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ABSTRACT

An investigationwas made to determinethe dependenceof zonesof low duo-

tilityin weldmentaupon the steeland upn the weldingconditionsand heat

treat!mnt.The ductilitywas evalustedby meansof eccentricnotch-bartension

testsconductedat variouslow temparaturee.

A zoneof low ductilitywas foundin two low oarbonshipplateeteeleat a

distanoeof O.3 - tl..4afrcm the weld centerlinewhen the weldmentswere made

with 100?Fpreheatand interpasstemperature.

A 400% preheatand interpasstemperaturetiprovedthe ductilityin the

criticalzone,loweringthe transitiontemperaturefrom-20’%to -45%.

A 1100??pwtkat practicallyeliminatedthe zoneof loweredductility,the

transitiontemperaturebeingloweredto +O%F,

Temperaturemeasurementsmade duringweldingshowedthat the embrittlad

regionwae not heatadabavsthe lowercriticaltem~rature,

No changein micrcetruoturecouldbe notedbetweenthe critioalzoneand

the Unaffec%d baseplate. Microhanineestesteehowedonlyelighthardeningin

the embrittledregion,

The occurrenceof the embrittledregionis thoughtto be due to comasub-

criticaltamparatumphenomenawhichmay be the supersaturationand precipitation

of carbonor carbideefrom the alphaphase.



QTTRODUCTION
,.

This reportsummarizesthe workcompletedon a projectsponsoredby the

ShipStructureCommitteeand conductedunderU. S. NavyContraotliObs.4fi70

and coversthe periodfromSeptember1, 1948 to July 1, 1949. An earlierreport

SSC-2.4,(I)* coveredthe periodfromJuly 1, 1947 to September1, 1948.

Steel structureshavebeen”.shownto fail in a brittlemannerwhen subjeoted

to certainservioeconditions.The conditionswhichmey lea~ to brittlefailure

includemultiaxialstresees,stressconcentration,low temperature,sectionsize,

and rate of ldading.

The ductilityof a etructy.reloadedundera combinationof theseembrittling

factoremay be reducedtQ a low value, Ductilitythenbecomesa more important

measureof the structure:sresiBtsnceto failurethen its strength,sinceit is

knownthat a crackmay propagatethrougha regionof low ductilitywith the

absorptionof only a smallamountof energy.

Since the inoidence of brittlefailuresin shipshad increasedwith the

adoptionof the weldingprocessfor fabrication,it was felt thatthe welding

processmust alterthe propertiesof steel. Variousinvestigationsemployinga

numberof differentspecimenshave shownthat the ductilityof a weldmentis

lower+&n the ductilityof the steelof whichthe weldmentis mede.

The generalpurposeof this investigationwas ta establishthe existenceof

zonesof low ductilityin commerciallyweldedship plateby means of a teetwhich

wouldbe sensitiveto variationsin materialend weldingcondition. If such

zonescouldbe isolated,investigationwas to be made of theirdependenceupon

materiel,variationsin the weldingprocess,and heat tree.tament.

The firstreport(1)showedthata zoneof minimumductilitywas locatedat

a distanceof 0.3 - 0,4 inchfrom the weld centerlinefor a weldmentmade from

‘Cw steel with a l@?F preheatand

* Numbersin parenthesesreferte

interpasetemperature.The transition

the bibliographyat the end of the report.
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temperatureof this zone,as determinedby the eccentricnotchtensiletest,

was -20°Fae comparedwith-65??for the unaffectedbaseplate.

The investigationwas extendedto coverWA* steeland the effectsof pre-

heatingand post heatingon ‘Cw steel.

,,, ~~~.~ ,,

The shipplatesselectedfor this investigationwere two of the so-called

‘projectSteelenwhichhave been investigatedby othergrrnqxunderthe sponsor-

ship of the Ship StructureCommittee. Steel‘Cn was selectedbecauseit bss

been shownto havea high transitiontemperature,and steel‘AR was chosenbe-

causeit has a lowertransitiontemperaturealthoughit hae the same approximate

composition.Bothwere semi-killedsteelsand in

The propertiesreportsdfor thesesteelsare

the ‘as*rolledncondition.

as followe(2)s

TABIE I

Pro~ertiesof SteelPlate

ChemicalAnalysis

C Steel

A Steel

C Steel

A Steel

G steel

A Steel

c-

0.24$

0.26%

0*OM

O.ou%

&
0.00%

Oaox

WIvanes~

0.4.6$

0. 50%

EQ$sa!

0.02$

0,02$

Ml@Q/

o .009%

0.004%

~hoSDhorouq SJ&Qg SQ&LQ

0.01.2$ 0.026% 0.05$

O.om 0.039% 0.03%

Q?RESS QIZ&?E& @ok-

0.03% 0.03% O*OQ5%

0.03% 0.03% 0.006%

Jzr%uwu -

d 0.02% <0.01%

<0.02$ < 0.01%
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Mechariicalproperties
,..

YieldPoint TensileStrength Elongation
D$i ?28i .—, ,..,perten?

C Steel 39,000 67,400 25.5(@’gage).,,,.

A Steel 37,950 59,910 33.5( 2’’gage)

,,

wwwE, .

TestSDecimen

Many typesof specipenshavebeen used to evaluatethe propertiesof steels,.

and,[eldedstructures.,,Inorderto’establiehthe existenceof zonesof lowered
‘., ,.,

ductility,a specimenwas neededwhichwouldtest onlya emallvolumeof metal,

sincethe ductilitygradientwouldbe expectedto be quitesteepin a critical
,. .,...

region. Such a testmust also includesomeof the previouslymentionedembrittl-

ing factorswhiohserveto lowerthe ductilityof the wholeplateto sucha point
,..

tlmt the minimumor criticalregioncan be located. The eccentricnotchbar

tensiontestmeetstheserequirementsin t@t a very smallvolumeof metalcon-

trolsthe reactionof the epecimen,that is, the fiberat the notchbottomwhich

is subjectedto the maxi~, tensionstressis the fiberin whichfractureinitk-

ates (andpropagatesthroughthe specimen.) The poeitionof thie fibercan be

chosenat will. The embrittlingfactersof eccentricloading,multiaxialstress,

and a stressraiserare presentin the eccentricnotchtest and.Low temperature

can be added.

The eccentricnotchbar’tension test”liasbee’nused in a numberof inv&!hi-

gationeto differentiateamongsteele(heattreatedto the samestrengthlevels)

whichare knownto have differentservice“properties(3)(4), ‘InFig.’~ the

propertiesof four steelsare compared,at room temperature,.~.meansof con-

centricand eccentricnotchteste(3). “Thqdataused to draw thesecomperiaon



curvesare shownin Fig. 2 wherenotchstrengthratio*ig plottedfor both the

concentricand the eccentrictestsas a functionof ductility.Thereappears

to be a relationbetweenthe two typesof notchstrengthsand the ductilityas

measuredby the contractionin ereafor the concentrictsst. Up to two per cent

ductility,the ccincentricnotchstrengthseemsto be dependentupon the ductility.

Specimenswhichare strainedover two per centhave loet theirhigh initialstress

concentrationwhichwas one of the embrittli.ngagentsand consequentlythe notch

strengthbecomesindependentof the ductility.The eccentricnotchtest,however,

extendsthe dependenceof the notchstrength@n ductilityup to approximately

ten per centby thebdditionof anotherembrittllngfactor,that of eccentric

loading.

It can be seen from“Fig.1 that the eccentricnctchtestwas able to detect

difference in the foursteels. Th6’ratirigme,?in the same orderas that shown

by the concentricnotchtest,i.e,, the two nickeleteelsgavehighervaluee

than the chromiuasteel,with the manganeseeteeleshowingthe poorestperform-

ance. The““ductilitylevelof ebipplatesteelis too”high to showup &y regions

of loweredductilityat roomtemperaturebut with the additionof the added

embrittlingagentof low temperatmrathe eccentricnotoh bar tensiontestcan be

expectedto detectdifferencesin the varioussoneeencounteredin a weldment.

Weldin9Procedure

All of the weldmentswere made at BattelleMenmrialInstituteunderclosely

controlledconditions.Detailsof the weldingprocessare givenin Figs. 3

and 1+.

Each weldmentwas 18W x 2,4!!x 3/f+W,constructedof two plates9n x 24s x 3/4n

.——

* Notchstrengthratiois definedae the ratiobetweenthe notchstrength
and the tensileor ultimatestrength.
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in dimena~ona.Thesep~tes were flamecut from the samelarge~atep:and 3/4

inchwas machinedfrom the edges b be welded b order to e~t,a the heat

effectof the flamecutting. The edgesto be weldedwere.then mchined $ a

30° beveland 1/8 inchrootface as shownin Fig. 3. ~~

The plateswere tickweldedusing one inchtacksat eachend and at the. ~~ ,.

centerof the plate,leaving3/1611cleereaoebetween

back-upbar coatedwith a thinlayerof wollaetonite

pass.

No restraintotherthan the tack weldswas usdd

tbe root faces. A copper

was used for the firs+rweld

on the weldmentsand since

two inchesfrom each end of the platewere b be discarded,no runofftabswere

required. All i.eldingwas manual,using ~/l&inchdtamete$E631Oelectrodeswith

N reverse polarity.‘Tieweldihgdata @e ‘givenin”‘TableII.
,,

TABLEII

WeldinsData

Harniecbfeger- D. C. Welder
,.

Electrode3/16”E601O

Cwrent 150 amps

165 tl15pS

volt&e 25 v01t5

WeldingSpeed 3.6 in/rein

4.8 in/rein

ElectrodeBum
Off Rate 8.5 in/rein

ReversedPolarity

Pass 1

Passes2-6

Paeses1-6

Pass 1

passes2-6

passes1-6

The waldments,were preheatadpriorto the f?r$tweld Pass. Aftereacp Peee

the weld jointwas coolednormallyin stillair untilthe deeiredinterpass

temperaturewas reachedand.then the next,Fes was ~de.
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Weldmentswere tideusing~00~ prehedtand“Interpasstemperature”and 400%

preheatand interpasstemperature.A totalof six weldmentswerema~e for this

phaseof the investigation.

Aftercompletionof weldir&;the weldedjointwas sand blastidand then

radiographedfor weld imperfectionst

TernueratureMeasuremente

Tempilaqwas used on comeof the iveldmentsto determinethe 620% and

IWO% isothermson the surface.

On two weldmentstemperaturemeasurementswere made at the

the plateduringwelding. Theseweldmentswere madewith 100?F

midthiclmeseof

end 4CQ% preheat

and interpasstemperatures.Thermocoupleswere placedat varyingdistancesfrom

the weld centerlineso that the rangeof temperaturefrom 13000Pto 6QOcTcould

be covered. The thermocoupleholeswere,3/32ndiameterdrilledat ~o angle,

parallelto the machinedbevelsurface..”.Theholeswere staggeredso thst the

tempmaturedistributionwas not disturbe.din frent of each thermocouple.

Fig.

same

were

some

5 showsone of the weldmentswith the thermocouplesin place.

All temperaturemeasurementswere made at the midthickneesof the plate,the

regionthatwas testedin the eccentric.notch.tests. High speedrecorders

used to recordthe temperaturesfromthe start_of eachweldingpassuntil

timeafterthepeeswao completed.

S~men P:euaratioq

Strips,1/2 inchwide,were cut fromthe weldedplatesperpendicularto the

weld. Each stripwas etchedso that theweld areawas visibleand the weld

centerlinecouldbe located. The specimenlocationswere then laid out eo that

the notchbottomwas the desirsddistancefrom the weld centerlineand so that

the fibercarryingthe highesttension landwas alongthe midthickneasof the
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plate. The locationof sucha specimen(awayfrom the weld)is shownin Fig. 6.

The notchtest specimenis shownin Fig. 7,. Thesespecime~ had a circumfer-

ential60° V-notchremoving50 % of the cresssectionalarea,and e’ro6tradius

less than0,001 inch.

TestiaePrccedurq

The testequi~ent and procedurewere the same as thoseused in the first

partof the investigation(l).

‘me specimenswere placedin the fixtures,Fig. 8, so thatthe,fiber from

the center‘ofthe platereceivedthe maximumtensilestress. The initialeccen-

tricitywas set at l/l+n,that is the centerlineof the specimenwas displaced

l/Lw frem the line of pull of the tensilemachine,as shownin Fig. 7.
,,

The Specimenwas cooledto a temperatureabout 5’% belowthe desiredtesting

temperature,allowedto warm up to the tesLing temperatureand then tested. The

testswere performedat constanttemperaturesincethe testingtimewas about30

eecondswhereasthe warming-upratewas ahout1%/min. The specfmenswere cooled

by meansof isopentane,dry ice,and liquidnitrogen. Temperatureswere measured
,..

by placinga pentanethcmmcraet.erdireatlybaside$Iw spmfamns. All of the IWG+.S

were carriedout at a low etreinrate, the crossheadspeedcf the tensilemachine

waa approximately 0.1 inch per ucinute.

The propertythatwas meaeuredwas the eccentricnotchstrength,maximum

loaddividedby the originalareaat the notchbottom.
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pm..

,, s~Qd Colmler-

. The .duct$li~yMinimumwhichwas’observedfor the ‘C* ste&lat a distanceof

0.3 . O.~ inchfrom the weld centerline(1) probshlywouldocc~ in’weld?iintemade

of othersteels. In orderto checkthisan investigationwas made on ‘d@ steel,,

weldments. Theseweldmentswere weldedusingthe same conditionsas for the *CR
,.,

steel(1).

The datefor all of the eccentricnotcht-sstsappaersin the appendix. The

distributionof valueefor the unaffectedbase Plate:testedat vmi~us tpqpera~
,...,.,:,,.’,:”,,.

tursa, Fig. 9, wae of the same typeas thatfor the ~C~ steel,Fig. 10,except,.

thtrtthe entiredistributionwas shiftedto lowertemperatures,,thetransition..,,..
temparetureebeingabout-80’%’as comparedwith -65°1J for the ‘iCnqteel. The

,.,,,. , ,..

rangeof valuesfor a giventestingtemperature,w:aalso,smaller,particularly
... , ,,,.

at the highertemperatures,indicatingthatthe ‘An steslwas slightlymore
,,“, ..,;;. ,.,.

uniform.
),,!,,:.:: . .

In orderto compareresultsfor the two steelsand.$hreeweldingconditions,

averagecurveswere drawn(dashedcurvesin the figures). These,averagecurves
....:

were drawnmidwaybetweenthe upperand lowerlimitsof the distri,b,ytione,A

comparisonof the averagecurvesfor the ‘An and ‘Cn steelbase plates,Fig. 11,

showsthe loweringof the transit.iontemperature. The differencein veluesat

the higher

‘Cm stsel,

testingtempsrat~esis due to the highertensilestrengthof the

(seeTable I).

* Unaffectedbase platespecimenswere takenat distanceeof two inchesor more
from the weld centerlineand thuswereunaffectedby the welding,sincethe
maximumtemperaturereachedin this zonewas 1sss than6CK@Ffor all
weldingconditions.

~ Transitiontemperatureis here definedas the
the averagenotchstrengthcurve (daehedline
aboutthe same temperaturees the knee in the

temperatureat the midpointof
in the figuree),whichgives
uppsrdistributionlimit,
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The distributionof notchproperties,determinedat -1OOF,at various

distancesfrom the weld centerlineis shownin Fig. 12. The eccentricnotoh

etrsngth

observed

the weld

The

definite

W..Sfairlyuniformacrossthe pl,?,te.Howevera sI.ightminimumwas

at 0.3 - 0,4 inchfrom the weld centerlines.ndthe slightmaximumat

junction0.1- 0.2 inchfrom the weld centerline,

distributiondeterminedat -70%, Fig, 13, showedthe presence of a

minimumat the location0.3 . 0.4 inchfrom the weld centerline.A
.

maximumis alsoevidentat the weld jonction. The positionsof the minimumand

maximumare identicalwith thosefoundfor the ‘Cn steel.

Testson a numberof epecimensof ‘An steelfrom the regionof low ductility

weremade at varioustemperatures.

that the transition*mpero.tureIs

curvefor thispositionof mininim

Fig. 15, showstht the cutiesare

beingabout20°F lowerthsnthat

~eheat and Fosthea~

In orderto investigatethe

From thesetests,Fig. L?+,it ce.nbe seen

about-40%. A comparisonof the average

duotilitywith a similarcurvefor ‘Cm steel,

vesg eimilar,the

for the ‘)C”steel.

possiblobeneficial

curvefor the ‘Am steel

effectsof preheatingand

postheating,weldmentsof W m steelweremsde usinga 400%’preheatand interpass

temperature,and a postheattreatmentwas givento a ‘Cn steelweldmentwhlehhad

been weldedwith a 100°Fpreheat. The postheat traatmentconsistedof holding

tineweldmentat llOO°Ffor one hour,furnacecoolingto 3C@F, followedby air

coolingto roemtemperature,

The samplingand testingtechniquesfor this phaseof the workwere kept

the sameas previously.(1)

The resultsfor the 4CQ°Fpreheatare

te be expected,the distributionof values

givenin Figs. 16,

for the unaffected

17 and 18. As was

baseple.te,Fig.

—



16,

the

was practically

distribu~ionof

-1o-

Identical.to thatfor the 100°Fpreheat,Fig. IO. However

valuesacras the weld determinedat -8@F, Fig. 17, showed

a definite.,improveme]].t,over the 1000Fpreheat,in the regionof low ductility.

The va:ia~i~nof valuesin this region IS greater and e,pproa~hes that of’ the

baseplate. .!..,,

This improvementcan alsobe seen in Fig. 18, whichshowsthe changeof

notchstrengthwith temperaturein the zonoof lcw ductility. ~he transition

temperaturehas beon shiftedto akx?ut.-450Fas comparedwith -20? for the 100%

preheat,(seeFig. 15.)

The resultsfor the ll@°F ~athea,tare givenin Figs. 19, 20 and 21. The

distributionof valuesfor the unaffectedbase plate,Fig. 19, showedless

variationthanthe weldmnts

variationof values was less

tempe~turewas shiftedto a

whichwere net postheated,Figs.10 and 16. The

at the highertemperc.turesand the transition

lowertemperature,-75% as compared.with -65QF.

The distributionof notohstrengthsat -@S?F,Fig. 20, showsthat the

minimumwhichwas previouslyobservedat 0.3 - 0.4 inchfrom the weld centerline

has beenpracticallyeliminated,that is, the materialin this zone showsthe

esmerangeof valuesas the unaffectedplate.

The eliminationof the minimumshoweup as a loweringof the transition

temperaturefor thisregion,Fig. 21. The transitiontemperaturehas been

shiftedto -’70°Fas comparedto -20% for the meldmentwhichwss not postheated.

A comparisoncan now be madeon the effectsof preheatingand postheating.

The transitioncurvesfor the unaffectedbaseplatesof ‘Cw steel,Fig. 22,

show that:
,,,

1) Data for the 100% and @°F preheatfit on the same curve-

2) Ths posthested platehas less v.riationin valuesbut almostthe same
transitiontemperatureas the plateswithoutpostheet.
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The notchstrengthat the highertestingtemperaturewas lower
for the postheetedplatebecause of a slighteofteningof the
material. Thiswas shownalsol& the hmdness testsdescribed
later.

A comparisonof the distributionsof notchstrengthacrossthe welds

dbt,erminedat -&l°F,Fig. 23, showsthe improvementwhichhas been made. The

400°Fpreheatshowsa definiteimprovementand the poetheattreatmentvirtually

eliminatesthe regionof low ductility.

This improvementis evenmore noticeablein a cemperisonof the transition

curvesfor this region,Fig. 24. The transitiontemperatureof -20~ far the

100°Fpreheatwas shiftedto -45°Fby the 400%.preheat,and to ’70~ bY the

poetheattreatment.

!!&Q?@’Q@.%!32

An inveeti.gationwas m.de on the microstructurein the criticalzone

from the weld centerline)for all threeweldingconditionson ‘C” steel.

(0.35

In Fig. 25, photomicrographefor the unaffectedbX?e plateand the 0.3n

positionat lOOxend 2000xmagnificationsare shownfor a ‘tC”steel’weldment

with100’?Fpreheatand interpsss‘temperat~e.Thereeeemsto be no difference

in the structure of thesetwo locatione.

In Fig. 26, photomicrographsare shownfor the 0.3n positionfor ‘Cn steel

weldmentswhichwere preheatidat 400% and postheatedat 11OO’%. Theee,also

eeem to have the esme structureas the unaffectedbase plate.

!BCr ~Naiwo Teat&

Microhsrdnesetestswere made on all of the weldpentswith a TukonHardness

TesterusingE 136°DiamondPyramidIndenterand 1000 gramload. The inden-

tation were about0.004inch (0.1mm) long and were spacedat intervalsof

0.01 inch (0.25mm).
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Micrehardnesssurveysmere made acroasrepresentativesectionsof all the

weldsat themidthicknessof the platss. Thsseresultsare shownfn Fig. 27.

The greatestvariationin hardnesswas shownby the ‘C* steelweldmantwith

l@F preheat. A numberof hardnesspeekswere found,the highestone being

at thiweld j6nction. The otherpeaksweredue to the compositsheat affected

zonecausedby the six weld passes. To comparethis scalewithRockwellherd-

ness tests,the maximumhardnessof 2&0 on the DPH scaleoorreepondsto about

RockwellC20, &d” the&inimumhardnessof 150 on the DPH scalecorrssponda
,,

aboutRoc&ell ‘“”B~.
,,

The‘hc~’steelweldmentwith400°Fpreheathad almosta flat hardness

distributionwith no prominentpesks.

The hardnessdistributioncurvefor the weldmentwhichwas postheo,ij~d

to

was

$igilarto,that of ~he weldmentwit,houtpastheatexceptthatthe peakswere

loweredfrom a ma@mm of DPH 2+0 to DPH 2CK).The overalllevelof the tihole

curvewae +xleoloweredindicatingsome softeningof the wholeplate.

tic!!

for

Thp hardness,curvefor the.‘AW.steelweldmentwas similarto thatfor the

eteelweldment,but the p+?akswere

the ‘An steel.

A moredetailedinvestigationwas

lower and the overall

made of the.‘Cw steel

curve was lower

weldmentwith

100°Fpreheat. Surveyswere made acroesthe thicknessof the plateat various

distancesfrom,theweld centerline.From thesequrveysa model,Fig. 28, was

constructedwhich showsthe overallherdneespictureand the complexity

heataffectedzone. The sketchin the figureshowetie positionof the

ment and the six weld passes. The effectof eachweld paes can be seen

of the

weld.

as a

peak in hardneas,the zonesfrom eachpeak blendingtogetherto give the over-

all picture. The zoneof low ductilitylies in the ragionbehindthe hardness

peakswherethe hardnessdistributionis relativelyflat.
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line,Fig. 29, show
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frcwithe modelat vario~ distancesfrom the weld center-

the magnitudeof tihepeaksespeciallyat 0.08 and .12

inchesfrom the weld centerline.

Temoarature!JeaiivremenQ

The resultsof the temperaturemeasurementsmade duringthe weldingof the

‘Cn steel,as illu8tra,tedin Fig. 5, are givenin Figs. 30, 31 and 32. In Fig.

30, themaximumtemperaturesreachedduringthe weld!.ngprocessare shownes a

functionof the distancefrom the weld centerlinef& the weldmentswith 100%

and @Q°F preheatsrespectively.In the regionof low duotility(0.3- 0./+inch

fromweld centerline)the temperatureevidentlyneverreachedthe lower-critical

temperaturefor eitherweldmnt.

In Fig. 31, the oompleteheatingand coollnghistoryof the regionof lew

ductilityis given for both weldingconditions.For eachweldmentthe peak

temperaturesdecreasefor the last threeweld pas ses. The 400% preheatweld-

ment showeda higherpeak temperaturefor the firsttwo passesthan the 1000F

preheatweldraent.

A comparisonof the he~tingand coolingcyclesfor the firstpass for the

two weldingconditions,Fig. 32, showstho.tthe 100% preheatweldmenthas a

fastercooling rate. ‘fhiedifferencein coolingrate can be shownfor all of

the weld paases.

sDecimenSize

The changesin notchstrengthand hardnesswere very rapidas the distance

from the weld centerlinewas increasedfrom zero to 0.5 inch. Consequently,a

smallerspecimenthan the specimenwhichwes usedmightbe expectedto ehomup

greaterdifferencesin notchstrengths.

—.
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few specimenswere made of ‘Ad steelwith 0;212moutsidediameterand

notchdieme.ter.The aree,of the notchedsectionwae thus one-halfof

thatof the standardspecimen. Testswere,takenfrom the weld metal,base

plateand the zonescontainingthe timum and the minimumeccentrionotch

etrength. The epecimenewere teeted at -70% and the resultsare ehownin

Fig. 33 superimposedon the

13)*

In the zone of“minlzmm

resulteof the standardepecimene(takenfromFig.

ductilitythe notch strengthsof the smallerspeci-

mens fell In the rsngeof valuesof the standardepecimen. In the otherposi-

tionsthe smallerspecimensgave highervalues. However,a highernotch

str&ngthwould be expectedin theseregionsbecauseof the slightlysmaller

effectivenotohsharpness*,and the regularsectionsizeeffect. The clifference,

howeverflwas small. In the regionof low ductilitythe fiberin mexim~ ,teneion

controlsthe reactionof the specimenso thatthe above-mentionedfaotorehave

a negligibleeffect.

This specimenthenoffersno advantagesover the standardspecimenwhen

takenfram the centerof the plate.

SubcriticalHeati~

The temperaturemeesurementsthatwere made indicatedthat the embrittled

zonefor the 100% preheatweldmentwas cooledfrom about1000OFin the first

threeweld passes. An attemptwas made to duplicatethe embrittlementshown

in the regionof low ductilityby swansof heatingand coolingof base plate.

Blaiksof ‘Cn steelbaseplatewere heatedto 9SOOFhold for 5 minutesand

cooledto give threeclifferentcoolingrates,air cool,oil quench,and water

* Notchsharpnessis definedas the retio of the radiuaof the cross
sectionat the notchto the notchradius.
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quench. Stendardspeoimne were made.and tastedat -80%.

for all tlmeeratesof coolingwere 10X,.Fig. 3&,~~add when

The notchetrengthe

comparedto the spread

of valuesfor the baseplate*”at -80%, it can be ee.m thatthe materialwae em-

brittled’by thfa haatingend cooling. The sptid itiV&ies””for.Mae platetested

at -120??ivillencompeasall of the valuesso thatin effectthe transition

temperature

heatingand

stemperature

aPPea= tAJheve’“beenraieedepimximetaly400F by thesesubcritical

coaling cycles. This is comparable’to the changein transition “‘

in the ‘Cm steelweldmentwherethe transitiontemperatureof -65’%

in the unaffectedbaae plate,Fig. 10, was raisedto -20% in the critioal

region,Fig. 15, a changeof about45%,

W CUSSIOIVOFm

The tasparaturemeasurementswhichwere, ~de, duringweldingon both 10I)OF

and 400% preheatweldma~tsehowedthat the zo,ne,o:,low ductilitywas not heated

abovethe lowercriticaltemperature.Also,“nodifference,in micTo@ruoture

couldbe distinguishedin the structuresin the criticalzoneand in the nn-

affectedbase plate.

The hardnesetestscannotbe correlatedwith the notchstrength. The.peak

in hardnesswae associatedwith the maximumin notchetrength,but the rn$nfmum

in notchstrengthoccurredin a regionwherethe herdnesevariationswere leval-

ing off.~.Therefore,hardnesscannotbe usedas a measureof ductilityin theee

weldmentse

& inveettgationon the annealingof low carboneteel(5) has shownthat

thereare threefactors which change ,the.properties of.a steel when it is cooled.

The first of theeeie the gamma-alphatransformationwhichrssultsin ~.reduced

grainsizeand higherhsrdnees....If the coolingis sufficientlyfast a..zarter?-

eiticstructureis forawdwhichon temperingstillremainsrelativelyhard and

* SproCM3in vahw ti$ o&%tiE@ fr~ Fig. 10.
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has a ductilityhighert&n that:of pearlite. ‘fhismay thenaccount.for the

maxhum in notchstrengthwhichi?asobeervsd.

The remainingfactorsmy accouzitfor the ductilityminimumwhichwas obeerv-

ed. The firet,,the solptioneffect,is essentiallythe formationof a supers&tu-

ra&adsolidsolution of carbon in ferrite which 1S harder thaq the equilibrium

,. mix$ure. Aasocia+edwith thisis the otherfactor,aging. It resultsfrcmpre-

cipitationof carbonor carbidesfrom the aupereaturstedsolution. Thesolid

eolutionfactorhas its maximumeffeot upon faet quenchingfrom the lowercritital.

~~However,,the agingeffectwouldbe expectedto havea maximumeffectat.some

criticalpointof time and temperature,beyondwhich.the effectswould&

decreased.Thesefactorshave been shownto producean increaeein hardneseand

an accompanyingdecrease“it’”du~tilityti””lbwcarbonsteel.
,

The solidsolutionand agi~ effecter& occtisimultaneouslyat the cooling

:ratesfo~d in the region‘ofl& ductility”in”the weldmente. The heatingand

coolingcurvesshow&dthat the temperature&d not reach the lowercriticaland

the cmling Fateswere’:not fastenoughto obtainthe nwiximumsolidsolution

effect, However,the time-temperaturerelationswhib~ are encounteredin the

criticalzone””for a weldmentwith 100@ preheat’may’& those’;whichwouldcause

maximumembrittlement.:The 4000Fpreheatwsldmenthid a slow6rcoolingratewhich

wouldpermitless of the eolidsolutionand agingeffetitsand thus explainthe

improvementin the criticalregion. The almoetcompleteeliminationof the

criticalregionby the posthoat treatmentwouldthen be attributedto ‘overagia@,
./,

that is the agingeffectwas cmrie’dpest‘thecriticalPoint.s Accordingto this

hypd,hesis,varyingoornbinetioneof preheat‘andp6etheatwciiidbe expectedta

‘“give’differentdegreeeof improvementdependingupon whetherthe sclutlonand
,.,.
ri@% effectswere carriedto, or poet,thb;critical“pb!rit*

,,...),

* Thiseffectof overegingwas observedfor the-lowcarboneteel (5).

,,,. .
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1.

2,

3*

h.

A ●one of low ductilitywas detoctodin the weldedplate,at e.

distanceof 0.3 - o.~~ fTOM the weld centerlinefor both ‘Cn

steeland ‘An steelweldedwith 100% preheate

A 400°Fpreheatimprovedthe ductilityin the criticalzane,

loweringthe transitiontemperaturefrom -20% to -L50F.

A llOO°Fpatheat practicallyeliminatedthe zoneof low

ductility,the transitionbeingloweredto -70~.

Temperaturemeasurementsshowedthatthe occurrenceof this

regionof

phenomena

carbonor

low ductilityis due to somesubcriticaltemperature

whichmay k the supersaturationend prec~pitntion of

carbides.

—
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APPENDIX

TARIEI

kti C Steel Weldments ,100%’ Preheat
Distance Testing Eccentric ~ Distance Testing Eccentric
from Weld Temp?m. Notch from Weld Temper- Notoh

Centerline ature Strength ! Centerline ature Strength
Inches

~
C&Q.&Q Znches OF CQoUsi

0.0
O*O
0.0
0.0
0,0
O*O
0.0
0.0
0.0
0.0

0.1
O*1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.2
0.2
0.2
0.2
0.2
0,2
0.2
0.2
0.2
0.2

RT
RT
-lo
.10

-/!+0
-40
-60
-63
-8o
-843

RT
RT
-10
-lo
-.40
.40
-60
-&
-80
-80
-80
-8o

RT

-E
-lo
-40
-Lo
-60
43
-80
-80

93.5
98.6
105.8
108.0
113,0
111.5
89.2
109*O
11O*O
109.5

109.0
101.5
127.5
113,0
122.6
109.7
113,8
123.0
5.4*4
110,0
51.1

118,5

95,8
10700
121.8
120,0
124.2
86.5
118.8
109*O
124.5
129.0

0.3
0.3
O*3
0.3
043
0.3
0.3
0.3
0.3
,0.3
0.3
0,3
0.3
0.3
o@3
0,,3
0.3
0.3
0.3

0.4
Of+
O.ti
0.4
0.4
0A
0.4
0.4
0.4
0.4
owl+
o .L
0.4
0.4
0;4
0,4
O*4

RT
RT
-10
-lo
.10
.-10
,-40
-Lo
-40
-40
-60
-60
-60
-60

.%
-80
-80
-80

BT
RT

-E
-lo
-lo
-40
,-LO
.&o
-40
-6o
-60
-60
-80
-80
-80
-$0

96.2
108.5
94.5
68.8
109.0
63.5
69.3
46.7
31.4
.42.4
53.2
33.0
35.2
30.8
38.1
28.7
29.7
29.5
32.5

103.5
104.0
102.5
6$,0
.“86.0
100.0 i
89.7
75.7
34.2
59.2
42.7
43*5
62.3
37.2
as
34.9
27,9

—
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Distance Testing Eccsntric
fromWeld Temper- Notch
Centerline ature Strength
Inches OF 1000*

0.5 RT
O*5. .RT~.;:$

-lo
0.5 -10:,
0.5 -10.

‘.0.5 -40.,..
0,5 ;g
0.5
0.5 -m
0.5 -80

0.6 -40
0.6 ~g
0.6
0.6 ,- 60

0.7 -40
0.7 -&O
0.7 -&3
0.7 -60

0.8
0.8 %
0,8 -m
0.8 -10
,0..8 -40
0.8 -40
0.8 -6o
,0.8 +5(I

,0.8 -80
:0..8 ,-80

0.9 -40
O*9 -40
.0.9 -&l
0.9 -60

99.0
10./+..0:,..’,
78.’8
97*3
“63.4
8.3s8
62.3
56.9
98.8
50.8

59.6
95.5
60.6
55*5

69.3
.6.4.5
50.4
,90.7

“%”0
97.5
76.4
84.3
55.7
60.1
59.8
73.0
46.8
28.8

89.2
86.6
71.5
55*.4

Distence Testing Eccentric
frem Weld 3!emper- Notch
Centerline ature Strsngth
Inchee oF Iwo DSj

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
l.O
1.0

1.1
1.1

1.2
1.2

::;

1.4
1.4

:::
1.4
1.4
1.4
1.4
1.4
li4

1.5
1.5

1.6
1.6

1.7
1.7

1.8
1.8
1.8
1.8

RT
RT
-lo
-lo
-40
-40
-60
-60
-8o
-80

-6o
-60

-60

%

RT

-E
-lo
-40
-40
-60
-60
-Go
-ii)

-60
-60

-60
-60

-40
-LO
40
-60

95.8
94.0
103.0
108.5
91.0
82el
86.1
74.9
49*5
91.8

71’7
98.5

70.8
85.0

40.8
86.2

95.0
108.5
92.4
91.0
86.0
79.0
87.0
89.0
47.2
8/+,0

“54.4
76.0

50*L
89.5

85.0
87.3

61.5
86.0
85.7
92,5
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Distance Testing Eccentric
fromWeld Temper- Notch
Centerline .sture Strength
Inches 9 1000 mi

1*9
1.9

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2,0
2.0

2.2
2.2

2::
2.4
2.4
2.4
2.4

4.0
4.0
4.0
4.0
4.0
4.0
4.0
4,0
4.0
4.0
1+.o
4.0
4.0
4.0
4.0
4.0
L.o
4*O
/+.0
4.0
4.0

-&1
-@

RT

.$
-lo
-60

:$
-60
-80
-80

-40
-I+(I

RT
RT
-lo
.10
-80
-80

RT
FfT
RT
RT
RT
RT
RT
RT
RT
RT
RT
RI!
RT
-lo
-lo
-lo
-lo
-lo
-lo
-lo
-lo

79.5
,,93?,8

94.2
;3:;

110.2
61.8
51.5
98.2
92.1
46.3
52.4

91.4
61.7

98.5
94.0
96.5
95.0
60.0
59”1

98.0
96.5
92.3
:2:;

94.5
92.8
93.3
92.5
9>ae
94.5
86.5
94*3
91.5
82.3
96.o
92.5
91*5
96.5
97,,5
93.3

Distance Testing Eccentric
from Weld Tempr- Notch
Centerline ature Strength

~.._._%_-. 1000 P&t

4.0
4*O
4.0
f+.o
4.0
4.,0
4.0
4*O

:;:
4*O
4.0
4.0
4.0
4.0
4*O
4.0
4.0
4=0
4.0
4.0
4*O
4.0
4.0
4.0
4.0
4.0
4.0
4.0

5.5
5*5
5.5
5.5
5*5
5.5
5.5
5*5
5.5
5*5
585
5.5
5!.5
5.5
5.5

.10
-40
-40
-40
-40
-40
-40
-40
-40
-40
-40
-40
-80
-8o
-80
-8o
-80
-80
-80
-80
-8o
-80
-80
-80
-1oo
-100
-110
-110
-110

RT
RT
-lo
-lo
-40
-40
-50
-6o
-6o
-6o
-70
-70
-70
-80
.98

%.0
109.0
83*5
78.3
92.0
92,3
86.3
73.3
9.3
82.2
G6.7
64.4
72.3
45.0
68.3
li3*8
44*4
43..4
n.7
53*5
82.5
57.8
42.2
72.1
32.4
34.3
30.3
L6.3
29.2

95.5
%::

9403
88.8
90.6
87.1
81.5
70.5
88.2
Lioo9
58*8
58,3
34.8
36.0
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,,.,..,

,’, ,.

,.Distance Testing Eccentric
fromWeld Temper- Notch,. ,&*rline .,..

ature Strength
Tnches OF. 1000psi

.6.0
6.o
.6.0

2;:
,,6.0
.6.0
6.o

-108 31.7
-110 45.2
-110
-110 ;::
-Uo 31.2
-120 3505
-go 39.2
-120 37.5 ~~

. .

..’
.,, ,.

.’
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TABLE XI

Data A SteelWeld

Distsnoe Testing Eccentric
fromWeld Temper=. Notch
Centerline ature Strength
Inchee 9 1000 psi

0.0
0.0
0.0
0.0

0.1
0.1
0.1
0.1

::;

:::

0.3
0.3
0.3
0,3
0.3
0.3
0.3

0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.35

0.4

::;
O.(j
0.4
0.4

0.5
0.5
0.5
0.5
0.5
0.5

—

-lo
.10
-m
-+70

-10
-lo
-70
-70

-lo
-lo
-70
-70

-10
-lo
-10
-lo
-70
-70
-70

RT

fz
$

-40
“40

-1OU
-100

-10
-lo
-lo
-70
-70
-70

-lo
-lo
-70
-70
-70
-m

111.2
110.0
116.5
85.0

113.5
110.7
119.0
W+*O

102.0
105.3
119.5
122.0

92.0
77A
101.2
106.9
51.7
58.3
75;5

101.3
104.0
10.L.2
10L.9
89.8
100.2
W*7
3%7
5%$3

103.5
91.5
105.2
55*O
3?.7
5X.1

93.1
98.3
72!?4 “
50.5
101.8
97.1

L& 100°F pre~ea~

Distance Testing Eccentric
from!Teld ‘Temper- Notch
Centerline ature Strength
Inches 1000 nai

0.8
0.8
0.8
0.8
0.8
0.8

1.4

:::
1*L
1.4
1*4

2*O~~
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2,0
2.0
2.0
2.0
2.0
2.0
2*O
2.0
2.0
2.0
2.0
2.0
2*O
2.0
2.0
2.0
2.0
2.0
2.0
2“0
2.0

-lo
-lo
-70
-70
-70
-70

-lo
-lo
-70
-70
-70

RT
RT
RT

-E
-lo
-lo
-lo
-lo
-lo
.10
-lo
=10
-lo
-Lo
-Lo

-’LO
-Lo
-.io
-’73
-70
-70
-m
-8o
.80
-80

95.8
9%5
52,8
69,6
95$5
70.0

87.3
91,3
71.6
78.3
62.3
.95*1

87.5
87.9
88.1
87.4
88.2
92.5
87.0
90.0
94.2
90.7
92.5
90.5
94.8
93.5
93,4
92.5
,91*4
73.7
88.7
81.3
90.7
92.7
92.5
66.0
381,3
93,2
77.6
85.4
53.8
54*3
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Distance Testing Eccentric
frorn?eld .Tempe& Notch..
Centerline ature Strength
Inches low Wi

2.0
2.0
2.0
2;0
2.0

., 2.0
2.0
2.0
2,.0

::;
2.0
2.0
2.0
2*o
2.0
2.0
2.0
2.0
2.0

~.o
4.0
4.0
4*O
.&o
4*O
4.0
4.0
4.0
f+.o
4.0
4*O
4.0
4*O
4.0
Loo
4.0
4.0
4*O
4.0
4*O
Lo

-W
430
-80

-80
-80

40
.-8C
-$0

-1X3

-110
-110
-110

:-130
-130 ;
-130
*HO
-I@
-3.?+0,,

RT
RT

-%

“:%
-a
8C,,.-

‘..$0
.-80 ~
.$J) ~

-w
-’@
-1oo
.-100
-100
-100
-no
-210
-110
-130
-Uo ~

78.7
93$,2.

‘“i38.7
86.’?
93*3
78.0
60.0
S501
59.0
85.7
40.1
4.4*3
42..4
43.8
r48.3
34.6
47.0
42.2
34;8
39o2

84.8
84.3
84.8
90s0
89.0
95.5
90.0
68.0
83.5
.45”0
82.8
67.0
59.8
51.0,
81.s
65.2
4b6
54*O
62.8
46.4
34.0’
39.6
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Data C SteelWeldments40@F Preheat

Distance Testing Eccentri~ Iltatanae Testing Eccentric
fromWeld Tempsr- from??eld Temper- Notch
Centerline ature &$gth t Centerline ature Strength
Inches % 100Qpsi1 Inches ‘F 1000 nei

0.0
0.0
0.0

0.1
0,1
0.1

$;
0,3
0.3

:;;
0,3
0.3
0,3
0.3
0,3
0.3
0.3
0.3
0.3
0.3
0,3
0.3
0.3
0,3
0.3
O*3
O*3

o*4
0.4
0.4
0.4
0.4

0.5
0.5
O*5

1.0
1.0
1.0

-80
-80
-80

-80
-80
-80

0
0

-:0
-40

:$
-40
“@
-LO
.&o
-60
40
-80
40
-8o
-80
-30
-80
-8o
-1oo
-1OQ
-100

-80
-8o
.80

:%

*8o
-$0
-80

-80
-80
-80

11/!+.1

112.5
113.0

118.0
107.1
109.7

99*3
104.0
105*O
.$;:$

102.3
54.6
62.5
92.0
84.5
72.0
92.2
42.2
41.4
I+?*2
37.2
41.6
66,7
L6.9
44.7
46,0
37.0
38.L

3%3
49.2
39,1
53.8
39.2

37;6
84.2
42.0

56.2
80.2
69.2

1*2
1.2
1.2

1.4
I*4
1.4

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2,0
2,0
2.0
2,0
2.0
2.0
2.0
2*O
2“0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2*O
2.0
2,0
2.0
2.0
2*O
2.0
2.0

-83
-80
-8o

-80
.Eo
-80

E
RT
RT
RT
RT
RT
RT
o
0

-:0
-40
.40
.40
-40
-40
.40
-40
.,$0
-6o

%
-60
-80
-80
-80
-80
-80
-80
-80
-80
-80
-80
-m
.100
-1oo

41.8
35.8
70.5

67.3
67.0
71.8

92.4
93.8
93.2
93.0
95’3
90.0
88,0
92.2
94.’7
93.4
96.3
85.5
87.5
66.9
90.6
87.5
97.1
72.7
54*4
74.3
72.2
90.3
76.3
73.6
42.8
48.7
68.9
67.9
8S.2
74;8
89.7
81.9
47.6
61.2
36.8
31.8
37.2

—



AS

W tance Testing ,.Ecoentriu
$r.omWeld :.
Centerline

l’emjer.. Notch
ature

Inches %
Stren@.h
moo Oai

2.0’:
2.0
2.0
2.0

;::

M
2.0
2*O
2.0

-1oo
-100
-la)

-120
-120
-120
-120
“Uo
~-Uo
-w
-1,$3

-;:;

37;6
51.7..
40.2
38.0
33,2
36.6
45.1
33.0
34.4

:.
‘1

,..
‘.,.

. ,“
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Data C SteelWeldments1.—
Distance Testing Sccentric
from Weld Tenper- ~otih.”.,,

Centerline ature Strendh
IncheB ‘F 1000 &i

o
0
0

0.1
0.1
0.1

M
0,2

0,3
0.3
0,3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0,3
0.3

0,4
0.4
0.4

0.5
0.5
0.5

0.75
0.75
0.75

1.0
1.0
1.0

-80
.80
-80

-80
-80
-K)

.80
-80
-80

0

-:0
-40
-40
-40
-80
-m
-80

-120
-120
-120

-8o
-80
-80

-80
-8o

-80
-80
&

-80
-80
-8o

112.2
117.5
13.2*7

112.0
115.7
117.8

117”1
102.7
103.9

92.6
100*2
67.3
99.5
92.8
102.9
?5.4
29.4
92.9
35.A
43*O
27.6

40.7
89.4
48.3

40.1
77*3
%5.0

79.6
58.6
40.9

76.8
:;:$

+ Prehest,llOO°Fpn~theat—-— —-.. ...~-. ..
Distance Testing Eccentr%c
fromWeld -Taipei-~~~ }so~~
Centerlfne atuxe Strength
Inches % 1000 esi

2.0
2.0
2.0
2.0
2,0
2.0
2.0
2.0
2.0
2.0
2.0

;,:.;

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2*O
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2*O
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2*O
2.0

R’f
RT
RT
RT
RI’
ET
RT
RT
RT
o
0
0

-;0
-40
-40
-,!+0
-ho
-ho
-40

::
-6Q
-@
-80
-go
-80
-8o
-80
-80
-80
-80
-1OC
-1oo
-lm
-100
-1oo
-1oo
-1oo
-1oo
-m
-Uo
-120
-120

93*O
92.1
91.1
91*2
92.2
92.7
91.8
90.1
92.1
93.1
92.2
91.7
94.8
85.8
94*7
85.4
86,7
W*O
92.2
91.4
62.6
&3
63.7
‘?;.;

88;6
73*4
8Y.9
84*1
63.8
40:;

43*4
34.1
40.3
40.6
38.8
57.2
38.4
l+o.7
:;:;

42*7
36.9
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Distance Testing Eccentric
fromWeld : Temper- Notch
Centerline ature Strength
Inches; ,% 10CO oat

,.

. 200 .“ .,,,:., ::,UO 29.4
2.0 -Uo ‘.‘ ,...3Y*1

2.0 3.4.6
2.0 :‘:$ 35.4

..

.,
“.


