strength
levelsproducedbyvariationsinchemistryandheattreatment.The
resultsindicatedthatsusceptibilityto specimendelayedfailures(from
stresscorrosioncrackingorhydrogenembrittlement)inmarineenviron-
mentscanoccurinsteelshavingyieldstrengthsas lowas 175,000psi.
SincehardnesstraversestakenacressA514/A517weldmentsindicate
thatultimatetensilestrengthlevelsinexcessof 175,000psi arepossible
intheHAZ, it appearslikelythatmarineenvironmentscanbe expected
to inducecrackinitiationandS1OWcrackgrowthinthesematerials,

IthasalsobeendemonstratedthatH2S, inconcentrations
as lowas 100ppm,inducesdelayedfailurein HSLAQ andT HAZmate-
rials stressedtoless thanyieldstrengthvalues.(35) It is generally
thoughtthatthemechanisminvolvedis hydrogenembrittlement.This
is a particularlysevereenvironmentandnocorrelationhasbeen
developedbetweenbehaviorinthisenvironmentandfailureinspecimens
exposedto otherenvironments.(24)

v. THECONTRIBIJTIONOFVARIOUSFAILUREMECHANISMS
TOCRACKINITIATION,CRACKGROWTH,AND

TERMINALFAILURE

A. FlawNatureandGrowth

1. Background

Theevidenceis thata structuralcrackwill initiatesooner
andgrowfasterinHSLAQ andT structuralelementsthantheywillin
comparablecarbonsteelstructuralelementssubjectedtothesame
structuralloadingsovera periodoftime. Thissituationarises
becauseoftheincreasedlikelihoodof sharpflawsearlyintheservice
life, higherresidualandimposedstresses, andenvironmentalsensitivity,

TheHSLAQ andT steelstructuralelementweldmentsare
morelikelytohavefabricationflawsanddefectsthanthoseof carbonsteel
builtandinspectedtothesamestandards.Theprimaryconcernis weld-
mentcracking.Unlessadequatecontrolsareapplied,delayedcracking
canoccuraftertheweldmenthasbeensubjectedtonondestructivetests,
Nonmetallicinclusionsandlaminationscontributetotheformationof
buriedflawswithorientationsunfavorablefor detectionbyradiography.
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Thestressconcentrationfactorofnotchesincarbonsteels
mayoftenbe reducedbyoccasionalhighserviceloads(referredto as
“shakedown”).HSLAQ andT steels, becauseof ahighratioof yield
to ultimatestrength,resistthebluntingof anotchsothatsharpflaws
inregionsof yieldstressloadingmaypersistduring
life.

2. InitiationandPropagationbyFatigue

theshipservice

Experiencehasdemonstratedthatcrackinitiationandgrowth
byfatigueis a likelyoccurrenceinshipstructuresandthatthemost
likelylocationsareatdiscontinuitieswhichprovidepointsof stress
concentration.ThegreaterlikelihoodofhavingcracklikeflawsinHSLA
Q andT weldmentsincreasesthepossibilityofhavingsitesfor fatigue
crackinitiation.

Lowcyclefatiguehasbeenconsideredtobetheonlysignif-
icantsourceof crackgrowthbyfatigueincarbonsteelshipstructural
elementsbecause,inmaterialswithsmallratiosof yieldto ultimate
tensilestrengths,occasionalhighloadings“wipeout’’hightensileresidual
stressesto providethefavorablecaseofmeanstressequalto zero.
Thisis notthecasefortheI-ISLAQ andT steelsusedin shipconstruc-
tion. Theextremelyhighresidualtensilestressthatcanbemaintained
inHSLAQ andT weldmentsrequiresthathighcyclefatiguecrackgrowth
underconditionsofhighmeanstressbe consideredinadditionto low
cyclefatigue.

Fatiguecrackinitiationlife is shorterinthepresenceof
notchesandfatiguecrackpropagationrateis higher,ona normalized
stressbasis(consideringpeakservicestressestobelinearlyrelatedto
materialyieldstrength),forHSLAQ andT baseplatematerialsthan
for carbonsteelmaterials.Thistrendcanbe expectedto be accentuated
inhighhardness,high-strengthHAZmaterial.(34>35)

3. EnvironmentalEffects

Slowcrackgrowth,bymechanismssuchas stresscorrosion
cracking,hydro,qenembrittlement,or theotherpost-datedenvironmen-
tallyaffectedmechanismsmustbe consideredas possibleinHSLA
Q and‘THAZmaterialsuntilinvestigationdemonstratesotherwise,The
onlyevidenceavailableas tothelikelihoodthatthismechanismof crack
growthcancontributetofailureis measuredhardnessofHAZmaterials
andtheexperiencethatmanymaterialsofthesehardnesslevelsare
sensitive”tothecombinationof sharpflaws,highstresses, andaqueous
environments.(36!37) A517F materialshavebeenobservedto develop
corrosionpitsinregionsofhighstrainandthesegeometricdiscon-
tinuitieshavebeenobservedtobethesiteof fatiguecrackinitiation.(31)

Crackinitiationandslowcrackgrowthbyhydrogenembrittle-
m(:r]tis particularlyinsidiousbecauseit is moredifficulttoprotect
;l.,~;.liflS~ bycoatin~andcathodicprotection.Thefollowingmechanisms



arealsosuspectedof contributingto
spheresor seawaterenvironments:

. Corrosionpitting

. Stresscorrosion
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slowcrackgrowthinmarineatmo-

Crackloadingbywedgingof corrosionproducts.

Stresscorrosionis a problemnotencounteredincarbon
steelmaterialsandis, asyet, onlysuspectinHSLAQ andT materials
becausethereis nodefinitiveevidencethattheproblemdoesexist. It
shouldbe emphasizedthatcrackinitiationandgrowthbehaviorofthis
typeinvolvetheinteractionof a complexsetofvariables,including
stressmagnitudesanddistributions,flawanddefectcharacter,and
metallurgicalvariationsthatcannotbedevelopedinsmall, simple
specimens.Also, theattainmentof a particularlydeleteriousset of
conditionsinaweldmentmustbe regardedas a statisticaloccurrence
relatedto samplesizewhichis morelikelyto occurina shipthanin
a laboratoryspecimen.

B. TerminalFailure

Thefailureof a structuralelementmayor maynotendangerthe
structuredependingonthestructuralfunctionoftheelement,structural
redundancy,andloadcharacteristics.ThecurrentusageofFISLA
Q andT materialsinshipstructuresis suchthatfailureofthese
elementswouldlikelyresultinseriousstructuraldamageif nothull

‘ failure.Thetwotypesof failurethatcanbeenvisionedareweakening
ofthehullgirderso thatit cannotwithstandserviceloadsor introducing
a fastrunningcrackintothecarbonsteelmaterialthatwouldnotbe
arrestedbythatmaterial.

Structuralelementfailure(otherthanexcessivedeformationor
compressioninstability)canbeclassifiedas:

Tensilefailureinresponseto unforeseenoverload.or to
service damagethatreducesthecross-sectionalarea
requiredto carryappliedserviceloads

. Fastfractureor unstablecrackpropagation.

TensilefailureanalysiscriteriaarethesameforbothcarbonandI-ISLA
Q andT steels, butfastfractureanalysiscriteriaaredifferent.In
general,thetransitiontemperatureapproachis adequatetopredictthe
fastfracturecharacteristicsof carbonsteels, butfracturemechanics
criteriamustbeconsideredinthecaseofHSLAQ andT materials.

Thismaybe explainedbyreferenceto Figure9, whichdepicts
fracturetoughnessconceptsfor steelsonthebasisof a normalized
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transitiontemperature.Qualitatively,carbonsteelsfit thetoughsteel
categoryandI-ISLAQ andT baseplatematerialare inthelow-toughness
steelcategory.However,HSLAQ andT HAZmaterialcanbe inthe
high-strength,brittlealloycategorywhichdoesnotexhibita transition
fromlowto highfractureenergy. Inthisdiagram,theeffectsof size,
rateof loading,etc., areneglectedbutcanbe consideredas accounted
Iorbynormalizationoftransitiontemperatureandfractureenergy.

Considering(1)thatEnergyavailablefor lastfracturecrack
propagationincreaseswithmaterialstrengthlevelbecauseofhigher
designstresses, (2)thatlaboratorytest resultscannotbecorrelated
directlywithservicebehaviorexceptformaterialsandtestspecimens
analyzablebyfracturemechanics,and(3)thatthedifferentlaboratory
testprocedureresultsdonotcorrelate,it is obviousthatthelikelihood
of fastfractureof similarstructuresmadeof differentmaterialscannot
be easilydevelopedintoa formsuchas is depictedbyFigure9. I-Iow-
ever, theNavalResearchLaboratory~asaccomplishedthedevelop-
mentof a methodforfastfracturecorrelationanalysisthatis suitable
foruse, as describedbelow.(26)

Carbonsteelfastfracturepropertiescanbecharacterizedby
theNDTTindexedFractureAnalysisDiagramas depictedbyFigure10(a),
inwhichcorrelationwasdevelopedfromserviceexperience.The
establishingof FTEat60°F andFTPat 120°F aboveNDTTis con-
servativesincemanysteelshavemuchless thanthistemperaturedif-
ferencebetweentheindexpoints. SinceNDTTmayactuallybelocated
atanypointontheCharpyV-notchimpacttransitio~curvefor steels,
thecrackarrestcurvecannotbederivedreliablyfromCharpyV-notch
impacttestresults. OncecorrelationbetweenCvpropertiesand
NDTTis established,however,theCharpyV-notchtestdataaresuf-
ficientfor fractureanalysisfor carbonsteelshiphullmaterialswhere
baseplatefracturetoughnessis less thanweldmentmaterialtoughness.

ThefirstproblemencounteredintheuseoftheFractureAnalysis
Diagramprocedurewasinits applicationtoHSLAQ andT materialsin
whichtheweldmentHAZductilefractureenergywasless thanthebase
platebrittlefractureenergyas depictedbyFigure10(b), andlast
fracturewasobservedto occuratless thanyieldstrengthstressand
higherthanI?TEtemperatureconditionsestablishedforthebasemater-
ial. Inthiscase, thefractureanalysisdiagrampro>-idesanupper
boundforpredictionof fastfracturebehavioroflowtoughnesssteel,
suchas theHSLAQ andT materialsof interest. Thisis useful,but
notsufficientfor analysis.

Theotheravailablequantitativeapproachtotheproblemis the
fracturemechanicsprocedureforhigh-strength,brittlealloysor mate-
rialsloadedbelowNDTT.(38-46) Figure11andTableVIIdepictthe
specimenusedanddataobtainedwiththisprocedureforHSLAQ andT
materials. Theas-quenchedconditionwashypothesizedforHSLAQ andT
propertiesof I-IAZmaterial,andthemeasuredhardnessvaluestendto
supportthisthesisalthoughthematerialwasnotsubjectedto as much
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TableVII.FractureToughnessDataforASTMA517FSteel

Net Gross
crack eection, section,

Thick- Width, length, Fr Str, Fr Str,
Temp, ness, L, c,

Spcch-r.en “F
~o;~’ ,i lo;: ,i

t, in. *. in._—

Quenchedandtempel
T1-11OT -300
T1-16m -150
T1-14aT -.40
TI-13QT o
TI-2CIT RT
T1-80,T 300
T1-9QT 600
T1-17 QT 1000

redcondition
0.901 5.011
0.908 5.005
0+903 5.019
0.895 4.995
0.891 4.992
0.896 4.955
0.904 5.000
0.902 4.955

Furnacecooledcondition
T1-7ANN -1oo 0.893 4,976
T1-18ANN o D.90Z 5.016
T1-4 ANN RT 0.881 5.021T1-6ANN 300 0.900 4.‘?24
T1-5ANN 600 0.898 4,984

As-quenchedcondition
TI-3 QTQ -200 0.9(I1 4.418
T1-15QTQ o 0.900 4.424
T1-1QTQ RT 0.905 4.302
T1-12QTQ 300 0.913 5,040
T1-10QTQ 600 0.903 4.017

1.365
1..457
1.207
1.260
1.287
1,240
1;340
1.301

1,298
1,128
1.197
1.146
1.363

1.137
1!150
0.893
1.314
1.o32

52.4
72.4
91.8
91.5
90.1
87,5
88.1
74.6

45.5
69.5
$7,-f
86.9
88.4

68.8
90.2

104.6
81.4
79.1

31.0
34.4
41.0
47.0
45.2
45.8
43,5
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plasticdeformationas hadtheHAZmaterial. Thedatafortheas-
quenchedconditionaredepictedbyFigure12(a)whereit canbenoted
thatthespecimenwasnotof adequatesizetomeasurefracturemechanics
planestrainfracturetoughnessmuchaboveO°F, Figure12(b)depicts
thecorrelationobtainedbytheinvestigatorsbetweenfracturetoughness
valuesandCharpyV-notchimpactenergywhichis usefulbecauseit
enablesuseofthebulkofthefracturetoughnessdataavailable.
Figure12(c)presentsthetheoreticalrelationshipbetweencracklength,
stresslevel, and“fra,cturemechanics”fracturetoughnessforthe
uniaxialtensilecase. It shouldbenotedthat,atabout30”F, themate-
rial ofFigure12(a)wouldbe expectedto fractureatone-halfyield
strengthstressif a throughcrackof 2 in. inlengthwerepresent. Sub-
sequentwork,usinga moresophisticatedspecimen,hasresultedin
obtainingplanestrainfracturetoughnessvaluesfor A517F baseplate
materialatroomtemperatureandcorrelationbetweenthesevaluesand
CharpyV-notchimpactvalues. Thesevaluesareconsistentwiththe
valuesof Figures11and12attemperaturesbelowO“Fwherethespeci-
mensizewasadequate.Thefracturemechanicsapproachprovidesa
lowerboundforpredictionof fastfracturebehaviorof lowtoughness
steelandappears‘cobe sufficientfor analysis,especiallyintheweld-
mentFiAZwhichis certainlyless toughthanbaseplatematerial.

TheA517F pointontheFigure13correlationcurvecorresponds
tobaseplatematerialwitha yieldstrengthof 110ksi, KICof 170ksi ~.
anda CharpyV-notchimpactenergyvalueattesttemperatureof 62 ft-lb.
Thisis roughlyequivalentto statingthata 2-ft-longthroughcrackin
strengthdeckplatingloadedto one-halfyieldcouldinitiatefastfracture
inthismaterial,if thematerialis thickenoughto developplanestrain
crackloadingconditions.I?orthecaseofa materialwitha yieldstrength
of 120ksi, CharpyV-notchimpactenergyvalueof 30 ft-lb, Figure13
indicatesa KICof 110ksi K. whichis equivalentto a criticalthrough
cracklengthatone-halfyieldstrengthof about8 inches. Similarly,the
simulatedHAZmaterialof Figure11wouldhavecriticalthroughcrack
lengthas lowas 2 in. for one-halfyieldstrengthstressloadingat30”F
as waspreviouslyindicatedbyotherwork,

Figure14depictsa carbonsteelpressurevesselwhosebehavior
is analyzablebythetransitiontemperatureapproach,andFigure15, its
behaviorinrelationshiptotheNRLfractureanalysisdiagram.

Figure16depictsanA517F pressurevesselwhosebehavioris
notanalyzablebythetransitiontemperatureapproach.Thisvessel
failedfroma smallflawata nominalstressless thanone-halfofthe
yieldstress. Thisvesselwasstressrelieved. It is interestingtonote
thatthefailureapparentlydidnotinitiateatthelargestflaws,which
werefatiguecracks. Ithasbeennotedinfracturetoughnessteststhat
suchbehaviorapparentlyresultsfromcompressiveresidualstressat
cracktipsderivedfromplasticloadingatfatiguecracktipswhichresults
inapparentlyhighfracturetoughnessvalues. Thisfailureis oneof
several.I-ISLAQ andT pressurevesseltestresultsthatfit thecorrelation
fracturemechanicsprediction.
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C D
(a) Afterbrittlefracturetestat30”F and 5200 psi
(b) Arc strike which initiated brittle fracture
(c)FatiguecrackidjacenttoNozzleNo. 9
(d) Fatiguecrackinshellwhichleakedat48,772cyclesand

4400psipeakinternalpressure

Fiq.16. TerminalFailureofVesselNo.6 l]
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Directapplicationofthedataobtainedto datehasbeendifficult
becausetestmachineloadcapabilitieshavelimitedspecimensize. This
inturncanproduceinvalidfracturetoughnessdataanddoesnotpermit
anevaluationof a complexweldjointintermsofmechanicalproperties,
residualstresses, andgeometricdiscontinuitiesthatcanonlybe
studiedwithlarge-sizedspecimens.

VI.CONCLUSIONS

Thesedataindicatethat:

(1) Fast fractureis possibleinweldmentsfabricatedof HSLA
Q andT materialsatnominalstresslevelsless thanone-
halfoftheyieldstressfromcracksof smallsize relative
to shiphulldirnensions.

(2) FastfractureofmanyoftheHSLAQ andT materialswhich
arebeingusedinshiphullconstructionshouldbepredictable
bythefracturemechanicsapproach.

(3) Thereis a generallackof quantitativedatarequiredto pre-
dictcracksizeas a functionof servicehistoryandloads
correspondingtopotentialfastfractureinitiation.This
informationis basictotheestablishmentof serviceability
criteriafortheHSLAQ andT steelsbeingusedinmerchant
shiphullconstruction.Theseserviceabilitycriteriainclude
qualitycontrol,inspection,andsurveillancespecifications
andstandards.

(4) A crackor flowcangrowto criticalsizeunderthecombined
influenceof servicestressesandenvironmentalconditions.

VII. RECOMMENDATIONS

It is recommendedthatthefollowinglaboratoryinvestigationsbe
performedto obtaintheessentialdatarequiredto establishtheservice-
abilitycriteriafor HSLAQ andT weldments:

(1) Studytheenvironmentaleffectsonspecimenssubjectedto
highstatictensilestressesto determineif mechanisms
suchas stresscorrosioncrackingandhydrogenembrittlement
causeslowcrackgrowth.

(2) Determinethec~ackinitiationandgrowthresponseto cyclic
stressesina marineenvironment,

(3) Establishthefracturetoughnessof FfAZmaterialsin
quantitativetermsusingfracture~mechanicstestprocedures.
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(4)Testcomplexspecimens(whichincludethevariouseffects

of residualstress, cracklikeflaws, andgeometricand
metallurgicaldiscontinuitiesIouridinrealhardwareweld-
rnents)todeterminetherelationshipbetweenspecimentests
andhardwarebehavior.
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GLOSSARY

As-rolled- Rolledmaterialwhichhasnopostfabricationheattreatment.

Austenite- A solidsolutionof oneor moreelementsinface-centered
cubiciron. Unlessotherwisedesignated,thesoluteis assumed
‘cobe carbon.

Cv, CharpyV-notch,test - A pendulum-type,single-blowimpacttest
of a specimencontaininga veenotchinoneside. SeeASTM
MethodE23.

Corrosionfatigue- Thereductioninfatiguepropertiesresultingfrom
theapplicationof cyclicstressesina corrosiveenvironment.

Delayedcracking- Crackingobservedinweldments,usuallyanumber
ofhoursor daysaftercompletionoftheweld.

DPFI,diamondpyramidhardness- Hardnessof a materialdetermined
witha pyramid-shapeddiamondindenterundervariousloads.
AlsocalledtheVickershardnesstest.

Drop-weighttest - A guillotine,single-blowimpacttestona specimen

Elastic

Elastic

containinga brittleweldcrackstartertodefinethenilductility
transitiontemperature.SeeASTMMethodE208.

deformation- Changeofdimensionswhena structureis stressed
belowtheelasticlimit, theoriginaldimensionsbeingrestored
afterthestresshasbeenremoved.

instability- Failureof a structuralmemberbyexceedinga
criticalvalueof loadabovewhichthedeflectionsandstresses
arenolongerproportionalto loadalthoughthematerialsof
constructionarestill intheelasticrange. Also calledelastic
buckling.

Elongation- Intensiletesting,thechangeinthelengthofthegagesection
whenfracturedwithinthegagesection. Usuallypresentedas a
percentageoftheoriginalgagelength.

Explosionbulgetest - Thesubjectionof atestplateto anexplosive
forcesufficientto producebiaxialstressesabovetheelastic
limitina circulartestsection.

Explosionbulgecrackstartertest - Thesubjectionof a testplatehaving
a brittleweldcrackstarterto anexplosiveforcesufficientto
producebiaxialstressesabovetheelasticlimitina circular
testsection. S~eNAVSHIPS0900-005-5000.

Fastfracture- Therapid,uncontrolledpropagationof a fractureat
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stresseseitheraboveor belowtheelasticlimit. Fastfracture
maybebrittleor ductile.

Fatigue- Thephenomenonleadingto fractureunderrepeatedor fluctu-
atingstresseshavingamaximumvalueless thanthetensile
strengthofthematerial.

Fatiguecrackinitiationlife - Thenumberof cyclesof alternatingstress
requiredto developa detectablefatiguecrackina material.

FTE, fracturetransitionfor elasticloading- Thattemperature,usually
NDTT+600F, abovewhicha flawcannotbecomeunstablewhen
subjectedto stressesbelowtheyieldstrength.

FTP, fracturetransitionforplasticloading- Thattemperature,usually
NDTT+120”F, abovewhichfailuremustoccurbyplasticinstability.

Fullyautomaticweldingprocesses- Weldingwithequipmentwhichper-
formstheentireweldingoperationwithoutconstantobservation
andadjustmentofthecontrolsbyanoperator.

‘ H2S- Hydrogensulfide,

Hardenability- Thepropertyof a ferrousalloywhichaffectsthedepth
ofhardnessinducedbyquenching.

Rc, Rockwell“C” hardness- Hardnessof a materialdeterminedwitha
120”conicaldiamondindentoranda 150-kgload.

HA.Z,heataffectedzone- Ina weldment,theunfusedmaterialimmedi-
atelyadjacenttotheweldpuddlewhichis heatedsufficientlyto
changeits microstructureor properties.

HSLAQ andT - High-strength,low-alloysteelswhicharequenchedand
temperedto developthedesiredtensileproperties.

Hydrogenembrittlement- Theloss inductilityofmetalswhichhave
absorbedhydrogen.

Interpasstemperature- Temperatureoftheweldmetalandadjacentbase
metalpriorto subsequentwelding.

K~c, critical stress intensity factor - The value of the stress intensity
factorsufficientto resultinunstablecrackpropagation.

Lowcyclefatigue- Failureof a materialinless than100,000cyclicload
applications.Generally,theloadsarehighenoughto cause
plasticdeformationofthematerialof construction.Sometimes
referredto as “plasticfatigue”or “highstrain”fatigue.

Lowhyclro~cntechniques- Techniquessuchas preheating,bakingof
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electrodes,etc., whichcontrolthehydrogencontentoftheweld
metal. Thisincludestheuseof lowhydrogen-mineralcoated
electrodes.

Martensite- A mstastablephaseof steel, formedbytransformationfrom
austenitewhenthecriticalcoolingrateis exceeded.

Microhardness- Hardnessof a phaseor othersmallareaof a polished
metalspecimen,determinedwiththeTukonor Knoopmethods.

NDTT,nilductilitytransitiontemperature- Thattemperaturebelowwhich
a smallflawcaninitiatefastfractureatyieldstrengthstress
levels.

Nonmetallicinclusions- Nonmetallicmaterials(usuallyoxides,silicates,
or sulfides) ina solidmetallicmatrix.

Normalizedsteels- Steelswhichhavebeenheatedabovethetransforma-
tiontemperaturerangethenaircooledto roomtemperature.

Notchedfatiguestrength- Thefatiguestrengthof a materialas determined
withspecimenscontaininga notch.

Plasticdeformation- Thepermanentdeformationachievedwhena
stressis removedafterexceedingtheelasticlimit.

Plasticinstability- Failureof a structuralmemberbyexceedinga
criticalvalueof loadabovewhichdeflectionsandstressesare
nolongerproportionalto loadbecausetheyieldstrengthofthe
materialhasbeenexceeded.

Postheat- Thermaltreatmentappliedafterthecompletion01awelding
or cuttingoperation.

PPM- Partspermillion.

Preheat- Thermaltreatmentappliedpriorto aweldingor cutting
operation.

Semiautomaticweldingprocess- Weldingwithequipmentwhichcontrols
thefeedof fillermetalandarccharacteristics.Theadvance
speedofweldingandmanipulationofthearc aremanuallycontrolled,

Shakedown- Thedevelopmentof a steady-staterelationshipbetween
stressandstrainina lowcyclefatiguetestor ina structure.

Shieldingsystem- A gasor combinationof gasesand/orslagwhich
protectsthemoltenpuddleIromtheatmosphereuntilmetal
soliclifies.

ShortcircuitingMIGprocess- Anarcw-eldingprocesswhereincoalescence

— -.
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is producedbyheatingwithrepeatedshortcircuitsbetweenthe
fillermetalelectrodeandthework.Shieldingis obtainedwitha
suitablegasor mixtureof gases.

Stresscorrosioncracking- Developmentoftransgranularor inter-
granularcracksunderthecombinedinfluenceof stressanda
corrosiveatmosphere.

Stressconce~tratio~ factor - The ratio of the maximum s’tress at the

root of a notch to the average stress over the e~’tire cross sectio~.

Submergedarcweldingprocess- Anarcweldingprocesswhereincoales-
cenceis producedwithoneor moreelectricarcsbetweena bare
metalelectrodeor electrodesandthework. Shieldingis obtained
bya blanketofgranularfusiblematerialonthework.

Tensilefailure- Fractureresultingfromstressesexceedingthetensile
strengthofthematerial.

UTS,ultimatetensilestrength- Inthetensiletest, themaximumload
thatthematerialcanwithstanddividedbytheinitialcross-
sectionalarea.

Weldments- Anassemblywhosepartsarejoinedbywelding.

Yieldpoint- Thestressatwhichanincreaseindeformationoccurswith-
outanincreaseinload. It occursonlyinmildor mediumcarbon
steels.

Yieldstrength,O.2%offset- Thestressatwhichthegagesectionof a
tensilespecimenhasundergonea plasticdeformationof O.2~0.

.
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souTIIwEsT RE5EARCI-IINSTITUTEQUESTIONNAIRE
SHIPSTRUCTURECOMMITTEECONTRACTNOO024-67-C-5416

1, Haveyouusedquenchedandtempered
HSLAsteels? (yes) (no)

For surfaceshipconstruction (yes) (no)

For repairof su~faceships (yes) (no)

For reconstructionof surfaceships (yes) (no)

2. Whatspecifictypesof quenchedand
temperedHSLAsteelshaveyouused?

3.

4.1

4.2

Are yourWeldingProceduresforthese
materialsavailableforuseinthis
program? (yes) (no)

(Weareinterest~dinall procedures,
i. e. , automatic,manual,all positions,
fillet, tee, etc.)

Doyouhav-eformalproceduresfor
controlof moisturein:

(a) Lowhydrogenelectrodes (yes) (110

(b) Submergedarc fluxes (yes) (no

If theaboveanswersareyes, arethey
available for use in this program? (yes) (no)

Ifyoudonothaveformalprocedures
for controlof moisturedoyouexercise
anyformof control?

Pleaseexplain.

(a) Lowhydrogenelcctrodos

(b) Submersedarc fl~lxcs



6.

7.

8.

9.

.~&

wouldberealisticforweldingA517mate-
rialsintheconstructionof merchantcargo
shipsinthefollowingthicknesses?

Thickness Preheat‘F Interpass“F

1/2”

1,,

1-1/2”

Over

Doyoufeelthatit wouldbepracticaltohave
morethanoneprocedureforthesamemate-
rial? i. e., a strictprocedurefor critical
areaswitha downgradedprocedurefor less
critical areas.

Axeyournondestructivetestingpro-
ceduresavailableforuseinthis
program?

Whattype(s)ofnondestructivetech-
niqueshaveyouusedto inspect
weldmentsof HSLAonmerchant
cargovessels?

(yes) (no)

(yes) (no)

Visual MagneticParticle

Radiography Ultrasonic

Whattypesof impactof fracture
toughnesstestinghaveyouused
whenqualifyingweldingprocedures
forquenchedandtemperedsteels?

10. (a) Doyouhavea recommended
minimumweldingprocedurefor -
repairweldinganycombinationof
HSLAsteelsandplaincarbon
steelsthatmaybefoundin car’go
shipweldments,tobeperformed
in smallremoteportsandat sea
whereweldingsupplies,procedure
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controlsandwelderqualifications
arelimited? (yes) (no)

(b) Is thisprocedureavailablefor
useinthisprogram? (yes) (no)
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