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Abstract—. .—.

Thisreport
flatplatescompleted

swxm.rizestheprinci~palresultsofthetestsonwide
uptoApril15,1946,undertileTJ,S.Nav~;Bureauof

ShipscontractNObs-31222.Theprogramofinvestigationwasbeg.tnunder
OSRDcontractOEMsr1418andvasoriginallydesignatedasProjectNRC92.
Theworkofthisandrelatedinvestigationshasbeencoordinatedwiththe
adviceoftheYar!;etallurgyConmitteee

Theinvestigational~workvh.ichisthesubjactofthereportis \
concerned~:;ikhthe“CausesofBrittle(Cleavage)FractureinShivPlate,”
andspecificallypertainstothat
dowiththefailureofVJide,flat

The~rincipa.1materials
killed,hullqualitysteels,Two

partoftheinvestigationwhichhasto
platesatvarioustemperatures.

usedinthetestswerethreelotsofsemi.-
ofthesesteels-(rereofmediumcarbonand

manganesecontent,testedin“as-rollecl’lcondition,whilethethirdwasof
somewhatlowercarbonandhighermanganesecontentand‘~~astestedinthe“as-
rolled”conditionandalsoa~fterhavin,qreceiveda.norms.lizirgtreatment.

Therewerelaterincludedinthepro~;rmnoftestsonelotof
nickel-alloysteel.Tfritha nickelcontentof3.34percent,testedinthe’’as-
rolled’tcondition,one”loto;fullykilledsteelwitha0.16percentcarbon
and0.85percentmanganesecontent,alsotsstedinl?as-rolledl!condition,
andonelotoffullykilled0.21percentcarbon,1.05percentmanganese..
steelthat?~astestedafterithadbeenquenchedanddrawn,Thesteels
Tjrerefurnishedbythemanufacturersinthe.for,mof3/4in.by6 ft.by
10ft.plates.

Thespecimensinthe,.rjrincipalprogra,moftestsweretestedin
tensionin~~id.thsof72,4?,24,and12in. Thespecilllensallcontaineda

narrow,central,transverseslothavinga len~thofone-fourthoftheplate
width● Testsweremade:’.teachofan~mberof%empoi-aturesinorderto
determinetherangeofteinperzturewithinwhichthemodeOYfailurechanged
froma ductile,sheartypetoa brittlescleavagetype.
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Inthesetests,observationsweremadetodeterminethemaximum
load,failui-oload,strn.in
averseveralgagelengths,
‘cure,andthereductionof’
co’.:ldbemade,theload.at

distributionacrossthefacesoftheplates
energyabsorbedto.ma~i!lwitload.,thei~odeoffrac-
thicknessnearthebreak,V?henevorobservations
thedevelopmentofcrac!cs7..wsalsorecorded.

Theteilsiontestsofthesevarely~otched.flatplatesindicated
thatthetransitiontemperaturesforthesemi-!~illedsteelsnayvarycon-
siderably,althou.shtheylay?:ithinLheranqeofnornwle.tmospherictempera-
ture.Underthegivenconditionsoftest,foroneloto:?ther.edim,ccarbon
steelsthetransitionrang~T,:asfound.tobeinthere~;io:noffreezingtem-
peraturewhilefortheotherlot,W}fi.ch:.,asalmostidenticalinchemicalcom-.
position,thetrans~.tionrangel~rasaboveroomtw.norature.Thetransition
t@il~JerEItUKIOf the ]0’7CEir’0011SGi?Ii.-killed.S“kGf31S,bothinthenormalizedand
as-rolledconditions,w.sfondtobeintheregionof’freezinfltempsratu.re,
ThGtestsof’12-in. wideple.tesOJ?fully-killed,quenchedan.<tiravnsteel
indicatedthatthetransitionran~eoftb.issteelalsoliesintheregion
ofi’reezin~;temperature.Thetransitionrangeforthenickelallojsteel.
~TFa8found.tob6inthesub-zerore,2ion*

Itvasfondtha.t~rejqardlessoftl]~modeoffract-1’re,thenominal
strength(avera+gestresson-netsectionofplateat,maximumload)ofthe
platedecreasedasthewidthoftlwplateincreased.

,.

Forthesemi-killedsteelsthereductioninthicknessattheYoot
ofthe.notchforplatesthatfailed.eitherbyshearorcleavagerrasofthe
sameorderofm.agnitudG,Thereductiorinthicknessatthetedgesofthe’
plate,hwwver,differednarkedlyforthet-vonodesoffailure;forspecimens
failingbyshear,thereductionincreasedtoaboutfourt’mesthereduction
atthenotch‘irhileforthe;>latesWithcleavagefailuresthereductionin
thiclcnessdecreasedc~nsi~erablyto?rardtheedgssoftheplate.

A numberof’supplementalstudies‘uaremade‘Goyrovideadditional
informo.tiononcertaing.].estionsraised.bytheprincipaltests;ofthese,
twoarereported”hzrein,Onestll.dyr.mscffneernedl-~iththomaximumstrains



withintheplatenearthezoneo]:fracture;a.microhardnesssurveyon
samplessectionedfromselected~racturodplateswasused3.sthebasisfor
determinj.ngthestrains.Thesecondstu.dyr:smadebytheuseof3-in.wide,
edge-notchedtcmsilebars,inordertodevelopa simcleandrapidmeansfor.
ir.vestigctingthenotchsensitivityof~lc.tcsteeloverawidera~geof
conditions.
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Introduction—.

m,lnevorkcoveredbythis~eporkis
determinetheZactorswhichareresponsible
shipplate,aprogramstartedb~theGffi.ce

partoftheresearch~ro~ramto
forthebrittletyl>efailureof
ofScientificResearchand

Development,and~o~:rbeingcontinued.undertlmauspicesoftheUnitedWxitos
IJavyandcoordinatedwithadviceofthe‘._ar]!etallur~yCommittee.The‘work
undertakenbytheIlniversitjrofCaliforniaisdividedintotwdpartsas
follows:

Partli:Testsconductedprincipallyonflat”platesofdi.fferont”
typesof!steel.e.udofvarioussizes,containingnotches.

PartB: Testscoriluctedon.built‘u-psections,simulatinga hatch
cornerstructure.

Thisreportcoveimstheexperimental‘workperformedunderPartA--thetests
conductedonnotchedIlr.tplates.

ThevJor!~onthisprojectwasstartedattheUniversityofCalifornia
inNovember1944uponauthorizationfrom.theOfficeofScientificResearch



2

andDevelopmentandthe~eneralfeaturesoftheproyram,ofinvesti~ati.onhave
beendevelopedaso.resultofconferencesbetweentherepresentativesofthe
‘“jarl~etallurgyConln.itteoandrepresentativesftheUniversity.}Ltameeting
oftheAdvisoryCommittee,heldinOctober1944,itwaspointedoutthat
residu%lvreldingstressesinshipsteelstructuresdonot appeartobeas
importanta factorincausingthefailureofweldedshipsashadbeenorigin-
allysuspected.Consequentlyitsrasfeltthataninvestigationofthenotch
sensiti~ityofshipsteelsintheformoflargeplatesoffereds.promising
approachtotheshipfractureproblem.Theinvesti~ationproposedwasto
determinethetemper~,turesatTrhichthereOGcul”Sthetransitionfromductile,
shear-tyyefailurestobrittle,cleavage-typefailures~forvarioussteels
andforvarioussizesofsteelplates.Theinvestigationwastobeconfined
primarilyto3/4-in.thickpb.~ewhichwouldbetestedin72,M, 24,and
12-in.widths.Thesespecimensweretocontaintransversenotchesatthe
mid-sections.Thesteelstobeimestig~teclworeasfollows:a rimmedsteel,
twosemi-killedsteels,anda fully-ki].ledsteel.Thetwoseni-1.tilledsteels
weretobeofsuchcompositionandmicrostructureastoexhihitdifferent
transitiontemperatures.SubsoquentIya nic!:elalloysteel,a quc+nchedand
dra~;mfully-killedsteel,anda fully-killedsteelofspecialcomposition
were:includedinthetestpro:is~m.

.
TheAdvisoryCommitteerecoinmendedthatthepartoftheinvesti-

gationconcernedwithflatplatesbodividedintotwoparts-onetobeCOrI-

ductedattheUniversityofCalifornia(ProjoctNRC-92},andtheotherto
beconductedatthe,University.Qf’Illinois(ProjectNRC-93).TheUniversity
ofCaliforniawastotestthesemi-killedsteels,andtheUniversityof Illi-

noiswastotesttherimmedandthefully-killedsteels.

Todeterminetheeffectofnotch&eometry,a seriesoftestsl’$ere
conductedattheDavidTaylorNodelBasin.Thesetestsservedasa guide
forthedesi~ofthelar~especimens.On-thebasisofthesetestsandalso
a seriesofpreliminarytestsattheUniversityofIllinois,theshapeof
notchandtheratioofnotchwidthtoplate-uidthwaschosenfortheprincipal
testsonthelargeflatplates,
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A ~raviousreport(Cleava{geFractureofShipl?lateasInfluenced
byDesignand?Tetallurgical?actorsWS-336,P2.rtII--filatPlateTests:
OSRENo.6452,SerialNo.M-608,January194)coveredthepro~ressofthe
l~rorlconthese~i-killedsteelsuptoAusust31,1945,u~idertheOS~Dcon-
tractOEVsr-1418.Theresv.].tsofthecontinuationofthiwworktodateof
April194.6,underUnitedSkatesNavyContractNObs31222,aredewcribeilin
thisreport.

Experimental‘((ork—., .....—._..

TestProgram—....

scope● --Theprincipalphaseoftheworkonthisprotjectinvolved—.
tensiontestsonnotchedfl~.tplatesoftheseveralsteels,invariouswidths,
eachLta numberoftemperr.tures,inordertodeteminethetra.nsi-tiontemp-
eratureran~esatwhichthemodeoffailurechangedfror,theductileshear
J-
by?e to thebrittlecleavagetype.Intheseteststhefollowin;wasdeter-
mined:themaximumload,load a.~ f~kilure,themodeoffracturo,theamo:.mt
ofenergyabsorbeduptotheumximumload,~.ndthereductionofthickness
nearthebreak,Por~num’oeroft}leplatespecimenstilestraindistribu-
tionacrosst]lefacesoftheola.tesovereachoftheseveralofthegageJ.
lengthswasd.etern~.nedj?,nd~wheneverpossibletheloadat‘developmentof
crackswa’srecorded.

Inc~njunctionwiththeprinci?als~rias“ofkests,variousstand-
ardiden-tifi.cationtestsofihsstgelswereperforne~,andalsotoprovide
Q basisfortheinterpretationandampli.i’ica.tionofthedataa.numberof
supplementarystudies~,~~e~~r,lad~yT~jc]I included ~Jg.e r~icrohai”d~esssurv”eyOf
someofthefracturedplates,]microscopiccxanirmtionoftlwmetalfor
~evcral”ofthespecimens,anta.ccr:pleteseriasoftestsontiiree-inchwide
bars~:hich-ueromadefror~~latesof’v~.riousthi.clcaesses,h~.vtngedges
finishedinthreevaricusvays:plainflamecutedq,es,notchedflamocut
~dys,antsheareded;;es.

Naketials.---Threelotsofsemi-killedsteel,onelotOfnickel— .-...——
alloy,oneloto:?fullykilled,andone10-tof?;~enehedanddrai:msteelwere
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usedintheprincipalseriesofplatetests.Thesewre desi~natedassteels
A,B,C,it,H,snd.Q intheorti~rnamed.Descriptionoftht3steelsandthe
generalprogramoftowtsaregivenin Table1.

Allplatesfrom.@achofthesixlotsofsteelobtainedforthis
investigc.tion{.~erewadefromthesameheat.Thegeneralnatureofthesteels
as

in
in

72

indicatedbytheabstractsofthemillreportsisgiveninTable2.

Thesesteelsverofurnishedtothelaboratorybythemanufacturers

/“the fo~ OfI3 ~i j,n.b~[6,fte
thedirectionofrolling,

FlatPlate&ecimens,—-.. .---.-,-—

by10ft.plates; the10-ft.ilimonsionwas

--Platespecj.mens‘mretestedinwidthsof
j.n.,49i~.,24in.,and.12in.Allspecimens~z~eref.’ullthickness.as

rolled, /i.e.34 in.

Theplateswerenotcheda:themid-sectionwitha slothavinga
lengthequaltoone-quarteroftheplatewidth.Theformofthisnotchis
showninFi~.1. The‘riderpartof’the notchwas]0.ad.ebyfln.mecutting
betweentzko?./2-in,drilledholes.Byuseofanordinaryhacksawstraight
cutsweremadecuhJard fromtheed:esofthedrilled
oftheplate,for
thenexteuded.?or
a blade0,010in.

adistanceof1in.a.teachside.
anadditional1/8i~.bymeansof
thLCk.F~l.the~2-in,platesthe

thusmadems 18in.

Identification“Tests.--To,accoy:panyth~—-...............——

holes,tovardtheedges
Eachhacksawcutwas

.a Jel:JelcrtsSa;:,r~qavinp.>
overalllength.of’slot

principaltestsa pro-

1. Toobtaina r~presectativedescriptionof thematerialsused,inte~
oft15ta11d,ard1~te3tsj~,11madeoncomparab].gbasis.

2* Toinsurethatanadequateindicationofpropertieswouldbeprovided,
sothattestresu.l:tsfromspecie.1experimentsr~i~htbetiedbackto
acceptedindicatortests.
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3. Toprovideameansfordetectingvariationinthematerialsuppliedinany
onelot.

Theresultsofthechemicalanalysisandthestandard
hardnesstestsaregiveninTables3 andl+.Theresultsofthe

tensionand
CharpyImpact

testsaregiveninFigures6to11.

MethodsofTesting.——.

three-million-lWQa?i”‘-Theflatplatespecinenswereloadedina
Baldwin-Southwarktestingmachine.Atypicalarrangementfortestingisshown
inFigure3. Theloadincrementsduringthetestwereusuallysmallsothatat
least10completesetsofstrainreadingsweretakenduringtheloadingperiod.
Thisprocedurecoupledwiththeuseofsixcontinuous-recordingSR-4strainre-
cordersyieldedsufficientdatatoallowtheplottingofaload-elongation
curve,showninFigure2. dytheuseofthiscurve,theenergyabsorbedbythe
specimenuptothemaximumload(orir]somecasestofailure)couldbecalcu-
lated.

GagingMethods,72-in.!IidePlates.--Bothelasticandplastic
strainsweremeasuredsoastoobtainaload-strainhistoryofthespecimens.
A strain-gagelayouttypicalofthatusedformostoftheplatestestedisshown
inFig,4. SR-4electricstraingageswereusedandreadingsweretakenata
numberofloadswithintheelasticrangeofthematerial.ofthetestspecimenso
thattheelasticstraindistributioncouldbecalculated,Sincetheresultsof
many.of.theearliertestsshowedsimilarstressdistributionsfortheplatesof
thevarioussteels,inordertoconservetime,theSR-Agag&swereomittedfrom
severaloftheplatestestedduringthelatterpwt oftheprogram.

Plasticstrainsweremeasuredover2-in.gagelengthsbymeansof
theclipgagesdevelopedonProjectNRC-75.Thesestrainmeasurements,however,
wereomittedforthoseplatesonwhichnoSR.-4gageswereused.Plastic
strainswerealsomeasuredover24-in.and54-in.gagelengthsbymeansofre-
sistance-wireextensometers.Thesegagesconsistedof0.008-in.diameter
manganinwirestretchedbetweeninsulatedterminalslocatedattheendsofthe
gagelengths.Asthespecimenstretched,thewireselongatedanddecreasedin
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diameter,thuscausinga changeinresistance,vhichwasregisteredonaS11-4
strainindicators.Calibrations‘1.’rsremadeona specialjigsothattheindi-
catorrezd.ingcouldbedirectlyconvertedtostrain.

OnonefaceofeachspecimenIraspunched.a l-in.gridinthepath
ofthefracture,asshownini~i~.5. A similar~ridi:~ith5-in.spacingbe-
tweenpointswes“:lacedonthespecimenandextendedtothelimitsofthe
54-in.~a~elen.qbh,Measurementswitha slpecialr~~chanicalqa:erwremade
onthegridbeforethetestandafterfracturosothatresidualstr~in
measurementscouldbeobtained.Madin,gswererenrodu.ci’cletowit’hin
40-002in. Thar;sultsofthesegridrneasui-ementsforthevariousplates
tested.arepresente6inAppendixii.e

~a~.+-.~-~~,;~~flods>48In.,2413.,nnd12In.:-:idePlates.--Forthe---...--”-....--....-—..-.—-..--------.-...--........_—
~~,24and12in.,:i~eplat~~,stra;.m-ueremee.s~lredduringtheioadin?by
n.cansofresistance-uirse:ctensor.etershavinga YaSelengthequaltothree-
fourthsoftheplatewiclths.A fevoftheplat.3swereequipped;-ibhSR-4
ga,~es,laidinapa.tternsimilartotk.a?co,fthe.72in.plates,inorderto

+ checkthestressdistributioni~thselasticran,qe.

Sesicl.ualstro:.ns\?eredeterminedfroma gridsyst’emsimilarto
th:tusedonthe72”in. vicleplates.,,

.

Tem~eratureControl.--Exceptfortestsmadeqtroom.temperature,-. ..—.—.-.—,.—
thespecimens‘.~ereenclosedduringtestina,chambermadeoi’plywood,which
extendedoverthef]lllen@hofthetestplate.Thetemperatureoftheair
withinthischamberwasadju.steelbycirculatingthrouchitairwhichwas
heated.oi~cooledina heatexchangerse%upnearthespecimen.Dry ice Tfas

‘usedforcoolin~,A viewofatestsot-upin~:rhichatemperature-control
chamberwaseinployec?isshovninFig.3.

,,

Thetemperaturedistributionina specimenwasmeasuredbymeans
02several~]lemoco}.]ples.~lderedtothesurfaceoftheplate.The”teznpera-
tlu.rcwasregulatednanuallythrouxhoperationof’a blowerintheductconnec-
tin~theheat-exchanserwiththetemperature-control
thermocoupleinstallationfora 72-in.widospecimen.

chamber.A typical
isindicatedj.nFig.4.



TestResults 7

GeneralRemarks

Pursuanttotheprimarypurposeoftheproject,namely,tostudy
thecausesofbrittlefailureofship-plate,allthesteelsselectedfor
investigationweretestedintensionintheformofnotchedplates.overranges
oftemperaturesoastodefinewithinreasonablelimitsthetransitionfrom
thesheartothecleavagemodeoffracture.Theseverityofnotchemployed
in thetestplateswassuchastocausethetransitiontooccurwithinthe
normalrangeofatmospherictemperaturesforthesemi-killedsteelsofnormal
composition- - thesteelsthatweretheprincipalmaterialsofthisphaseof
theinvestigation.TheSubsequentinclusionofadditionalspecialsteels
intheprogramoftests,yieldeddatathegeneralpatternofwhichdiffered
somewhatfromthatobtainedfromthesemi-killedsteels.

Inthesemi-killedclassthesteelsAandCwereessentially
identicalchemically,containingabout0.25percentcarbonand0,47percent
manganese.Thedifferenceinthesetwoheatsofsteelliesprti’arilyin
themetallurgicalstructure.SteelChada slightlycoarsergrainstructure
thansteelA,indicatingthatsteelChadahigherfinisliingtemperature.
SteelCwasharder,stronger,andlessductilethanitschemicallysimilar
counterpart~steelA. SincesteelsAandCweremadeindifferentplants,
differentrollingpracticeswereprobablyusedjcontributingtodifferences
inthemetallurgicalstructuresofthetwosteels.Itisperhapsfortunate
thatthesedifferencesdidexistbecauseitemphasizesthetiilportanceof
metallurgicalstructureandminorvariationsinchemicalcompositioninde-
terminingthepropertiesofthesteel.SteelsAandCweretestedonlyin
theas-rolledcondition.

SomeoftheplatesofsteelBwerepurposelyheat-treatedtogivetwo
conditionsofmetallurgicalstructureforcomparison;partoftheheatwasfur-
nishedas-rolledandtheotherpartwasnormalized.Thenormalizingtreat-
mentresultedindifferentmicrostructure.Thegrainsizeofthe
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normalizedsteelwasslightlylargerthanthatoftheas-rolledsteel,but
therewasotherwiselittledifferenceinthemicrostructure.Theproperties
determinedbyflatplatetestsoftheas-roll.eiandnormalizedsteelBdid
notdifferasmuchasdidthoseofsteelsAandC. Thenormalizedsteel
wasslightlylowerinstrengththantheas-rolledsteel.Normalizing~Y
sometimesbenefita coarse-grainedas-rolledsteelbyrefiningthegrain
structure.If,however,theas-rolledsteelhasafinegrainsize,the
normalizingtreatmentmaycauseanincreaseingrainsizeandthusmaybedetri-
mental.InthecaseofthesteelBtheas-rolledstructurewasveryfine
andwas“apparentlyslightlymoresuitablethanthestructureobtainedby
normalizing.SteelAprobablywohdnotbeimprovedbynormalizingand
mightevenbemadeslightlyworse,whereasthesteelCprobablywotidbeiM-
provedby.suchatreatment.

Oneofthesecandarypurposesoftheplatetestswastodetermine
theeffectofplatewidthonrelativeload-carryingcapacityandonnotch
sensitivity.Itshouldbenoted,however,thatthetestspec~ensinthe
variouswidthsdonotformatrueIlsize-effectllseriesbecausealltheplates
wereofthesamethicknessandwerethereforenotgeometrica~ysmar.

.“
.

Anotherfactorwhichshouldbeconsideredintheexaminationofthe
resultsisthatcracksusuallyformedattherootofthenotchbeforethe
-urn loadwasreached.Whentheplatesfailedbyshear,thecrackspro-
pagatedforsomedistancebeforethemaximumloadwasreached;inthecase
ofthe72-in.wideplatesjthemaximumloadwasreachedwhenthecrackshad
progressedabout2to4inchesfromtheendsofthenotch,

.

Thenotchgeometrychangedwhenthefirstcrackformedatthe
baseofthesawcutandchangedcontinuallyasthefractureprogressed.In
somecasesthechangeinthenotchgeometrywassufficienttocausethetype
offracturetochangefromsheartocleavageduringth-eprogressofthe
failure.Itisalsotobenotedthatnotonlythenotchgeometrybutthe
averagestress,thelocalstressandinsomecasesthetemperatureattheapex
ofthecrackwerecontinuallychangingduringthetestcausingchangesin”the
typeoffracture.



l?oi~.ofDataI’resented.--Thetes resultsre~ortedhereinafter—-. —.— —..—.-..
SITOT.rprimarilythestrengthandd.ucti.lityofthe]?latespeeimemc+.tvarious
tempera.tv.resancltheamountsofenergyabsorbed?ythesespecimensuyto
maximumload.Theprincipalresultsarepresentec?in.thefomoftables,
diey-alns,andphotographs,asT;O11OWS:

GeileralSunrmryofFlatI_’lateTestZssQ1.ts Table5,Figs.12through21
l>iagrarsOf’ EnerGyvsoTeIIllper~tUI13 Fi.~s,12throLlghl!.
DitigrarisofTevpc+rature!ransitionRange .’lgs.15and16....

Maximux]~omina~,,StressT.75. ‘.~idt]l cI..nc~,Temperature?igs.17tliro’lgh21
TypicalStraini)istrib-.~tionl’atternsat Figs.22throuflb29

VariousLoads
ElongationsNeasuredby%?;esatl~aximumLoad Fig.30
P~esidualElo.nqationsAfterHupture Figs.31throufi:h35
Elongo.t<bnsover2-in.,24-in.and54-in.GageFi.qse36~nd37

Lor@hsatVarj.ousLoads
Photoolagransof’![icro-:-iardn.essSur-vexTSl.. Fi~s.30t!lrou,gh54..
ZesultsofSupplementary3 in,CarTests l’i.~s.55through6%8
PercentElon&ations:lfter?ractu.re Apnendix.4.

testspecimenshavethefolloviuqmeaning:
.

Firstsymbold.esi;nateslotorsoui-ceofsteel.
A --~arnegie-~l~inoissteelo~~tair,ed.in1{?4:4forr;anu~’actureoflargetubes

onFrojoctNRC-75.
E --:ethlehmnsteelmanufacturedinDecember19f14i’oruse”onProjectYRC-92.
c --Carnegie-IllinoissteelmanufacturedinFebruary1945foruseon?roject

NPLC-’92.
D -. Lukerlsf’-~lly-killedsteelusedir~TJnj,versj_-ty of’ IllinoisirU,WS”ki.ga’biO)2.

E -- LukensrimmedsteelusedinUniversityofIlli~cisinvestigation.
H--Rethlehemflul.ly-~:i.11.edsteelmanufacturedinDecember1945foruse

i.nt;hisfnvesti~akion.
N --Lukensnickelalloy Sk~el.

Q--FLepublicquenchecl%zc~dra~.ms%eei
useint;hisinveshigati’on.,

.

~,ap-ufackL~,redi.nQctober 19t5for
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Secondsymbolfoil-ovrin~thehyphenistheserialnum’mr(upto10)thatwas
assignedatthelaboratorytotheG-i%.by10-ftOplateofeachlot05steel.
Fornumbersaboveten,thefirstdi~it,asi~ ,{:hel>recedin,~cas~,designates
thenumberoftheplate,andtheseconddi~it,to~ethermtiththeletterX,
designatesthenumberoftheextraspecimencutfromtheplate.Normally
onlyonespecimenofeach~~idthtestedwascutfromanysne6-ft,bylG-f_b.
plate.

Thirdsj,~boldesi:;n~testheTr:id.thofs~:ecim,encutfromgivenplate.
A --72in.wide
B ..W in.wfde
c--24in.wide
D --12in.wide
Examples:1*)

2*)

Specinen13-lAisa 72-irl.‘-rid~teskplateofsteel1?,from
a platethathasbeenassi~nedserialnumber1.
Speci.nenA-41X1isa 12-in.widetestspecimeno.;:steelA,
fromtheplatewhichhadbeenassigned~erialYo.4andis
tihefirstextra12-in.platetested.

i3asisforCalculationsofStrenrth,Ductilitvand?nergy.--In— —- ———..— —..._&.._ ...——...&—..._———..
ordertohavea convonie~.tbasisforstatin~thelea:.-carrying?.bili’q?of
thenotchedplatesinv~.riouswidths,referenceisfrequentlymadetothe
‘nominaltstress or“noninal:’strengthoftheplate.Bythisismeantthe
averageshresso~thenetsectionthrou~;hthenotch,i.e.theload.divided
bytheorj.~inal~letcross-sectionalarea.Duetothestress-concentrating
effectofa notch,theactuallocalizedstre~seswerehiqheratthebaseof’
thenotchthanatotherpoints .,alon~a cross-sectionthrou:qhth-enote’n;
indicationofthisvariationmay70Zseenfromt“hestraindistributions
plottedinFigs.36and37.

an

In~erle~a],‘o-jr‘ldl.~ctilit:/:rismenntt!leelon~ationoftheplate
uptomaximumloadortorlq~ture,~:~ithina specifiedr+gelength.‘Jnless
otherwiseindicated,theelon~,ationmeasurementswerenadeatintervals
acrossbothfacesofaplatespecimenovera gaqelengthlequaltothree-
quartersofthegross-widtk,ofplate.Byl-lateelongs.tionismeantthe
averageelongationthusdetermined.



Theanergyabsorbedupto
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maximumloadwascom”;cutedbyintegrating
curvesforeachofthespecinens.

DiscussionofResultsofTensionTestsofl-:idePlates..—-—

Theprincipalfracturedata,--strength,enorg,yabsorbedtomaxim-
um load,modeoffracture,andtemperatureoftest--aresummarizedinTable
5. Becausetheprogramoftestingi.sstillinnrogress,thedataaretrag-
meniaryforsomaoftheconditionsoftest.

Notshowninthotables.retheresultscfatestona pieceof
fully-killedsteel(SteelD)onv’hichcompletet~stsarebeingmadeina
parallelph~seoftheinveskip;ati~nattk,elTnivei-sityofIllinois.This
testwasmadeona 72-in.nlateat33°to35°F.T’he
inc~eava~eata ncmi~~?. sti”essof39,0kSi.andho

platefractqredentirely
themaximumloadabsorbed,

360k-in.ofenergyira 54-in.,~agelength..

Twocriteriafordefiningtherangeofti-ansitiontemperature
havebeenusedinthisinvestiflc,tion,--energyabsorbedtofailure(maximln
load),andthepercenta~eoffractureintheshearmode,100percentsliear
beingattheupperendof’therangeandO percentshearatthelower,The
useofthe+x:ocriteuiaplacethetransitiontenperc.tui-.einslightlydiffer-
entrangesinsomeCas$?s.~lo~;~ever,itisbeliev~dtha$int~he~resen-tstata
of~.lo~rle~geoftheproblel’.,itisdesirabletorecordtheresultsofeach
methodofdefini.n~thetransitionrange,I’romthestructuralpointofview,
theenergycriterionmaybethemoresi~nificant,buticsofarasevidence
ofphysicalaction(eventhoughlocalized)isconcerned,thetype-of-frac-
turecriterionisbasic.

SteelsA,8 (as-rolled),andB (nor~~alized)appeartohaveabout
thesamenotchsensitivity,withsteelC,thechemicalcounterpartofsteel
A,bei~gthemorenotchsensitivesteelo:
is,asex~~cted.i*heleastnotchsensitivn
approxirna-tel:-thesametransitionrangeas
yetbeenmadeonsteelH.

thesemi-killedgroup.SteelB-
ofall,withsteelQ having
steelsA endB. ~~o~e~tsht~ve
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Znergyvs.T~orature.--Diagramsshowingtheestimatedvaria--—— ....—— ——..
_tionoftheenergyabsorbed.tionaximumload.viththvtesttemperatureare
showninFigs.12,13and14.CLll”V~Sfortile”48-in.and24-in.v~ideplates
havenot ‘beenglottedasinsufficientnum’oorofplatesweretestedinthese
widths.lorthe12-in.
fairlywelldefinedfor
ofti-otestplakzsQ--ID

platesthetransitionte?~pere.turoran~zshavebea.
allthesteels+cstedtodate.,‘Riththeexception
and.N-4Dtheresultsarereasona”~lyconsistent.

Forthe72-in.platesthetransitionrangeshavebeenestablishedfor;the
ser,i-killedsteelsandthenickelalloysteel.

ThesedataplacethetransitiontemperaturesforboththeA and
B steelsinaboutthesameran[;e,vhilethoseforsteelCaresome50°to
6001’.hi~her.Thiswasfoundtobetlwcasewithboththe12-in. andthe
72-in.plates.A compo.risenofFigs.-12and13,showsthatthekrailsition.
?angesTor72-in,.platesarefroi?.10°to30°F.higherthanthetransition
ran~esforcorrespondin~12-in.Flates.

Thetransitionran~;eforthenickelalloysteelisabout-40° to
-590F.forthe72-in.platesand.--60°to-70°F.foi-th~12-in.plates.It
isofintorosttonotethatthedro;~inenergy‘withcleci-easeintmnperature
isrelatively~bru]?tforthisni.ck~lalloysteel,andfurther,thatthe
energyabsorbedi.nthebrittlerangei.sremarkablyhighasco~r~x.red~-~ith
thatabsorbedinthebrittlerangebythesemi’-killedsteels.

Atte~itionisdii-ectedtotheunusualbehavioro?onnspeeimecof
theQ steel(Fig.14);theon].:?explanationthatcan.beoffei”edatthis
timeisthatthesamplerepresentedoneof’bheexbremesthe.tare eilcountered
fromtimetotimainrandomselection.

PercentShear~:>ra.cturevs.Temj:eratu.re,-- Figs. 15andlCshov—------.-..— ..-..-.-----...-...-.—...— -------
3ydiagramforthevo.r~.oustemperaturesof~testthepereenta~eofthecross-
sectionalareafailingb~sh~arfortheseverzlsseels.Thetransition
ran~,eshavebeenblockedassholrn,e.7enthot.,?hsonepointsbeyondtherange..>
shmrlessthzn100percentshear,becausetheexaminationofthebreaksfor
theseplatesdefinitelysho~:rthmttheSiT.all amo’.-mtofcle;avc~~eresultedfrorfi
a seco~karytez.rin;action.thato>cv.rredonl’rononeedgeoftheplate.
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Thedatarepresented70T!t;hssolidhlac),:circleswereobtatrjed-frou
r2easurenerrtsonthesp~cimerlse.f-~e~.failu,rf;o~cared.These‘7alu.esofresi-
due.1elongation.donettnclu.det!wdasttcelongation,nordcthej:iilc)ludeplate
sepa~ationduetot’-.eownin.’:ofcrac~-s;alsotheresidualeloi2ga.tiOns?tere



measuredononefaceofthespecimens,sotkttheeffectofdistortion(if
and~.rhenan:-exist~d)o.~theplatedurin$ru~tui-~ is includedint!%values
shewn.

Itmaybenotedfroi~thed.iaqramsthe.ttheresidualelongationsof
elementstraversingthebaseofthenotcharelessthantheoverallelongat-
ionsdeterminedfl-onthe‘?ire~a~es.Thereason‘ras,thatasthecrack
progressedouti.”mrdfromthenote’h,thqstresseswerereducedinthelongi’tl~.-
dinaleler,entsvhi.ch‘vereSGTWredbythecrack,ap.d.~31astic flowwaslessened
orcompletelystopped.Inthespecimenswhi(?.hfailedbyshear,d~ringthe
pro,gressofrapturethoseno-rtionsof’the;?lateoutboardfroi:~thoadvancing
cracl:sustainedtheentireloadandcontinuedtoyield,sothzttheresidual
elongationsatth~ed~~softhenlatcarerelativelylarge.Incle~va~etype
failurestherevasusuallya silallan.ountofsheartypefracturenearthe
%seofthenotch,sothathei-ealso,theresidualelon~ationso::theelemmrts
traversing-thebaseofthenotcharelessthantheelon:~ationindicltedb?,’
tlqewireextensoneters.However,alonmelementsacrossa cleava<etypeof.3
fractll.re,theresidualelongationsrzrsmuchclosertotheover-alleloil,ga-

.L.blon. Itisalsotobenotedthatthemagnitudeofelon~ationsaremuch
smallerforthespecimensthrtfailedbycleava~etk,anthosethatfailedby
shear.

A co]~pai-isonoftheresid’.lalelong~.tionof’specinensthatbehm’re
in,aductilemannerande,relativelybrittlemanneris,giveninFi,q,310The
elongationsares!~ovninpercent,andtocomparespecinensofdifferentsizes
thelocationsof’theelem.entson‘:’hichthe.measurernentswerer,adeareplotted
asfractionsofthes-~tecimen~-rid.th.Themarkeddifferenceinma~ni-tudeand.
d.istrihutionof”tl~eresidual.eIongo.tionsbetweenductileanclbrittlespeci-
nensarereadilyal?parentTror;thisfi<ure.Itisofi:l’cerestho~i~t~ that.

forthesnecimnsfail~nybysilear,the12-in.snecimensexhi’oited~reater
ducti]it.,khantihOSeOf,yrez.ter:-r~.<kh;hovever,this:-rasnetti”’~?~ for t%

ple.teswherecleavap;efracturevaspredominant.
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..
A comparisonoftheelongationatmaximumload,asclet:lminedby

the~-ireexte~qscmeters,o:rpceiinenswhichbehavedina ductilemannerand
ina relativel:~;3rittlelm.imer is ~;iverlin1“’!;.3(?.Trendssimilartothose
justdiscusszdinconnectionvithresidualelo~~aticnsarea:.parenthere.

Figs.36and37s11o:’theelongationatvariousloati.sasmeasured
over2-in.,24-i3.,and54-in.<agelengthson13’o72-j.n.specimens.The
local.elonytiorinearthefracturevnsvery]Iiqhanddecreas?dasthe~a.:e
lenqth“asincreased.Thisis~em?~ronol~.nc~dfor‘Ghaductilespo~ime~,

B-5!.,andlesssoforthebrittlos“eci.r,lenC-1A.

T~~dl,cfjiopJin,T}]i~]~n~s~FJ1.OP1,;~,ip.eof~~rac~ur~.--As~.fLI.fik.e~- aid
——----- .... .-------- - ...- -... .. .. --- .. . -- .-.. - — --- .. --- -..-—

Aithou+‘thereareso:meexcspt?ions,thegeneral]:atternofthedata
forthesemi-killedsteelsisasf’ollo-~s.Fort?~specimensvh~.chfractured
entirel:;bysh~:~.rth~reductionsil:t’ni.cknessw~reoftheorderof’5 p~rcent
ata pointa s~~alld.isban.aei’rOTJtk~cnotcl~n.nr?in.cre~sedtoabout20perce~,t
attheoutsideed.yeof’thelolate.Thethicknessreductionsatthenotch
variedconstderab~y,prcha’~lybeinqrreatly~.r,?luencedb::tineofdevelopment
01theinitialcrackiiltileb:,seofthenotckl.

Forthespecimensof’semi-killedsteelswhichfract~~,redentirely
bycleavage,t!~zthicknessreductio~T,-ras~e~lere.llyoftheordercfZtc5
percentatl/2in.frorlthen.otehp.n~decreasedtoa-lout1or2~ercentat
theedgeoftb.epiate.Thetb.ic!rnessreductionsatthenotchalsovariec?
considerablyfor~~lateshavinyth~.s~:~.odeoffrar~tur(~,so.meizimes~W!.?:I.j~~LLICh
hi,qhera-$thenotch,ani.someti::esreachin;a -.~~i~~;~~~~ forthe:+mioplateat
a point ‘]eb.reen the base of the notchand.thel/2-in.point.Itisnote-
worthythateve~for100percentcleava::efract~’.re,theminimum.reductions
i~~thie~<ness.:r~reusua].~~TO.tle?.st1 percent.
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TheCsteelappearedtofollova Pat”kernofbe’naviorsomewhat
similartoth?.t’ofthesemi-killed.ste~ls, ,extentt!lattheumximumred.uc-
tionsin thic~:nessattainedvereap~~reciablygreater.

TheN steeldidnotfollo?:rthepat-ter~:ofbehaviordescribedabove;
corpared~~iththeserli-killedsteelsittendedtoexhibitgreater thicl:mess
red.u.ctionswheref’ractu~eoccurredbyclc.avage,andsome-tinesshowedless
thicknessreductiontl.anthesemi-killedsteelswherefractureoccurredby
shear.

SurmarvofAuxiliaryStudies..—-—. -—

Hardness$urv-evsofFracturedPlateSj~eci.mens—-------.— --.-.* —.-—-— -,.-,.-_.,--,....-.-,.__,,-.-----.

Inattempttoobtainsomeindi.cntionofthelocalizedstressdis-
tributio~inthewideflat~latesatfracture,itwasconsidereddesirable
toconductsuneexperimentsin‘ihicbladvantagevm”ddbe~akenoft’n.es’crain--
hardeningproperty-ofste~ltoindicatem.aximunstresslevels.Accor<iingly,
somespecimens‘:rereseckio~.edatintervalsalcn:;&l;e SUi-fO.Geof’fractv.re
andhardnesssurveys--!~re~?.~deso 3.s -bo d.eteimine the variationi~~hardness
throughoutth~metalnearthefrc.ct~?redsurfacesasdesctibsdina previous

..
report(Cleava~eIractu.reofShi;:FlcteasInfluencedb::Desi.C;nand?’;etal-
lurqicalFactors1“S-335,Part11--Tls.tFlateTests;OSRDNo.6452,Serial
]\Toc?!-608,January1946).

Thetruestress-naturalstraincurvesforbarscutfromspecimens
B-1A(-rhichfailedina ductilemanner),C-lA(vhichfailedina brittle
manner),andC-2A(Wlichfailedina brittleandpartlyina ductilem.aniler)
are.shominFig.52. In13g.53areshowntinshardnessvs.naturalstrain
curvesfor thesamespecimens.I&oI.?thesecurvesuascalculatedtheenergy
al>sor’oedparcubicinchofstrainedmaterialforvariousstrains.Theenergy
ininchpoundspercl.~bicinc’hisplottedagainsttheKnoophardnessnumberin
Fig.54.

‘Tielocationsfi~or~whichsan.piesforthehardnesstestsmre taken
fromtheplatesareindicatedinp~qs.38,39,J!Oand4L Thesamples
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usedfordaterlminingthe!lardnessworepiecesabo~.lt1in.Ion:qmd l/4in.
thick.Thefac~-Llle.twaspolishedendusedformeasurementswasp.srpendicu-
lartothefaceor:pl.aneofthespecimeilanc~parallelto
4.largenumberof’readin~svastakenonthafaceofeach
nesscontourscouldbeplctted.Aboutsixreadingswere

theloadingaxis.
so.n.plesothathard-
takenateachpoint

togiveanaveragwhardnessvalueforeachlocation.Thenormalscatterin
theKnoo~~hardnessnu..m’oerwasA5. (TheKnoophardnessnumberisverynearly
equaltotheBrinellhardnessr.umber.)

Theresultsofthehardnesssurveysf’orplateC-2Aareshownin
~’igs.42to48.‘T]leSeresultsares!~ovrnintheformof’hardness‘fcontours~’
ons~lectedimaginaryplanesthrouzht’heplates.

Fr~u.theKnoophardnessnumbersshowninFigs.4.2to48itispos-
sibletodeterminethelocaldistributionofenei-gyatandnearthefracture.
.fi&nexamnleofenergydistributionissho~~inFiq.q~for;~l?.teB-1A,inFig.J. .
50forplateC-M,andinFig.51forplateC-2A.

SpecimenC-2Afailed‘qr Cleavagefora’ool’.t4 in.Thenthefracture
changedtotheshearmodefor4,in.,andthencb.r,geci13ackto,thzcleava,ge
mode.Largedefo.rme.tionsoccurrednear‘tihefi.etch,tilentherewasli-ttlede-
formationforseveralinches.Inth;3nextfe:,rinch.asextensims’neardistor-
tionoccurredand.thenfollo~?.reela regicnof’cleava2efailureVit’hlittlede-
formation.outtotheedgeof’tb,eplate. Atthebaseoftheno’cch,them.icro-
hardnesss~..rveyindica.teclthatmJ.chsheardistortionhadoccurred.Thers-

?-fa~ledb,?sheara~s~s~~.o?-jre?~av’idenceof’ qreatsheard.iStOrtion-9:iop.Whicii 0
‘:;hiletheregiona~jacent to clee.va~o frs.ctui~z shcved much leSS evidenceofJ
plasticflow.

Theconclusionsthatmaybedrawn,fromtheresultsofthemicro-
hardnesstestsare:

(1)Cxtensived.eforznationoccursatthebaseoft?i~ notchfor
bothskarandcleavag?fractures.Thestrainhardenin?‘:thichoccurs in
thisregionis.as~reatasthe.tWhichoccursnearthefract’.reof’a stan-
dardtensiletestbar.
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(2)Sowlocalplasticflcmtakesplacenearthefracturedurin~
thetimethatfailureoccurs.Itshouldbenotedthatthevolumeofmetal
subj+acttolargepl~skicstrain wasconfinedtoa relativelylocalized
region,T{henthefracturewasprodo:linentlycleava,~e,~~hileince.ses‘:~here
shearfractl~reoccurr’edlargeplasticdeformationstoo!:placeover‘rery
extensivgregionsoftheplate.

(3)Itappearsthatmoreplasticflm~~occursnearthesurfaces
oftheplatethanatpointsrmnotefromthesasurfac~s.

(4)Cl~avagefailuremayoccur
flovha+etakenplace.Cleavagefracture

aftervaryingamounts
isnotnecessarilyan

ofplastic
indication

oflackof’plastici’lcmr.

TestsofUnnotched,Notched,andShearedZdgeThree..Inch“.~ideSnecilmer.s—----—— -.-...-— .—..---.--.——..— .........—— ....—--’.—...-.-.--—.-,.4-....—

Anattemptv’asrw,detodevelopa simple,easily-preparedspeci.iilen
thatwouldbehavei~thesanemannerasint~ra.ally”’llotck~ecluideplakssused
inthemainpartofthisinvestigation,1Thes-in.specim~nflamecutfrom
fullthicknessplate,doesnotrequireanymachiningandthusmi~htbean
inexpensive“andfastmethodfordeterminingthetransitiorirangesof the
various

tension

steels.

‘Theprincipalphaseofthispartoftheinvesti,qationinvolved
testsonthreetypesoff’1~.t3-in.specimensofthevarioussteels

inordertodeterminetheirtrans~.tionran~es.

Thethreedifferenttypesofbars.usedinthisinvesti~ationare
shomninFi[;.58.Theplair.,unnotchedbarwasflamecutfronthetest
platetoa 4-in.vidthandthecentralvortionreducedbycuttinSaway
l/2-in.fromeachedgeona.Doallsaw.‘Thenotchedbarwasmadebyflame
cuttingfroma plateandbymakinga cut,l/4-in.deep,oneachedgeof the
barwitha hacksa-??toproduceanetwidthof2 1/2in.atthenotch. The
shear-edSebar~:rassimilartotheunnotchedbarexceptthatoneedgewas
-madetoincludethelongitudinalshearededgeofthelargetestplate.The
shearededgebarwasusedinthetestsinordertodeterminetheeffectof
theshearededgeofplatesonthetransitionrangeofthesteel.



sp~cialcoolingunitande.jacketforthespecimenswerecleveloped
temperaturecouldbecontrolledwithinverynarrowlimits.FigO

67shol:rsthecoolin~,~~~ketill~.?12.Cea’hOU”tS. specimeninthetensilem.a.chine,
andPig.68sho~”sa .~snera.lviewof’theappai~tususedinthe3-i~.widebar\
.1-~ests.

Resultso<the3-In.3arTests.--Transitiontemperaturesforthe..,.-— —.-...-—--,.--.-—..— .....-=.
varioussteelsusedinthisinvestigationaswellasfors’ceelD (fullykilled)
andSteelD (rimmed)areshownj.nl~i~.550Transitiontemperaturesforthe
-rariousthicknessofsteelCare:jiveninFig,56.A comp~.risenofthetransi-
tiontemperaturesforthe::lai.n,shearededgeandnotchededgebarsofsteels
A andCareshol;minI’ig.57.Fi;,59through66showthefracturesofthe
testbc.rsforthevarioussteels.

Therssultsofth~3-in.lmr‘tests~.ndicatethatthesteelstested
cm bearran~edinth~sameorderasbythetensiontestsofthe~:ridercatche?.
plates,althou~hthetransitionter,peraturesmaydiffersome?~~hat.
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TentativeConclusions—..—” —.

Thefollo~-rin~statementssummarizetheprincipalconclusionsthat
maybedrawnfrontheteststodate.Uponcompletionoftheentireinvesti-
gation,itisexpectedthatsomeOTthestatev.ontsmayre~tuireslightmodi-
ficationandth.e.tconsiderableam~lificationoftheinforrmtionvillbe~ossibla,

1. ~ormedi~.carbonsteelsofthesemi-killedtype,producedunder
thecurrentspecificationsforhull-qw.liiyplate,thetem:lperaturesatwhich
themodeoffailureofsharplynotchedplateschangesfroma ductile,shear-
typetoa brittle,cleavz.se-typenayvaryf’ronbelovfreezingtowellabove
roo:ltem~perature(65°Fto700?).

2. Steelsofpreswnabl;ridenticalchemiealcorposi”tionmayhave
widelydifferenttransitionranges,asdeteri~tinedbyflatplatetest.

3. There~-aslittlediffere:?.ceinbehavic.rbeti--eenstoolB as-
rolledandsteelBnormalized.Themete.llurgicalstructuresofplatesfor
theti:Oconditionsveresubstantiallythesame.

4. Th,eindicationsarethattb.esteelscanbearraagedinappro:Ci-
nstelythesameorderbytheCharpyirmacttestasbythete~siontssts02
wideFIates,althouEilthetransitionterlperaturas~lrerec~n~iderablydifferent

forthetwotyiiesoftests.

5. Bothsilearan:;.cleavagefailuresintheflat,notchplates
beginwiththeformationofsmallcracksatthebaseofthenotchnick:ray
beti-reenthefacesoftheplate.Itappearsthatboththeshearandthe
tensilestressesareamaxim.mminthisre,qionrathertha~atthefacesor
surfacesortheplate.(Note:Thiswasdisc’.msedinsomedetailina pre-
viousreport--ClaavageFractureof’Shi~~PlateasInfluencedbyDesi?;nand
andl:etallurgicalFactors7!S336:Partii--FlatPlateTestsOSWli~o.6452
Serial1%38January1945J
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G. l!icrohardnesssurveysms.deonSaIP.plG5 cutfromfractfiredplates
indicatethateventhemostbrittlespecimens ma;yunderg~largeamountsof
plasticstrainatthebaseofthenotch.Th maximumdegreeofstrainap-
proachesthat?ov.ntiadjacentCOthehactura in the necked section of a

standardtensiletestbar.IWayfrom “cho notch, thean.ou.ntofplasticstrain
illtheplatomaybever~’s~~Lll andinsomecasesmayapproachzero.. .

7. thld.ersome conditions, cracks pro~:rcss f’roplthe lja~~ Of the

notchto:.ardthoedges01’ ‘-~he plateduringloadinga~.dmaylengthen,several
inchesbeforem?.ximw-llocalisreached.Thepresenceoftilesecracksrather
tlwntheoriginalnotchgeo~~etirymaygovernthef“lnalfailureoftheplate.

8. ~“;j.ththesamesharpnessofnotchanda fixednotch-to-width

,.
or cleaw-age type.

9. The.:
cleavaf;ekhanare
...’. .

shear.

maximur.loadsareslightlylo~:lerfors:ecimensfailir.~by
1-lum Correspondiilz loadsf’ol-similarspecimensfhilingby

,’
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TABLE1.--DESCRIPTIOiVOFSTEELSUSEDINLARGEFLATPLATETCSTS—~
Note:Allsteelsweretestedattemperaturesselectedsoastodefinethe

temperaturetransition,rangewithinreasonablelimits.

.—..—-...—. —-......,..--_.,___.---ZKexcx-- i -—-----ICodeLetterfor
Ste’eland~ :,Analy~~z I-’ TypeofSteel~ Usein
M3.nufacturer ic,% ‘~~,gj_ TestProgram II8 !11. I -—— .. 4

A“;” 1 I ILargecylinders’and~
“Carne’gie-Illi~lois~0.25~o.47I ‘~i;~~~~~d[72,~Q,24,12and3-in.jI

I lnotchedflatplates
.-.,.—”--——.-----+

n 1,
Bethlehem ~ s--z;;;:::0.18~0,72~

.plates”!f I
— .——— ...+

?---+---+ ”’”’–--------+--------’+
B

Bethelehem
,.

——.—--- -

c“
Carnegie-Illinois

——

N
Lukens

-----—---..—

H
Bethlehem

— .—.

q
Ilepublic

.
+-— ——.——.
I

i (

0.18 0.72 I semi-killed72,4:8,24,12atiZ-in.;.
I NormalizednotchedflatplatesiIj ! !

I ~

0.25,0.’49 Semi-killed~’72,4$,24,12andS-in.l
ASrolled \notchedflatplates/

I4--+/ I

~

I
I

-— ‘ .“-.--—— -,---- - -- +.- - -------- +
I

0.13
“’II

0.49 3 1/4$Nickel1I 72,32 :.:2.::~-~-:i,,;
As rolled

1
lnotchedflatplates~

“’”-T--–t--’--”--—“.1--—.—-.—.--—-,-.--
0.16

II

0.85 ~u~ly-killgd ~ 72,12, ?.nd~-inq.~
ASrolled ~notchedflatplates~

I ‘1
-.—IT----.—-,----q.__L___

!
—---J--J

/
‘~

0.23 1s05 ‘“:ater~uenched72,12, and3-in.~
anddrarm notchedI’l,at.plates~

!
1“ I

—--”~–—..k,.——~ I
-- - -.--.—. - --- —-. --i

.
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Asrolled,semi-l<illed
It tt

Asrolled,se;ni-!<:illed11 1!
I! N
Ir H
tr !!

Normalized,seroi-killedII 11
II If
1! 11
!1 !1

Asrolled,semi-killed
11 il
It 1?

!1 It
11 lt

Asrolled,f’ully-killed

Asrolled,nickelalloyx1! 1!
1! 11

? -.”—.— .. -’-——---.— —. . . . . ,. .—. . ___”---- ___

IPlatei
—.——..,._..__ -

Condition
I
Cheinical~ Analysis

t i
andTvpe.—.—.---------------_i__-..,.__,___

I-—t-c-z––“-’”4‘----“J~”-----
,A-1I, A-2 \ 0.47

: A-3 0.47
I A-4 i 0.47
, A-5

0048
0,44’

B-1 I
, B-3

1
0,71
0.70

i B-6 0.73‘ B-7
B-9 0.68

0.71 1
I 3-2
/ B-4

I
B-5

, 3-8
z-lo

\cl ‘~,-

1

c-z
C-3
C-5 ~
C-6 ~
D-1‘“-I
N-1 1

l..~N-2 !
N-3 ~

—.. _ —.— I——

0.27 [
0,25
0;22 i
0%25
0.24

O*17
0.18’ i
0.17 ,;
0.17 !
0.17:

10.18
0.18 I0.18 t.
0.16
0.17

0.25
0.26
0.23
0.26
0.25

0.17

().18
0.17 I
0.15 I

0.73 ‘1I
‘ 0.73 j0.71
0.71 I
0.71

0.47
‘ 0,49
0.50
0.46
0.48

I
0.=52

I
0.48 .1,
0-.48
0.50 ~ ‘1i

*l{icj:~lcontent- 3.34percent



TABLE4,--RESULTSOFSTANDARDTENSION
ANDHARDNESSTESTS

I (Sheet1of”2)

Type TypePlate ~rof’ Orien-
Steel No. ~ationbYield

Bara Point,
psi.

i ;505I T 34,575,.1 i

,:
1“
A

*505 I L 35,550
Al Square L’ 35,070

Flat iJ 34,510
.505 T 35,890

I

.505 L 36,200
A2 Square L 34,380

Ter$i.lePI—’.-
Tensile
Strength,
psi.

57,875
58,800
58,460
58,320
55,700
57,630
58,190
57,860—.
58,500
58,400
58,630
58,620
56,950
57,050
57,680
56,460
55,640
55,850
56,350
57,680
56,950
56,630
57,200
56,880
56,500

I)erties Hardness,~
Elong.Red, Rocknrell~
%’ in B Numbersl

Area,~ ...-
42,0 57.3
42.8

II

‘60,8 i
50.5 62.0 61 ~

34.0[ 58.4’
43.3I 59.7 ;

Flat i 32,950
●505 T 36,50()-

t *505
[

L 35,500A3
, Square L 36,620

[ Flat L 35,380
,505,I T 34,600!.505 L 32,200

B1 Square, L 32,460
.. Flat L 32,210

~ .505 T 31,230
~“ ‘“.505. ‘L 32,050i
I

B3 ‘ Square CL 32,700B , Flat~ L 31,960
[ As

●505 -T

I

I
!

I
~~~‘ ~1.,

33,500~Rolled .505 L 30,350B6 Square L 32,410
; Flat L 31,960

,505 T 33,500
~ .505 L z3,050 67,150B? Square L .-. --

Flat‘~~. 3, ---..... -.--------....a - ,505s .—
A*S*T.Mcstd.round(),505-ine dia. bar; square= full ~ickne$~ “-”

ofsquarecrosssection;Flat■ A.S.T.Il.std.full-thicknessflatbar.b
.

-L =axisofbarparallelwithdirectionofrolling.
T. “ !! f,perpendicularto l! !! 11c-Elongationsmeasuredon 2-in, originalgagelengthexceptorlstd.flat
barsforwhichgagelengthwas8in.

44.7 62,4

I
i53,2 64,0 60 ,

51.0 63*6 60-62 i

36,6 64.1 I

44.3 63,0
i

44.8 65,0
48,.867.2 60 ‘

35.0 65i5 j
44.3 57.9 I
42,8 67,5 I
54,8 66.8 58 ;

45.3II70.154,5 67.7 60 i

45*7 71.5 ii..- -. 61-63 ,
-- .- 1-.—... .,+

I



TABLE4s--RESULTSOFSTANDARI)TEIJSION
ANDHARDI?ESSTESTS(continued)

1Type
1

1 Type ‘ I
of Plate of Orien.

No.tSteel ! Bara tationb::;;:
I si.‘P ‘ ,::;!~- i:;;?:i::~ “I

.505 T 36,370 58,320 41.8 60.4
,505 L 37,100B2 57,930 46.5 67.2 I

~ Square
~

L 34,14057,440 54.0 65,5 60
Flat L 35,000I 56,880 35.0/ 63.4
●5Q5 T 33,480 56,710 41,8 62.7

B ●505 L 33,410
B4 57,260

/Norm.
45.5 65.4

I

i B5

,., ,

ISquare “ 31,080 55,470

+ :

54*O 66,0 59 :
Flat It 30,900 55,14.035,1 64.9
●505 T 37,150 58,530 43,2 6006
●505 L 35,650 58,700 44,8 66.0
Square L 32,300 56,670 55.0 66.8 60 j
Flat L 33,87056,940 34.8 64.9
.505 T 35,50061,500 40.0 52.2
.505 L 36,33061,810 41.5 59.6
Sqwdre L 35,33063,000 49*d 59,5 66
Flat L 35,30064,600 31.6 57.4
,505 .. ...T 36,0001 68,130

t
35.5 50.1 ~

,505 L 37,13’068,500 38.0 ;7.0~
Square L 36,200 66,540 45.5 54.2 6$1
Flat L—.. 35,65066,170 30,0
.505

53.0‘1T /35,65063,850 38.7 54,5 1
.505 L 34,55063,850 42.2 60.8~
Square L 39,100‘55,501,)47.7 61.0I

67-74I
Flat L 36,260 ~

64,5C0 31.7 60,1
.505 T 61,00076,850 37.8 /32.0 I
.505 L 63,000 77,100 37.5 69.7
Square L -. -.

~~ ~~~....[ ~ ‘

1-- 83 ,--
Flat L -. 1.— .. --. --
,505

.-,._ -....
T

.%..---
6‘1,50077,600 ...

38.2
●505 61.0

L 59,000 76’,10038.0
Square 62,1

JJ “- -. .- !33-84i
Flat --

L -- -. -- -~—..-.. I
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TABLE5- SUMMARYOF PRINCIPALRESULTSOF TENSILETESTS AND WIDE– PLATE TESTS SHEET I OF 2

STD.O.SOS-INTENSILE84R3-INEDGE-NOT~j;DTENSILEBAR
PLATE

12-INCHTESTPLATE(DSIZE) 24- INCH TESTPLATE(CSIZE) 48- INCHTESTPLATE(8 SIZE) 72-lNCHTESTPLATE(ASIZE)

STEEL NO TEMP Ys, TS TEMP Ys
F (b) KS I KS I F lb) KS/ s%!% ~w ‘:M:, ~~jH ~w, ~g,” ,yyd; r:~, :~~ ,c‘“pE ‘AGE ‘z~ ‘p;, g:n ,~,& ,%” ~~;; ‘:?) {g:;fj” F;;fi ‘AGE ‘NER’YKS,(d RACTURELENGTH LENGTH(~m!(d)

~ A-1 70“ 35.6 588 U2!).6157459 660 ;:ZS:L 86” 46,5 :gcyf, 9 98 37” 436 72%9/ 407 ?g:gn ($; (e) Hi[e)
24

28ZCL{f) 18 291 680 75” 38,5 ::: ~ 54 1034
2081

g A-2 710 36.2 5Z6 30“ 434 616 ::%~L 3P-33“ 48.I 26%S/i 9 104 84 “ 42.6 too%% i~(el %(,) 310-=” 30”-340385 & g 520
74%CL 50 (e) 180(d :: 684

$ 10%SH
A-3 72“ 35.5 584 49”-51“ 425 615 90%CL 50” 48 I 100%SH 9 g # 677-(-6? 38 I 100%CL : (e), 51 48“ 41 I 76 SH

5
54(e) 77 (e) 24:ti la) &ef 48%50” 403 2;: z :!(., z~(ti

,p A-4 6F- 73” 423 9;: :: 39.3 100%CL ~~<=, /63
Q2

60.2 11” ,;., *EO,,25(e) 10“ 35.8 IOOZCL
g ~. A-5
$b::s

80“ 43 I 58 I 9;; g+ (-97-(87 399 100%CL 9 t4.4
89(e) 43(eJ 43=45” 400 90%SA

10%L?un,g@(,,
g

r.m ,.,
;?;

~;~k;
~~$~$ ‘-41X

7°.80 387 100%CL 9 19

,? A-42X 190 38.5 [00%CL 9 t5

B-t 73” 319 571 6?o?ilm 387 658 i6 SH
94 CL 32” 48,9 f’;: y 4: (d

;: g;WzBr?OKEATWELO
w) 32” 463 32‘ 3%SH, 600

WASRETESTED 38’5 97%CL, :1 I1009

B-3 70” 32 I 559 G=.~e 40.5 65.5 :4; y 70~73° 46.1 9;: y 9 115
54 (.) [81(e) 720 433 100%SH 18 566 72” ~. o 74%s? 24 /449

26%Twn 54 2200(qJ

B-6 74” 30.4 567 22 378 635 :;: ;? 50~51° 49.3 IOO%SH g: ~e) ;; (e,
83%SH45”-46” 426 ,7%Twn

B-7

,::(e) ;;:,e) 48~51” 40.? ::: ;: ,;; (,) :::,,,

33”-390 377 594 Ioo%s#(367+347400 IOO%CL 4; (eJ :; (e) 9“ 35.2 IOO%CL 1::,,, z(e) 8’9” 346 IooZc’ ,2 (., !!!(.,
~Q $2 E9 (-77{67 418 IOO%CL 9 36
2 T8[e)
tibz;s

4I (e)

~::cr+
~~$;~

:bk

R-2 72“ 37I 579 {2PJ#d43I /3%SH 3&3fi- 48/648 87ZCL
78%SH 90% SH 18

4: (,) ~; (eJ32%330 463
405

22%cLfo 33“-35” 332 IOO%CL :: 140
IO%awl 96 457 /94(51)

B-4 70” 335 573 63”?(0”) 42.8 3/%S/i 89. 94%SW ~
627 69%CL 456 133 97” 415 100%SH /8 384 9/%SH :: j4/=70

6%CL 72“ 379 9%Sun ,70 (.I / 7!3f.)
94%s~ 50?5/~ 45,9 100%SH ~:(e) ;:; (e)8-5 70” ?Zo 585 34~4’o”

-.
41.8 605 C%CL 49°-52” 39.5 100%% ,g (,) u;,,,

8-8 55” 4/5 586 Ioo.%s#&%f/07 385 IOOZCL G;(e) 22
29fe)

? Q~b
9

%: B-10 lo~15a 48,7 ;;$ y 7:(e) i:: (e)
kj?~;? B.2,x 42,2 100%CL 7f’(eJ 53

—

Zci?$s
10” 70(e)

~;~g$

“..m

c-1 70” 36.3 6/.8 34”-35- 42.9 649 &:: 32%33” 40.0 IOOZCL 9 /3.4 27-3/ o 370 100%CL ;;(e) i;(e) 30”-3!“ 370 tOO%CL. :$ 100
f19

c-2 75” 360 688 49” 425 644 & ;; 84“ 42.8 ~~%cy 9 203 88” 404 >% SH ,8
99%CL /41 80” 372 IoozCL 36“– 56 78” 378 9%SH ::

/35(,) /52[eJ 91%CL. 102

C-3 75” 41.6 632 4%SH loto 51 I 5/% Sn 9 85
96%U 49%CL 101” 449 :;: g“ {%{4 :;:(,) loo’1~ 43,2 ~: ::” ,,0,e) ::!; ~o)::45 (e) /32/eJ

c-4 lo4=lo@ 40.7 62.2 9.s; y 27%29” 37.2 IOO%CL,;: ~e, g(e) 80~82” 35.7 IOO%CL
;;/;; (,, ,,, (.)

6%s~ 141e145~ 54.7 =:: ;~c-5 ‘ .87” 40.7 638 94%CL 4: (e) I ::(, J 152- 86%SH43.0
36%SH

,; g& ,:; (,, ;~ ,,,

6-6 96” 402 619
; 64%CL 32“ 370 IOO%CL130(.)36 g(e)

2% c-5/x 128” 421 635 9:: g 1.?LZJ23- 48.7 ioo%sH.= 93
4 83 (e) / I 4(eJ __
WV:;2
$N6k.L. C-52%’ /44” 42.1 6/.5 IOO%SH 99” 46.6 % 9 72
~y , ~%%:? T7(eJ /60
Z.S2$ C-11X

.—
l@136“ 53,2 93%s+

7%CL. 6;(e) - 2:;
:U

FORNOTES SEE SHEET 2
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TABLE6–
THICKNESSREDUCTIONALONGFRACTURE%LWES

OF NOTCHEDFLAT
SHEET I OF 2

PLATES

‘L, ATESPECIMEhTESTING
01sTANCEFROMNOTCH,INCHE

1 ‘nTH NO TEMr?
RIGHT SIDE OF PLATE

1 1 . i I . 1 A I R /6 I 26 1

3. 1

I ,,

0<

9n

*

I ,/ I K I ti.lfllolfil%lzl~ l’l=lTI-!”- 1 I

,, -----
; I 9.5 .5’1/2.0 s 1/5.0 .sI I/9.5 .5-I , I

+/ ?-!-0 t -.. , —.

A-ID 86” /80 s 1?0 S]t6.5 S!14.:

A-30 50” 4,5 s 140 s 170 :

A-20 31”-33” 3.0 c 95 c 12.5 :
-. ,,lfi ?/l c 7.5 (

IA-4D I // I -.-—

A-41xDI7°-80 ().5 c 1.0 c 1.5 c] 2.0 c134
I 1.5 G 2.5 c 2.5 (

945 s22.5 S 21.0 s 160 s 13e

24* B-3C [ 72° I I I ~o.uo1=~.wQl=”-
B-IC 43° @5 sp9,5 s~/9.o -,

m I I I i2tI0 S ]24.5 S!22.0 sk

6-6U I +0 1 I -----

I B-ID 32° /9.5 Slmo s !/7.5 sl/5.5 sl/3
12” B-31XDI 12”-15”! ] 3.5 c18.5 c120.5

-.. “1an 6 on

I

U-*U
B-5D 5oY51” 155 s 21.5 s 23.0 S 23.5 S~

B-2D 32”-35° 10.5 c20.5 s ~.o_

It” B-IOD fo”-15” 55 c IZ5 s 15
- -... 10” 1.5 c 2.5 C 3.5 c155 c1

- “A .-”.-

-1
50 s]/6.0 S /8.5 S210 s 16.5 S 17.5 c

s /8.0 S 180 S 7.5 c 3.0 c
C 3.0 c 2.5 C pfl c J5 c,

i
C\zo q /.5 cl /.5 c1 /u UI
C13.O Cl 2.5 Cl 25 Cl /.5 C!

I I I

s 20.0 s 23.0 S 20.5 S /3.0 5

s 13.0 s 160 s 175 s ‘= s
112.0si/5.5s/5.s s 17.5 s /9.5 s 5.0 c

.s18.5 S 19.5 c 8.0 c 30 c
c 4.5 c 3.0 c 20 c 25 c

i
---- .C 3.0 c 2.5 C 2.0 c 1.5 c

I

6,(7 c 5.5 c 40 c 3.5 c

1

I

I s2,35 s 23.5 S255 S25.o s
s23.5 S25.0 s pm sz45 s

1 I I

;5 s 13.5 s /0.5 s/6.5 S

24”
I

B-4C I Yf-
19.0 s 22.0

1 I
I 32°-33”I i20.5sbl~ji;usimOsl/aoSIJ5.Os/~5 .$ 8.5 S 12.0 s IZ5 s 21.0 -T-

I I
B-2C,. s12/.5 S123.5S117.5s[

I I I 124.5S1S’4.0S~3.O S1225 S!210 s 1~5 s 125 s 9.0 s /To s 2(20 S121.5 1
- .- -...

.- -,. .ee
1.0 s 18.S S 9.0 s 5.5 s 11.5 s 14.5

>16.0 S /55 S /50 s Z5 s 5.5 s 125 S 14.0

50 sI140 s11z5s“os 90s2“5s6“0s’05s““5s/2.5SIi~ostlc

B-ZIAW ?scg,oc1/,0c2.0c7.0c 9.5c9.0c=-.. fi=fie70f.7.0c5.5c7.0c
8-80W?7-W7 /.sc1Z.u

I I I
I I I I 1 I 1

VALUESIN TABLEINDICATEPERCENTREWCTION.
LETTER F~LLOWINGVALUEINOICATES TYPE Of FffACTU~E:

S-SHEAR,C-CLEAMGE.

-i
s1/6,0 S1/75 S 19.0* z’f~ ~
slf4.5 ~m,o s 19.5 s J9.O s

co s 19.0 s 20.fJ s
c 4.5 c 3.0 c 2.5 C 1.5 c

C13.UClwol-~~1~-“1,. - -1-
;1’6.5 C 5.5 c 4.5 c— 3.0 c 2.5 C @ c

I I I
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OFL4RGUFLATPIJ4TES—.—-.—-..

.—. — ..— -— .---— —-. .. . ..--.. -—. .....——. —. ..——.— ----

pecimen
Wmber

— ..
A3A
A4A

AIB
A3B
A3C
A3D
A5D

B7A
B6B
B5D
B6D
B7D
B9D
B1OD
B2IXT

C4A
C5A
clD
C3D
C51)
c51X?J
c52~

NM.
IT2A
N3A
NID
N2D
N3D
]~~1~

Q211
Q12~

.—. -

DevelopmentofCrack—. —-— .--—
Temp.,Gad, --NGXIix%’I-
o~ Kips Stress,

ksi—-- —.-,—..——- —.. —..
49
20

68
48
-6
50
-8

g
45
50
50

.34
-7
12
10

t31
152
32

101
lq~
121
90

-53q- ..2
2

-29
-Go
72

-4.5

134
86

1320
1300

910
950
505
250
220

1250
900
240
325
270
240
265
275

1320
1350
257
270
275
290
270

1650
2250
2000
385
455
360
43(3

390

32.6
32.1

33.7
35.2
37,.4
28;0
32.6

3Q.8
33.3
35.6
48*1
40;0
35,6
3’3.3
Qo,:

32.6
33.:
33.1
4,0.0
40.8
43.0
40.()

<0,7
55.5
49.4-
55.6
64.4.
53;3
63.7

57.8

Max.~Tom.Break,
Stress,~ercent
ksi shearI..—-.“-r

40.3
35.8

40.7
ql.1
38.1
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APPENDIXA
ResidualStrainDistributioninNotchedFlatPlateafterFracture

A systemofrectangulargridsshowninFig.5 ~s appliedto
onefaceofallthewidenotchedflatplatesthatweretested.’Readings
reproducibleto~0.002in.weretakenbymeansofa specialstraingage
priortoloadingandAfterthefracture;percentelongationswerecalcu-
latedandarepresent.eclinFigs.A-1throuChJi-67.LinesOffractureare
alsoshowninallofthefi~ures.Itistobenotedthatthevaluesshown
inthefiguresdonotincludetheelasticelongaticmsor“theplatesepara-
tionatfracture.Also,sincetheresidualelon[;ationsweremeasuredon
onefaceonly,theeffectofdistortionofplateduringfracture,maybe
includedinthevaluesshown,althoughinnestcases~~isdistortionwas
fairlysmall.
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FIG, A-62 PER CEIVT EL OAfGATIOIV PLATE Af-4D (I-INCH GRID )

“N “ STEEL , 12 ‘jNGH WIDE PLATE NOMINAL STRENGTH 70.4KSI

TEMPERA TURE (-37) -(-32) ‘F 100% SHEAR
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FIG. A -63 PERCEIVT ELONGATION PLATE N-4XD (J-l~cH GRID)

“Iv “ STEEL, 12 INCH WIDE PLATE IVOMINA L STRENGTH 68.9KSI

TEMPERA TURE -79 “F O % SHEAR
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FIG. A -64 PERCENT ELONGATION PLATE N41XD (I-INCH GRID)
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FIG A -67 PERCENT EL OIVGA TION PLATE Q-12XD(I -INCH GRID )
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