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ABSTRACT

This reportcontainsan accountof the testingof the !!An, ‘}C1l,‘Bn[t,

llBrll,llDnSand I!E$)steels, six of the so-calledpedigreedsteelsthatwere

investigatedunderOSRD and Navy Departmentcontracts.The testsdescribed

are tensiontestsrun at varioustemperatureson specimene24!!long,121twide

and 3/4ttthick,havinga centralinternalnotchone-quarterof the widthof the

platewith endsof the notoh0.010inchwidezwde by a jewelerIs hecksaw.

The loadwas appliedin the directionof the rolling. This programwas under-

takenbecauseit was believedthat testsmade understandardizedconditions

wouldfurnishadditionalinformationregardingthe behaviorof thesesteels,

and wouldprovidea etandardthat couldbe used to judgethe efficacyof tests

of smallsizedspecimensadaptedfor use as acceptancetests.

The reportcontainstablesgivingthe loadat firstvisiblecrack$

at maximumload,and et ultimateload,togetherwith the energiescomputed

to thoseloads. Load-elongationcurvesfor each specimentestedare included,

togetlnerwith diagramsshowingmaximumload,plottedwith temperaturesas

abecissas,and diagramsshowingenergyto maximumloadplottedwith tempera-

turesae absciesas.

The transitiontemperaturezonesof thesesteelsbasedupon the L2rf

wide platetestsare reportedbaeedon energyconsiderationsand on the mode

of the fracture.
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INTRODUCTION

The

physical

objectof the testsrelatedin this

behaviorat varioustemperaturesof

,.. ”

reportwas to,investigatethe
:,

a largenumberof 12n wide,full

thicknessspecimensof steelplate. The,.spe,cimencontainsa centraily

locatedinternalnotch3!?wide terminatingwith a jeweler~shack saw cut

l/8fllong and 0.010”wide (See~@re.I .:1,,AppendixI). All testsweremade

with tensionloadingapp&d in the directionof rolling,

The physicalbehavior..ofthe steelswith respectto maximumloads,strs.in

energy,and mode.of fracture,was.investigatedwith,the principalpurposeof,

establishingtransitiontempsratqresbasedupon.ut~ wide,3/411thickspecimens.

The steeltestedhas been stud+edby severallaboratoriesand has been

designatedas sAn, ‘ICI!,.llBrtl,(B ae.rolled),“En” (B normalized),“Dnl’

(D normalized),l~E!tend SQI1.,Thesewere 6) x 101 plates,all 3/41!thick

except‘Qt]steelwhichwas 5/85thick. All but ‘lQn

‘ The chemicalanalyses.ofthe steelstested,as

page 35 cf the I?ennsylvs.niaState CollsgeReport3*,

~~w~rals refert~refereqcesin Bibliography.,

have been tested.,

greyiouslygivenon

are as follows:
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CIZtMICALANALYSES

,,
~&el$?J*~_s~i&f.A&M &“”M&&Q&

., .,.’. ..,,

A“ .26 ,50 ,012.039 .03 .012 .02 .O,q,.,,,.03 .006 .003

Br ,18 .75 .008.030 .07 .015 .Ck5 .0? .,!3,3,006 ,012

Bn .18 .73 ,011 .030~~.04 .013 .06. .08. .03 .006 ,015
,,.. ...,..

c .24 ..48.012 ;026 ,,05.,016 .02 ~03.; .03 .005 .003,., .,,,

Dr .22 .55 .013.024 ,21 ,020 ,16 .22 .12 .022 .023

Dn .19 .54 ,011.024 .19 .019 ,15 022 ,12 .021:‘io25

E ,20 .33 .013 .020 .01 .009 .15 ,18 .,09 ‘,.olg.024

N2%
—

,0011

.005

.006

.009

,006

.006 .

,,005:

The fullestuse has beenmade of reportsfrom the Universityof C.alifOrniaL,

the Universityof Illinois2,and PennsylvaniaStateCollege3as an aid to in-

stru?nentationand as an aid in tliepreliminarydeterminationof the transition:.;..

.tempe,rat~e,.

INSTR!JMENTATI’ON~ ~~.,

ElongationMeasurement:To determinestrain’energyit was necessaryto

measurethe elongationof the test specimens.The gs:gelengthwas established

as three-quartersof the widthof’”the plate,or”9’!,withthe.ends of the,gage

..le,ng~h4& aboveand belowthe notch, The insttimentdeveloped.permitteda
.,,

~e%~;m!inationof the elongationsof the platein both the elastican~ plastic

ra;ge. B@keli,teSR-4 gagesare used in theseinstruments,The elon$a~+onswere

pea~~ed,over twelveeeparategage

each of the 1211facesof the plate

The fivegage lineson the face of

lines, Five of the gagel$nes were on

and two of the ‘gage“lines,were on the edges.

the platewei% Iobited”as follows: oFe at

the longitudinalcenterlineof plate,two 1* e’itherside of the centerline,

and t,wo3 3/4~teitherside’of the centerline.The elongationfor,eachgage

linewas determinedsep~rate~~.The instrumentsused andthe detailsof

mountingthemare fullydescribed‘“inAppendti1.
,, ‘..
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&eDaration of Notch: Carefulattankibnwha’g~vehtO the preparationof——-- ,,, ,.,.r.,,

the nc.!,ch.The acceptedprocedureat all laboratorieswhepewide full-thickness

platetestshad beenmade was to use a jeweler!shack saw to establishthe
,.

acuityof the notch. To provide’uniformacuity,the widthof the last 1/8 of
,,;,.4

an’inch of the notchon b6th sides“ofthe’internalnotchwas specifiedto be

0.010inch. See layoutof notchin Appendix1. A jig-sawwas utilizedto
,...,

make the jeweler!shack saw cut. Thismachineis describedin detailin
.

Appendix1.
.,,

TemperatureContrclChamber: The temperaturecontrolchamberwas made

of Plexigl~, so’tht the specimen.&d instrumentwouldbe”visibleat all

stagesof the teit. Strip heaterswere installedto”givetemperaturesabove

that of the I.aboratcry.Two fans.at the top,of the box insuredthe circulation

of the heatedair. Coolingwas obtainedby blowingair overdry ice and con-

ductingthis”CCO1 air to the Plexiglasbox by”insulatedducts. This installa-
:.,,

tion is describedand illustratedin Appendix1.
,,

Measurementof Temperature:The temperaturewas determinedby the use
,,,, ,.. ,,,

of thermo’couplee.Threethermocouplesare mountedon each specimen,one in

the 3/4’1drillhole in the centerof the’plate,&e & abovethe nctchin the

centerof the plate,and the thirdone located’l/@l from the end o~ the notch

immediatelyabovethe junctionof the standardand jeweler~s hack saw cuts.

A fcurththermocoupledeterminedthe ambienttemperaturewithinthe box. A

completedescriptionof the instrweentationwith photographsof the various

piecesof apparatueis’containedin f+ppendix1.

The temperati~reat the 3/411‘“drillhole has beenused in interpretingall
,.. .

tests.



“’-ft-

sPEcIhrim.IDi3NT@ICATiON—.
,, .,,.,

,,’.

The locationsof the,specimensin,the 61 x 10I plateare shownin the
, ,:,.,.,

uPPerleft-bandcornerOf the Fi@’ee givingload and ,energydata for each
.:

steel. Upon the arrivalof the 61 x 10I plates,theywere pl~cedin a r,ack,
,. .:.! .:’~~ ““

eaoh slotof whichwas numbered. Therefore,the number,A-l&.8m?an~ thatit.
,.. .,..!’...-..:,

is the 12trwide, ,241tlong specimenfrom the plateof ‘A!!..steelrackedin slot
‘“..; (,’” ,~., .

18, and its positionwithinthe 6t x 10I platewas No. 8. This methodof eut~

tingthe plate giveseightspecimensfrom the outeideedg~s.of the plate,four
.

specimensin the centralarea of the plate,and eight specimens.for the inter-

mediatepositionsin the pl~tefor a fpl.1size 61 x 10t,plate..

TESTINGPRDCEDUFW

The generalmethodor testingwas to loadt:hespecimento 10,000 lbs, and.,

determinethe initialreadingsof the ElongationGages. The loadwas then.in-

creasedto 190~000lbs.and the gagesread. The,loadwas thenreducedto

10,000lbs. and the initialreadingswere checked. The testwas then etarted

by increasingthe load to 190,000lbs.and proceedingfrom this loadby load

incrementswhichproducedapproximatelyequalstepsof deformationas measured

by the edge gages. The totalload and the elongationon all gag~ lineswas

thendetermined.Duringeveryseriesof elongationreadingsthe pump.qfthe

testingmacbine was cut off. If the load on the specimenfell off due to ~

plasticdeformation,highand low loadreadingswer~ made. In plottingload-

elongationcurvesthe high load has beenused.

Load-elongationcurvesfor each specimenare givenin AppendixII.
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F&ure 1 showsthe fractureof all 27 specimensof the !~Att,steel. It is

noteworthythatfracturesof the ‘TAT!steelwere usuallyeither100~ shearor

100? cleavagefailures. Attentionshouldalsobe calledto the symmetryof

the fractures. The mode of fracture,cleavageor shear,was very eimilar

on both sidesof the notchexceptfor six specimenswherea shearfailurein

a singleplaneoccurredon one eide and s.doubleplaneshearf~ilureoccurred

on the other

cf the notch

Table1

sideof notch. Shearfailuresprogressedoutwardfrom each end

at the same rate.

giv@ethe load and the energyin inch-lbs.to the firstvisible

crack>to mzri,mumload,and to failure. It also givesthe temperatureand

the type of failurein terms of the per centof shearfailurewithinthe 9!!

net width. Table2 showsin tabularform the data on energyto maxi.mwnload

obtainedat the Universityof California on 12n wide plates.

Figuro2 showstho maximumloadsplottedas ordinateswith temperatures

as abscissas. In Figurs3, energiesto me.ximumloadare plottedas ordinates

with temperaturesas abscissas. The dataobteinedat tho Universityof

CalS.fOrnialon platee12$!wide are supcrimposed on the Swarthmoredata,

Figure& is a plotof the percentageof shearfailurein the vc.riousspecimens

of \lAtlsteel.

The decisionto includedata on load and energyto the firstvisible

crackdeservessomeexplanation.It was visuallyobservedthat the first

sign of frtr.oturegenerallyoccurredat the mid-thicknessof the pln.te.The

load tc producethe visiblecrack .mriedonly slightlywith the specimenfor

a giventype of steeland seemedto be independentof the type of fracture

whichoccurredlater.
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t!Cs STEEL
—.

The behaviorof the I!CWsteelwas very erratic. The

fracturesof many of the !lCtIsteelspecimensare shownin Figuie5. Thereare

instancesof c1eavagefrachirefoliowedby shearfractu~e,casesof shear

fracturefollowedby”cleavagefracture, and othercaseswherecleavageis

followedby shearwhichis followedin ttinby cleavagefractures. Thesemixed

typesof froctureoccuroverwide rangesof temperature.The fracturesin
,.

almoeteveryspecimenwere symmetricalabout”the centerlineand had the charac-

teristic‘ithuinbnaillt,

Table3 givesthe load and the ener~ in inch-lbs.to the firstvisible

crack>to m’iximumload and to failure. It also givesthe temperatureand the

type of failurein termsof the per centof shearfailure. TableL showsthe

dotson energyt,omaximm”loadobtainedat the Vni:versityof Californialon

12’}wide”platee.
,.

Figure6 showsthe maximumloadsas ordinatee andFi,gure7 shows“the

energie~to maximumload as ordinates, with temp’eratutesas abscissasin each

case. Ags.in~the data obtainedat the Universityof California on plates

12’!wj.deare superimpc:sed.Figure8 represents”a.plot of the per centof sheer

foilureobservedin each specimen. The abscissas”in thesecurvesare tempcra-

tu%s and the ordinatesare percentages of shearfsilurecomputedon the

basisof the net widthof 9!!.
,.

It is of greatintereetto note thatthereare oftentwo lead maximain

the loadelongationcurves. Attentionis called.to Figures4C$ 5C and“W in

AppendixII illustratingthisphenomenon.The firstmaximumis the loadat

whicha cleavagefractureoccurs,extendingover only a part of the cross-

section..When this typeof f?actureoccursthe load drops,old if the load is

,.
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increwed againthere

ioworthanthe first.

yield,

is a secondmaximum. This may

The;specimenmay “thenfail by

UBnll sTEEL

be at a lead higheror

cleavageor,continueto

ljinetc~~spe~ime~~of l!Bn!lsteelwere tested,theirfracturesurfaces

beingshownin Figure9, All thesefracturesstartedwith o.ninitialshear

zone,clthoughin the case of specimens1 and 7 the zonewae small. Exsmples

of the initialshearzonemay be seenon the righthalvesof epecimens4 and 11

wherethe smalldarkpatchesat the end of the notchindite.tethe presenceof

a sheararea.

Table5 givesthe data for the lJBnirsteel.

Figure10 givesthe maximumloadsas ordinates,Figure11 the energiesto

mc.Xirn~load as ordinates,and Figure12 the per centshear,with temperatures

m abscissasin e,cchcase. Data takenat the Universityof Cnlifornialare

&ti?enin Table6 and the valuesare plottedin Figure11.

The ‘!Bni]shearspecimensexhibitedalongtheirfracturesurfacestriations

composedof many smallIIterracesn mainlyto be fomd arowd the mid-thi.cknessOf

the specimen. These!!terraces!!interrupbthe show surfme as flat areas

pa~c.llelto the specimensurfaceWd aro of the orderof 1/6411wide. It can

b: notedat tki.stime that the !lBr!lsteelwhen fracburedexhibiteddefinite

striationbandswith a middlezoneappearingcoarserin texture. The ‘Iterraces’l

mentionedfor ~)BnJJsteelare undoubted].yassociatedwith thesecharacteristics

foundin “Br” steel.
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SE@ sTJjEL
— .—

The fracture,surfaces!ofthe 16,specimensof this steelas shownin

FigIre13 are characterizedby cleavagefractureof a very coarseappear-

ance,whichhas not been observedin the otherprojectsteelstestedat

Swarthmore. The shearmode of failureis also uniquein thatit almost

alwaysexhibiteda doublestriationalongthe fraoture,as is shewnfor

example,in Figure I.& The word striationhas beenused here in an attempt

to avoidmisleadingthe readeras to the natureof thiseffect,whichhas

been variouslycalledlamination,banding,fissuring,etc.by visitorsto

the Swar.thmorelaboratory.In Figure L$$ threezonesof approxhatel.y

equalthicknessmay be seen,givingthe fracturethe appearanceof a sand-

wich. Near the notchlocalizedseparationcharacteristicsof laminations

may be noted.

Table7 givesthe data for Br steel. The maxim~ loadsare plottedas

ordinatesin Figure“15,energiesto maximumload as ordinatesin Figure16>

and per cent shearas ordinatesin Figure17, with temperaturesas abscissas
,,.

in each case. The energyplot also includesthe data takenat the University

of California,and shownin Table8.

l?:gure18 presentsthe fracturesurfaces

six of whichare all shear,nine all cleavage

zone),and four specimens(Nos.2, 8, 12, 1’7)

from an initialshearto a cleavagefailure.

of thenineteen”’1Dn!lspecimens,

(exceptfor an initiaishear

havemixedfractureschangfng

In the

one sideremainedshearwhile the otheralteredfrom

Specime:lsNo. 2 and No, 8 were verysimilarin their

caseof specimenNoe 17,

shearto cleavage,

performance,eachstart-
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ing to fracturewith a singleshearS&face on one side

doub].eshearsurfaceon the other sideof notch. These

of notchand a

two suecimensfrac-

turedin the cleavagemode afterthe maxi.muisloadwas reached. TableNo. 9

givesthe Swarthmoredata fcirliDnn‘steel.Universityof Illinois2 data for

energyto maximumloadare shownin Table10,.

Figure19 showsthe m,aximumloadsplnttedas nrdinates,Figure20 the

energiesto maximumload as ordinates,and Figure20 the per cent shearas

ordinateswith temperaturesas abscissasin each case. Universityof Illinois2

data are su.perimpc,sedon the Swarthmoredata in Figure20

‘!E1lSZEEL.—

The behaviorcf the 16 specimensof Viftsteelis quiteerratic,although

not to the degreefoundin ‘ICI!steel. It is interestingto no,tethatnnly

thesetwo stee,l.swere characterizedby !Ithurnbnails’tadjacentto the notch,.

These‘1thumbnails are quiteevidentin Figure 22 whichshowsthe fracture

surfacesof l~ttsteel, The formationof the ‘Ithumbnails’t..was accompaniedby

a sharpsnap clearlyaudibleto the test crew,togetherwith an abruptdrop

in load of 20,000to 50,000

Speci-menE-,36-2,shown

it seemedthatthe cleavage

lbs, ,

in Figure 23 , is of interest. To the test crew
.,,

fractureoccurredI!instantaneously~lover the

entjTe cross-section.Subsequentexaminationof the fracturesurfaceshowed

the familiar‘!!;hmbuailel!whichmay indicatethat the crackfrontpausedfm

a very smallificrementof timeand then proceeded,to completefailure.

TableNo.,11givesthe Swarthmoredatafor ‘[E!!steel. Universityof

Illinois2dala for energyta maximumload are shownin Table12. Figure24

givesthe maximumloadsplottedas ordi,natesjFi~]re25 the energiesto
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maximum load as ordinates’withUniversity“ofIllirioisdata superimposed,and

Figure26 the per cent‘sK&&ras b~~iriates:with temperaihesas the akscissas

in””eachfi<ure. By a‘“~o!}]parisbnof the I.attertwo figureswi;r!”Figures7

and 8 for !’C!lsteel,it .ippears‘“that the ‘lC[!steelis iomSwhat’more erratic

than l!EITsteelin both its energy-absorbingand per “centshearoharacteri’sties,

~,

GENERALDISC~JSSIOIJ “

,.

l.. Tvuesof Failure:

Generallyspecimenfractureoccurredin two extrememodes -

cle.!wageand shear;howevsr,the.i’ollowingsequencesof fractureas fracture

progressedfrom the notchwere also observedin individualspscimens:

cleavageto shear,shearto cleavage,cleavageto cleavage,cleavage-

shear- shear. The shearfailureswerecleavage,and shear- clea,~ge,“,

ofiwotypes,one of which had a siuglesurface and the othera double

surface. Clea~.gefracturesexhibiteda sparklinggranulatedsurface

whilethe shearfracturesappsareddull.

Photographsof the gridsof the specimens

highestenergyabsorptiontestedat Swarthmore

havingthe lowestand

are shownin Figures27

and 28 respectively.Figure29 depictsa cleavage- shear- cleavage

fractureas exemplifiedby specimeuC-24-8.

The appearanceof the fracturew basedupon the per ce,ntshearwas

estismtedas follows: the sum of the lengthsof sheartearson both

sidesof the notchwas dividedby the total].engthof fractme surface.

It must be notedthat,the latterlengthis not alwaysthe 91!of net cross

secticnsincesomeductiletearsdo not proceedstra~.ghtacrossthe

specimen“butmake an angleto the transverseaxis suches shewnfor

specimenDn-33-20in Figure2&



B. fi~ecjmen BehaviorDuringTesting:

A numberof interestingobservationswere made of specimenbehavior

duringthe program. The firstto be spokenof is the vibrationalres-

ponseof the steels,whichwas firstnoticsdinthefollowingmanner. The

electricalinstrument.ationfor measuringelongationwas composedof the

conventionalsetupof SR-4 BridgeBalanceUnit and StrainIndicator,

and it was the latterwhichwae used in settingpointson the load-elonga-

tion curve,the load beingtakenas tinedependentvariableand the

elongationas the independentvariable. While loadinga ductilespecimen

the needleof the StrainIndicatorwouldrotateuniformlyover the meter

face. After a numberof experimentshad been run, it was definitely

establishedthat cleavagefractwe of a specimenwas almostalwayspre-

cededby one of two differentmotionsof the”needle.

The firsttype consistsof a ‘Istepping”or jerkingmotionof the

indicatorneedle,alwaysin’the samedireotion. In the secondtype,

the needleprogressedwith an oscillatorymotionof threeor four cycles

per secondsuperimposedon the steadymovement’of the needleduringirJ-

creasingload. Such oscillationwas intermittentin the earlystages

precedingclerivagefracture,but becamecentinuousas the breakwas

approached.The amplitudeof thisvibrationis estimatedto be of the

orderof .0005!1over the 9-inchgagelength.

In some specimensthesemotionsstoppedsuddenlyand such specirrrene

ultimatelyfailedby shear. It is consideredveryprobablethatthe

inertiaof the movingpartsof the galvanometerswas sufficient&large

to mask higherfrequencycbmpbnentscomingfromthe gage. The SR-4 gases

wereoi’the statictype and hencethe gagescouldalsomask the response.
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The characteristicbehaviordescribedabove,,wasnot’foundin thosecleav-

age failureswhichoccurredaftera ductileme.xim~load had been passed.

The passibilitywas consideredthatthe vibrationmightbe magneti-

cally inducedin the gagesby changesin the specimen. To checkthis,a

coilof 1000 turnsmm.smountedaroundthe specimen,its leadsbeingfed

intoan oscilloscope.No observableeffectswere indicatedby thismethod

even thoughthe inputcondenserof the oscilloscopefor sometestswas

shortedout to be certainthat verylow frequencyvoltagechangeswere

not beingbloeked. The conclusionof this s.pp~oachwas that the magnetic

effccts,if o.ny~have sucha low timerate of changethat the velts.ge

inducedby themwas too minuteto investigatein suchrrmanner.

The secondobservationof specimenbehavioris what mightbe called

delqyedfracture. It is convenientto discussthis in termsof testing

procedure,as follows. When the elongationreadingsat one load were

completed,an additional10r@ was applieduntilthe next incrementof

elongationwas reached,at whichpointthe pump of the testingmachine

was cut off and the elongationand thermocouplerendfngst.c.ken.The

wholecycleof pumpingand reo.dingusuallyrequiredabouttwo minlltes

,ritk,half a minuteneeded.for readingthe 12 elongations.Vith this in

mind,it is interestingto note thfit13 specimens(slightlyover 10% of

the totaltested)failedby cleavageafterthe pump was cut off, at which

time the loadwouldbe slowlyfailing. Thesespecimensfracturedshortly

afterthe ma):im~Iondhad been reachedaridat a locallowerthan the

maximumby five to ten thousandpounds,

The thirdobservationconcerningspecimenbeh~viormay wellbe

S1OSC1Yrelatedto the above. This concernsthosespecimenswhich
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c.

failedby cleavagewhilereloadingthe specimenaftercompletinga set

of readings,fracturetakingplacebeforethe previousm,sximumload had

been reached. The

Bn-21-14$Br-22-9,

elongationcurves,

five specimensin thisgroupwere C-24-19,Bn-21-8,

and Dn-33-16..(SeeFigures5,9,13,18, and load-

AppendixII.)

The last considerationof specimenbehavioris the “doublemaxims.”

observedfor certainspecimensof ‘lCIIand ‘lE!Isteels. This effectcan

produceconsiderablediscrepnnciesin the energyto maximumload. For

ex,emple,specimenE-36-1o,Figure6E, AppendixII, has a differenceof

only 300 lbs. in the two peak loads;yet the energyto the secondmaximum

loadwas almost2* timesthe energyto the firstmaximumload. Although

it is possibleto make tbe energyyersustemperatureplotetake on s.more

desirableappearancety usingone or the othervalue,the pointsin the

energy-temperatureplotshave beenplottedstrictlyin accordancewith the

numericallygreaterload.

TransitionTempcraturesj

Criteriafor transitiontemperatureare variedand dependlargely

upon the personmskingthe interpretation,Many experiment::sbelieve

in drawingthe best curvethioughthe energy(tomaximumload)tempera-

ture dataand usingcertainpointeon this curveto definethe transition

temperature.In thisreportwe have avoideddrawing

curves,sincethe scritterand weightingof data will

curve. ‘”

At thistime it appearsthatdecisionsrelative

energy-temperatu.re

rulethe type of

to transitiontemp-

eraturecan be realisticallydiscussedonlyby consideringthe data.for

each steelsep.crately.The transitiontemperaturesare statedas a zone

of temperature.
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‘~A!tSteel- Flactures,with~ low energyabsorptionoccurredat a tempera-—.Y

tur% as high as 58%F. High energylevelswere observedfor temperatures
,.. .

downto 42%. The transitiontemperaturefor l!AtTsteelon the basisof

thesedata has been judgedto be irl,a zouebetween42% and 58°F.

(Se.I’iyre3).

The transitiontemperaturezonebasedon appearanceof the fracture

c.eevaluated,+ntermsof the per cent of shearalso liesbetween42~ and

58°F. (SeeFigure4).

‘)C’!Steel - Fractureswith a low energyabsorptionoccurredat a temper-

atureas high’as 90°F and a high levelof energyabsorptionprevailed.for

temperaturesdown to 98°F if testNo. 8 is omitted. Hencethesedatawould

placethe transitiontemperatureof ‘ICI!steelin a zonefrom90% to 98°F.

(~eeFigure7).

The transitiontemperaturezonebasedon ap~mxwanceof

as evaluatedin termsof the per cent of sheariiesbetween

?.16°F.(SeeFigure8).

‘lBnfiStee~ - NeglectingspecimensNo. 3 and.6 bee?.useNo. ~

the fracture

90°F and

is ovorwe~.ghted

by specimens4, 10, 11 and 15 and No.6 is overweightedby specimens2, 9J

14} and 18, the transitiontemperatureappearsto be in a zonebetween

25° to 30~. (SeeFi.gum11).

The tri?.nsition.tompcz’aturezonekmsed on appearanceof the fracture

as evaluatedint.erms of the per centof shearalso lies between25° and

30’%.(SeeFigme 12).
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‘TBrl!Steel - Omittingspec~menNO. 11, the transitiontemperaturefor this..—— ,..

sto-lbasedon the el]e?gyto maximumload appearsto be at about1.2%;

however,it is thoughtthat a.zone.rangingfrom 10°F to 15°F is mere likely.
,..., ,.

(SeeFigure 16).

The transitiontemperaturezonebasedon appearanceof the fracture

as ovo.lustedin’b?rmsof the per centof shearalsolies betweeniO% and

15%. (SeeFigure17),.

lllhllSteel - From the energydata>highenergyabsorptionoccursfor a.—.—

temperatureas low as 100’F, and low energyabsorptionoccursfor a temperr.-

turem high as 16°F, Hencethe transitiontemper’sturezone.has been in-

terpretedM betngbetween10° and 16°F, (SeeFigure20).

The transitiontemperaturezonebc.sedon a.pp.ezro.nce.of the fr.>c?tureas

evs,luatedin termsof Lheper centof shearlies betweeu150 and 25%.

(SeeFigure21).

IIEIIsteel - On tne br,eisof energydata,the hj.ghlevelof energYis j~~ged
-

to have a lowertemperaturelimitat 92%. 92°F alsomarksthe uppertem-

peraturelimitat whichlow energyabsorptionoccurred. The lowerlimitof

the transitionzonehas beendeemedto be at about70%. Hencsthe trcmsi-

tion tcmperat,.u-ehas been estimatedto iie in a zone.between70°F and 92°F.

(SeeFi~e 25).

The transitiontemperaturezonebasedon e.ppearanceof the fracture

as svaluatedilltermsof the per centof she,arappecr.zto lie between“70°

and 100°F.(SeeFigure26).

The abevefindingswith refersnceto transitiontemperatureare susmmrized

in the followingtable.
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TABLEla

Summary~f TransitionTemperatureZones

Basedon Energy
Stcel Absorption Basedon

to maximumload : Percentageof Shear

A @o to 58°F ~2° tO 58°F

c 90° to 98°F 90° to 116%

Bn 25° to 30°F 25° to 30°F

Br 10° to 15% 10° to 15%

Dn 10° to 16°F 15° to 25°F

E 70° to 92°F 70° to 100°F

The mechanismby which steeleitherfailsin the cleavageor shearmode

is not clearlyunderstood.If identicalhomogeneoussteelspecimenswere

subjected”to’carefullycontrolledtestsit mightbe expectedthatthe transi-

tionfrom s~earto cleavagefracturewouldoccurat a single.temperaturerather

tnan in a temperaturezone. Physicaldiscontinuitiesare uspsllyaccompanied

by sharpbreaksin performancecharacteristics.The “Br” steelillllstrates

the pointin question,test specimens5, 10, and 12 exhibitingshearfailurej

whilespecimens2 and 7 indicatecleavagefailure,when all of thesespecimens

were testedat approximatelythe sametemperature.

Effectof Temperaturecm MaximumLoadi

In makinga comparisonof w.ximumloadsit must be realizedthat

for a cleavageftilure the fractureload.is usuallythe maximumload,

whilethe msximumloadfur .sductilespecimenis notthe fractureload.

In generalthe averagemaximumload is approximately50~000poundeIowcr

in the cleavagemode than in the shearmode.
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A summaryof averagemaximumloadsfor thcwcspecimensfailingin the

completelyshearor completelycleavagemodesfor the varioussteelsis

shownin the followingtable.

Collmn 1
AverageMax.”Load

Colwnn 2
in AverageL!ax.Load

Ratio of
in column 1 to

lbs. S~ecimensfailing lbs.,~pecimensfailing Column2
Steel —~&@+” in 0% Shear .— —

A

c

Bn

~r

Dn

E

E.

317,000

34~,000

319,000

3339000

346,000

318,000

Comwrison of Erwr=to MaximumLoad:.— .—

268,000 1,18

294$000 1.18

286,000 1.11

288,000 1.16

3u, 000 1.11

264,ooO 1,20

The averageenergiesto maximwrrloadfor the various steelsfor Specime’is

whichbrokeby shearand by cleavageare:

TABLE15

Column1 column2 Ratio of
AverageEnergy AverageEnergy Column1 to
to Max. Load for to Max. Load for column 2

Specimensfailingin Specimensfailingin
lS~gsl_ 100% Shear.In..J&_ 0% Shear.i~-lbs. _ .. .. .

A 95,700 25,50C 3.75

c 105,000 38$400 2.?4

Bn 122,000 47,800 2“,56

Br 131,000 34,300 3.80

Dn lzg,ol)o 499200 2,60

E 99>800 32,,000 3.12



It cam be notedby

ermrgyin.Table15 with
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comparingthe ratiosof ‘shearnto ‘lcleavagetl
,,

the ratioof ‘Isheartlto !iclea.vagG”loadsin

Table14, thatthe ratiosof load are more consistent.

The high ratioof energyin the shearmode to energyin the cleavage

mode for steelsl!At!and ‘iBrltmay possiblybe explainedby the presenceof

laminationsin the ‘tAT1steeland the striationsin the !tBrnsteel.

An additionalcomplicationin,comparingenergyarisesfrom the

occurrenceof two peak loadswhilestrainingthe specimen,of whichthe

firstor the secondload may be the greater. This is commonfor stools

l!c!~and \lEl~and is shownfor examplein Figures10C,11~, @ and 8E.

F. VariationsDue to Locationof S~cimen in a 6! x 1.0! Plate:

The testswereplannedso that differencesdue to locationof

specimenswithima 6! x 10I platecouldbe studied. It was desiredto

comparethe specimenstakenfremthe outerlongitudinalzonesof a rolled

platewith specimensfrom the centerzones.of the plate,as well as com-

paringspecimenstakenfrom the‘samelongitudinalzonein the direction

of rolling.

The resultsdo not enableany generalstatementsto be made relativs

to the effectof longitudinalor transversepositionof the specimenwithin

the plate. It,appears,ho~ever,that10Ca,~variationsor iu.bOmogencities

in a“plat~are likelyto have more effectthannormalmetall.urgiealand

rollingvariationswithinthe plate.

As an uxampleof differencesin nncwgyabsOrpti.on.,seeFigure1~ and

note tfat specimens9} 11 and 17 of the nBriIsteelwere all testedat

a.ppiofimately2%. A comparisonof specimen9 fromthe centerzoneand

Specime~.17 fromthe outsidezoneshowsless energyvariationbetween

thesespecimensthan shovmby Specimens9 and 11 takenfrom the centerzone.
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On the samefigure

5 and ‘7whichwere

als~note the great

takenfrom the same

differencesbetween

longitudinalstrip.

specimens

When a small

numberof specimensexist,a comparisonof outsideand centerspecimens

is meaninglessunlessspccimenslyingin the samelongitudinalzonobehave

~onsistcntlyalikeat a giventemperature.Casesof agreementmey be

notedby comparingspecimens19 and 20, and 10 and 12 on Figure16. A

carefulstudyof all steelschowsno cor:sistentperformance.

G. TensileTest=

The yieldpointand tensile strengthof the varioussteelswere

determinedby usingone 6n wide,4W long,and 3/4nthickunnotched

speCiml?nof eachsteel. The resultsare tabulatedbelow.

YieldPoint TensileStrength
~~ a- ~.s.i..—

A “31400 59500

c 37LO0 67800

Bn 32100 59300

Br 32200 57700

Dn 3/+300 61300

E 33200 59200

The aboveVSIUOS,when comparedwith transitiontemperatures,show

no relationshipbetweenstrength

mnximum10Sds tabulatcd in Table

tensilestrengthbut even here a

and transitiontemperatures.The average

14 bear a closerrelationshipto the

strictcorrclati.onis not achieved.

Tho comparisonof averageenergyfor ductilebehaviorwith tensile

strengthsnowsthat “Er” steel,havingthe highestavera.goenergyabsmp-

tt:n,has the lowesttensile’”strength.
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H. QtrireAna&sis of the Data:—..—

The recordeddata may bo.analyzedand interpretedin variousways.

Since the samefactsmay be seenfrom clifferentpointsof view,conse-

quencesstemmingfrom a givenpointof view are leftfor consideration

separatelyfrom the factsthemselves,and willbe the subjectof further

analysis. ,,

As an indexof ductilit~use has been made ofthe energyabsorbed—

by the specimen,takenup to the pointof the maximumload on tbo load-

elongationcurve. In

sincethe curvethere

for eauh specimenand

chosenby a r~aderin ,

ductilespecimensthispointis not mell-defined,

is quiteflat. Such a curveis givenin the report

the limitto which tho energyvalueis takenmay be

any wax desired. The limitsused in the analysis

of this reportare indicatedon the curves.’ ,.

This cioicefor the indexof ductilitywas made partlybecauseit

has been used in earlierwork,but alsopartlybecauseit is less subject

to doubtas to its exactvaluethan the otherindexwhichmightbe used,

namely,the energyto fracture. It is recognizedthat in somedeeign

prObkms energyto fracturemay be the significantquantity.

Asan index>a valued energymay be preferredto deformation,or

to an estimatebased on appearanceof fre.cturc,becauseenergyis itself

pertinentin designand not simpl;an indicatorwhosevaliditymust be

L
establishedby someprocesscf correlation.

The thresholdof brittlenessalsomay be chosenin clifferentways.— .—...-— —

At a suffieientl.yhigh temperatureno risk of brittlenesssexists,but

as temrperaturcis reduoed,a t.}mperatureis reachedat whichthis is no

longertrue. At lowerand lowertemperaturesthe chanceof brittleaction

becomesgreaterand greater. No need is felt to followthisdcvel.opment
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to the pointwherethe chanceapproachescertaintyof brittlen.ess,since

m:terialcertainto act in a brittlemode is uselessfor structural

applications.

Howevera limitmust be set for what is acceptable.For convenience

in the work of severallaboratoriesthe thresholdhas been put at the

temperatureat whichthe indexof ductilityhas fallento half its value

at tileupperlevel. This doesnot at all mean thata 50-50chanceof

brittlefracturei.sacceptablein servicestructures;it leavesthe whole

questionof the predictionof the thresholdin servicefrom laboratory

testson a relativebasic, The groundfor this choiceis that the half-

level.thresholdis easierto dsterminethan the more indefinitelimitat

which the sloping1ine of transitionlevelsoff at the ful.lyductilevalue

OF the index.

~!hereverpOssible,it is preferredto Placethe

beginningof transition,the temperaturebelow which

no longerassured{

thresholdat the

duetilebehavior is

The reasonfor this choiceis as foilows:placingthe threshoidat

half-valueof the indexoverestimatesthe securityin the case of a

materialwhosetransitionzonecoversa wide rengeof temperatures>or

whoeet.ransj.tionline slopesmoderatelyand not steeply.

in addition,however~ anotherme.rginof securitymust alsobe pro-

videdeven if the criterionplacesthe

fvom the upperlevel,sincethispoint

is how far abovethe thresholdmust w.e

j.t.

thresholdat the pointcf departure

is in itselfuncertain. The question

stay to be &Lz~ of not goingbslow
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An analysisby which‘alinemay be.fittedto transitionaldata,and

at :.hesanietime“the:toleranceof the thresholdmeasured,has been described

in Reference. An analysieof the data in the presentreportwill be made

accordingto the sthemetheredescribedapd..mill be separatelyreported.

CONCLUSIONS,..,: ,

1. The tentativetransitiontemperaturezonesas fo~d for the various
,,

steelsis reportedas follows,as basedon’two criteria:

Summrv of TransitionTemperatureZones

Based on Energy Basedon
Steel Absorption PercentageOF Shear

—

A 420 to 58°F

c 90° to 98°F

Bn 25° tO 30%

Br 10° to 15°F

Dn 100 to 16°F

E 70° to 92°F

42° %0 58°F

90° to 116%

25° to 30°~

10° to 15°F

15° t~ 25°F,

70° to LOO°F

2

3.

The ratioof the averagemaximumJoad$for epecimensfailingin 10@

shearto themaximumleadsfor specimensfailingin 0% shearwas found

to be pi&cticallyconstantfor all steelstested.

The ratioof tbe averageenergyfor specimensfailingin 100Z shearto

“theaverageenergyfor specimensfailingin 0% shearis variablefor

the separatesteels. A comparisonbetween!tBnfland “Br” indicates

a hig!]erratlo for !tHnlt.Th~.s may be due to normalizing.
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4. The.tensiletestsof unnotchedspecimensindicateno correlationbetween

tsnsilestrengthand the transitiontemperature,energyabsorbed, or

maximumloadsfor the notchedspecimens.

5. The vibrationalphenomenonobservedin measuringstrainsfor specimens

thatwere laterto provebrittleis worthyof furtherexperimentalin-

vestigation.Thismay lead to a clueregardingthe physicalchanges

priorto cieavagefailure.

ORGANIZATION.

The investigationswere conductedat SwarthmoreCollegein the Structrra~.

Engineerhg Laboratory.The lateScottB, Lilly,Chairmanof the Division

of Ecgineering,was the TechnicalRepresentativefor the Project,and the

workwas performedunderhis generaldirectio:l.

SamuelT. Carpenter,Professorof CivilEngineering,and NorrisBarr,

ResearchAssociatein Engineering,have been in chargeof the technical

phasesof the investigation.CaptainW. P. Roop,USN (ret.)~ has actedas

a technica.1consultantand has giveninvaluableassistance.
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FiF. 1 l!AllSTZEL

PE~T~Gf+_ApHOF FRACTUF.E SURF.4CES



(Thenotchis 3“ ride and

Spec. No.

A-18-13
A-19-11
A-19-2
A-19-3
A-18-5
A-19-9
A-19-1
A-19-.4
A-19-12
A-18-17
A-18-15
.A-18-6
A-18-14
23-18-20
A-18-7
A-18-16
A-18-e
A-18-11
A-18-3
A-18-12
A-1%-18
A-18-4
A-18-19
A-18-I.
A-18-9
A-18-10
A-18-2

Temperature
OF

31””
38
38
3C
40

E
L6
(L6
48
50”
51.

71
82
88
88
97
97

* Indicates thatthiswas

TABLE1

l!AtTSteel

TESTSOF SPECIKZNS12irWIDE, 3,1L’!THICKWITH STANDARDNOTOH

has at its extremitiesa cut 1/8’1longand 0.010”widemade with a jeweler’shack saw)

VisibleCrack
—=Energy
in-lbs. lbs.—— —

6,500
1,100
5,800
6,4oo
4,200
4,000
2,800
1,log
1,200
10,300
11,200
7,800
4,C00
8,~oo,
l’!+,100
8,300
11,700
18,700
12,800
17,100
16,600
10,100
10,900
12,600
11,300
15,300
12,400

247,500
230,000
240,500
2.45$000
2fJ,ooo
230,000
230,000
230,000
230,000
235,500
248,ooo
2YJ,500
234;500
240,000
250,000
235,000
243,700
253,000
243,000
250,000
250,000
243,000
237,600
238,000
20,000
2~.8,500
238,000

~ot the load at fracture,

-.
in-lbs.

13,800
29,300
22,800
61,6C0
21,900
95,900
22,400
24,400
117,300
,!@,100
100,900
91,500
20,700
31,000
92,400
100,500
91,100
104,600
.92,800
,86,400
104,300
84,7’00
99,700
82,4oo
98,100
93,000
92,@(l

248,500
283,000
265,400
312,500
270,300
321; 600
265,500
256,000
328,000
283,000
319,500
322,000
265,000

.,,.

274;000 ~
319,500
319,000 ‘“$
318.000 “’‘
315;000 ‘““’
W+, 300
31A,400
317,000
?12,500
314,000
312,200
314,500
31L,000
311,500 “.

Failure—.-
lher~ Load
in-lbs.

13,800
29,300
22,800
61,600
21,900
234,5C0
22,Loo
24,400
249,200
43,100
240,900
236,300
20,704)
31,200
233,900
250,600
232,100
229,400
234,000
247,100
263,7m
232,700
274,000
237,900
255,600
230,200
263,700

&

248,500
283,000
265,400
312,500
270,300
60,000
265,500
256,000
131,000
283,000
80,000
67,OOO
265,000
274,000
68,00@
7?;Oo(y+
52,00@+
58,000
50;000
95,000
15,000
76.500
90,000
50,000
50,000
50,000
50,000

Type of Failure
~ Shearo

0
0
0
10
0

100
0
0

100
0 ‘

w100 -_l

100 t
o
0

100
100
100
100
100
100
100
100
100
100
100
100
I.co

b.titis givenas the last load mnmediatelyprecedingfracture.



‘uDLE 2

‘AtiSteel.—

.... . .. . .

..-

.

.,-. -Y. -.

TESTSOF SPECIMENS12” HIDEMADE AT
UNIVE?.SITY OF CALIFORl!IA

r~obs- 3U22

Energyto Max.Load
Temu.‘F

Type of Failure
Spec.No.* In-lbs. % Shear .

A-5 (-9)-(-8) 3.4,.400 0

A-41x 7-8 19,000 0

“!4-4 11 16,300 0

“A-42x 19 15,000 0

A-2 31-33 104,000 26

A-3 50 96,000 100

A-1 86 98,000 77

$+ Theseare the designationsof plates~ssignedby the Universityof

Californiaas describedin theirfirialreport.l

I
w
m
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M%A._& ll~l! STEEL

~IKYNGRAPR OF FRACTURE S1.JRFACES



TA31i 3— —-
Il(ysteel

TESTSOF SPECIlfENS12!!WIDE, 3/4’1THICKWITH STANDARDNOTCH

(Thenotchis 3“ wide and has at its extremities a cut 1/8” longam? 0.010”widemade with a jewelertshack saw)

VisibleCrack
Temperature Ener~ Load

Spec.No. -OF
-.

in-lbs.

c-24-7
C-24-19
C-24-14
C-24-17
c---~
C-24-13
G&-g

-G.-U-2O
C-24-6
c-24-15
C-2L-18
G*1O
C-24-2
c-24-9
.C4,1
0-24-3
c-2&-:1
..C-2,4-4
C-24-12
c-2L-16

63
63
73

82
w
88
89 .,.
96
97
107
108
116
1L6
12.4
124
130

1;700
15,100
15; 100
40,400
2,000
12,~oo

4;3G0
15,700
4,500
15,900
33,.400
22,500
1,900
15,500
3,900
5,8Q0
30,100
10,100
8,500
14,200

~

256,300
273,000
275,000
286,000
227,700
267,500
261,500
276,000
255,500
275,500
292,000
287,500
248,50C
271,COO
249,000
254,500
?00,000
262,500
250,000
275,000

Iiax,Load
Energy Load-.
in-lb...—

18,600
32,6oo
29,200
40,400
/+2,000
40,500
97,@o
42,800
55,200
49,700
33,400
69,7c0
87,300
91,200
128,900
130,600
117,000
10,?J,200
95,300
91,300

Failure
Energy Load Type of Failure

&
-.

in-lb. lbs.—. ~ Shear

287,500
281,000
316,000
286.000
291;700
295,000
308,300
291,200
310;700
293,0C0
292,000
311,500
308,500
321,500
370,00G
360,000
371,500
369;000
344,100
374,000

18,600
32,600
29,200
Uo,loo
151,400
40,500
lU, &o
57,100
137;100
49,700
45,200
I-4?,300
205,30J
278;800
268,900
238,300
329;200
299,400
236,700
291,200

2~7, 500
252,000
316,000
72,500
60,0Q0

295,000
2%, 000
236,800
147,000
293,OCO
278,700
5.4,000
17;000
75,000
216,4oo
50,000
60,000
80,000
59,000
100,000

0
0
0

59
0

1J
71
89
63

100
100
100

92
100



MLE4
,!~tl steel

.

.

TESTSOF SPECI!E3NS12” WIDE MADEAT
UNIVERSITYOF CALIFORNIA

NObs - 31222

Energy.tohkM. Load &p6 of Failure

S!x?c. NOA* Temp.‘1? in-1.bs. ~ Shear

c-1 32-33 13,400 0

c-2 ‘ 8.4 20,300 3

C-52x 90 72YCKJ0 10
1’

,,
C-3 “:... 101 . 85,000 51 u.N

.120-123
100

1 ;

C-51.X 93,000

C-llx 132-136 83,000 93

78,GO0 91
c-5 ,,,:1.41-145

* Theseare the desi~ationsof platesassignedby tineUniversityOf
1.

Cslifor&a as describedi.]theirfinalreport.

. . .
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TA3LE 5

l!B,qllsteel
L—-

?’ESTSOF SPECIIWiS 3.211‘71DE, 3/41)THICKWITH STAND.43ENOTCH

(Thenotchis 3“ wide and has at its

sDeco No.

‘N-21-T
BN-21-1
3]T-21-8
BN-21-2
B):-21-9
B~J-21-18
BN-21-6
EN-21-U
BI~21-10
BN-21-3
BN-21-4
B&21-11
3a{-21-15
BN-21-12
BN-21-17
BN-21-16
B@l-20
EN-21-19
B;V-21-5

Temp.
~

-8.9
-1.2
1.2
9.1
9.2
9.9
10.0
10.0
18.9
19,8
23.8
24.5
25.3
29..4
29.8
“29.9
30.2
41.3
73,8

VisibleCrack
‘-dEnero-.

in-lbs.

4,700
7,700
6,300
6,4oo
7,700
4,900
4,000
4,600
5,200
6,500
3,Y3V
6,LOO
5,900
6,4oo
5,700
4,700
4,900
3,400
3,800

2%,000
240,000
242,000
238,700
Uo, 500
243,.400
2L0.000
2L5j&OO
236,3oo
234,800
227; 500
23.4,800
233,800
234,500
234,900
237,600
235,500
229,800
222,500

extremitiesa cut 1/811long and O.O1O!lwide madewith a j.ewelertshacksa

FirstMaxirnn
Enerm~ Load
in-lbs.

41,500
32$900
41,300
59,700
53,900
30,OCo
137,000
49,200
70,2C0
125,600
56,100
60,&lo
29,800
121,500
120,000
118,200
119,000
123,500
115,000

~

272,000
270 ,“800
283,400
295,700
289,300
274,000
“326,300
292,500
309,000
321,800
299,400
294.700
263,500
318,900
317,700
320,Loo
324,800
316,000
310,000

SecondiMax.
Energy Load
in-lbs. ‘b~

44,500 279,400

51,000 288,000

.

Failure——
Enerb~ Load
ifi-lbs.

41,500
32,900
gig

53,900
30,000
309,100
57,000
70,Loo
266,700
56,100
60,6oo
29,800
293,500
290,400
295,600
294,000
287,200
292,500

~

272,000
270,800
279,400
290,000
289,300
274,000

50,000
288,000
309,000
199,OGO
299;LOO
294,700
263,500
25,000
50,000
22,000
40,000
30,000
41,000

Type of
Failu22e
-

0
0

3
3
0

3
3

100
100
lGO
100
100
100



TABLE6

“~+t Steel

TESTSOF SPECIMXNS12’!WIDE MADE AT
UNIVEPSITY OF CALIFORNIA

NObs - 31222

Energyto Max. Load,,
Soec..No.++

Type of Failure
Temp.‘F _ in-lbs. % Shear

, B-8 (-12)-(-10) 22,000 0.
,.

B-21.x 10 53,000 0:

,.. B-10 10-15. 116,000 87 1

. B-2 32-36” 134,000 7$
u ‘
m
1

B-5 50-51 121,000 100

.. B-4 89,. 133,000 94.
,.

% Theseare the designationsof platesassignedby t~e Universityof

~aliforni%as describedin theirfinal~eport.1
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Fi6z.13 “Br” STEEL

PH(XC)GFIAIWOF’H?J,cTT.:RZ ~[IRj7A~~s



Fig. 14- Specimen BR-22-12

Showing Striations Along Fracture Surfaces



TABLE7——

“%” Steel

TESTSOF SPECIRENS12” WIDE, 3/4”THICKWITH STAKLM.RDNOTCH

(Thenotchis 3W wide and has at its extremitiesa cut 1/8”long and 6.010”widemade with a jeweler’shacksaw)

Spec.No.

%
-22-18
-22-8

E&22~

3;+2.-17
BR-22-1O
%-22-5
i%J-22-2
BR-22-I.2
%-22-7
BR-22-20
&22-19
RR-22-L
83-22-3
BR-22-1
RR-22-6

Temperature
c~

-12.7
-10.3
1.9
2.0
2.8
11.6
1.1.9
12.1
13.0
13.6
19.3
19.6
20.3
30.0
41.5
68.8

VisibleCrack. ——.
Energy L~ad
in-lbs. ~

3,900
6,700
9.900
4;800
1,600
10,100
7,800
10,500
5,200

.6,300
3,LO0
3,500
2,700
1,000
7,400
6,500

234,200
249,300
245,000
,240,800
224,800
240,500
243,300
239,500
232,200
237,300
230,000
230,000
230,000
224,500
230,700
228,500

Max. Load——
Energy Load—.
in-lbs. lbs.

36,700 293,000
31,500 283,500
46,’700 296,300
92,600 332,500
36,000 290,000
~o, 300 340,100
138,600 34.6,500
34,300 279,50C
134,000 329,700
30,000 280,500
120,000 325.600
120;000 329,300
120,70G 329,500
129,200 329,500
132,900 337,300
Mo, 200 327,000

Failure
Energy Lead-.
in-lbs. lbs—-

36,700 293,000
31,500 280,000
46,8oO 295,000
92,600 328,000
36,000 290,0C0
335,100 74,500
286,800 210,000
34,300 279,500
310,900 32,000
30,000 280,50C
295,100 78,000
306,500 1+0,000
315,500 45,000
316,300 35,000
330,400 25,000
350,800... 30,000

Type of Failure
$ Shaar

1
0
2
6
.

10:

59
0

100 ‘
1 g

100 t

100
100
100
100
100



“y steel

TESTSOF SPECIMENS12.’!WIDE MADE J.T
UH1VEILSITY OF CALIFOFO’lA

Nob - 31222

Energyto Max. Load
Spec.No.++ Temp.%“ in-lbs.

B-7 (-35)-(-34) 21,000

. B-9 (-7)-(-6) 36,000

B-1 32 112,0G0

B-6 ~ 50-51 114,Od,o

,. B-3 70-73 115,000

* Theseare the designationsof platesassignedby the University

1
of Californiaas describedin theirfinalreport.

. ,.,, .

Type of Failure
2 Shear

o
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TASLE9

nJJN,tsteel

TESTSOF SPECTMJZNS12” WIDE, 3/4’!THICK?TTHSTAi.DARDNGTCH

(The notchis ~!!wide ~nd has at its ~xtremitie~a cut I/8Ulong and O.OIOflwidemade with a jel~elert.9he.~ksa~fi)

STMC. No.

Dli-33-5
DJ;-33-9
I&33-1
IAJ-33-19
q{-33-L
D&33-lo
I&33-8
DJJ-33-2
DIV-33-18
%-33-16
%-33-3
%-33-11
1$$-33-17
DN-33-20
l&33-13
D:~-33-12
%-33-7
1$-<;-y
---

Temlxrature
%

-16.5
-2.9
-2.0
4.%
4.9
9.6
9.9
10.1
15.0
1640 “.
19.6
19.8
24.8
24.9
29.8
29.9
41.0
55.l+
78.4

VisibleCrack
Energy Load-.
in-lbs.

4,900
4,800
6,400
4,5m
3,400
6,100
3,609
4,700
4,500
3,700
4,500
~,;:

2;600
3,900.
6,000
4,400
7,500
2,900

~

255,500
248,200
260,400
249,000
238,000“
250,300
245,000
245,200
.245,700
-243,600
24.5,700
242,600
259,500
244,100
249,000
247,300
2412500
243,500
230,000

ri~=.L~~d

Znergy Load

in-lbs. &

2?, 700 285,400
31,500 291,000
36,900 306,000

35,703 294,000
54,700 324,000
66,400 323,000
130,700 349,200
125,300 .358;900
44,200 321,000
59,500 316,200
127,400 348,800
86,coo 338,000
135,400 345,700
l&o,Loo 355,000
129,700 344,400
125,000 343,200
11.7,500 340,500
127,~()()336,900
119;900 332;500

Foilure
Energy Loed
in-lbs &-

27,700 285,400
31,500 291,000
36,900 306,000
35,700 294,000
5.4,700324,000
66,400 323,OGO
214,100 313,000
280,700 242,000
44,200 321,oco
59,500 316,200
310,800 30,000
86,000 338,000
311,800 78,000
346,700 6G,0G0
32.4,600 90,000
300,600 125,000
31.4,900 /+0,000
314,900 48,000
316,400 60,000

o
0
0

0
1
3
34
52

1
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.100
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100
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TABLE 11

‘En Steal

TESTSOF SPECIMENSL2W WIOE, 3/4’!THICKWITH STAIUIARDNOTCH

(Thenotchis 3!’wide and has at its etire~ties a cut 1/8” low @ 0.010”tide ~de with Q $ewol~r’shack SOW)

Temp.

Sr)ec. No. ~

E-36-7 61.3
E-36-2 61.9
X-36-19 70;2
E-3&8 70.5
E-36-1 82.2
E-36-lo 83.3
E-36-n 91.6
E-36-9 91.6
E-36-20 99.8
E-36-3 99.8
E-36-17 106.6
E-36-12 sil.6
E-36-6 1.15.o
E-36-18 1.15.6
X-36-L 126.0
E-36-5 149.1..

_ Craok First Maximuw

Energy Load Energy
in-lbe. in-lbs.

L:; ~v En-ad
in-lbs.

3,900
2,300
4,0m
6,100
6,2041
5,000
I.l,w
5,7CY3
3,500
4,900
4,500
6,900
9,000
2,700
4,5C0
5,000

&

229,s00
226,5c0
225,300
229,0C0
229,00C,
227, YXI

233,-
230,000

220, p

224, m
219, OCII
225J 500
224,000

221, 50C
220; 690
222,500

21,400
27,600
27,000
60,6Q0
39,0C0
34,9
3s,900

104,9OO
34,4m
32,800
101,50+3
S7,1OO
103,W
100,SOO
106,3Q0
93,400

262,500L’T: -
256,~ $V

254,400~”-””>39,700
261,0W6’t,.
271,5CX3“; 7&,&
265,7w”!~:.84,000
271,00+3~:~ 83,500
320;500~r’
264,5007”p 83,4~
264;500”’”786,800
319,$X3r’J -
314,003%$ -
316,50310-’ -
320,CG3 ~O!>
313,709?l~.;““:::;”-’“
322,S03.IW* ~~-.

*

*,000

257,000
266,0C10
26.4,3(I3

2s4,m
283,CXJ0

-

Failure

l+ner~ Loud
in-lbe. lbe=

21,400
27,@3
39,700
S4,900
181,800
182,400
176,200
246,900
196,2m
195,300
248$400
239,200
242,200
251,000
23s;200
“23’7,500

262,500
256,mo
2.Q,000
102;000
45;000
15,000
58,000
45,0@3
Eo;ooo
30,000
60;000
25,000
30,0CKI
~;:;

25,000

100
100
100

. .
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Fi<. 27 - SDeCiMen A-18-13

Lowest Energy AbBorDtion

to Maximum Lorid

of all Specimens Tested
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Fig. 29 - Specimen C-24-8

Example of CleavaRe - Shear - Cleava~e

Mode of Fracture
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APPEKDIX’”I

.

INSTRUMENTATIONAND PREPAR.UIONOF SpECIiXIti
,..,

(1) Notchinfzof Plates: The’notchwas locatedin the middleof the plate,

and a jemelerIs“hack saw,0;010!!thick,was ueed for the lastI/81!of tb,e:.

notchso that the acuityobtainedwouldbe comparablewith thatused by other

laboratoriesthathad testedthesesteels. Figure 1-1 showsthe detr.ilof the

notchand layout of the specimen. The edgesof the plateswere machined. A

jig saw was mountedon a base as shoti In FiguresI-2 and I-3 so”th~t the saw

couldbe movbdat rightanglesto tho axis of the piece. The deptinof the”:sav

cut couldhe easilycontrolled.Eithera sts.ndardh?.cksaw or”c jeweler1s

h:.cksaw cm be used in the jig saw, Using thismtichinc,notcheswore obtai:led

that are similar,cndat rightcnglesto the axis of the piece. ~

(2)MeasuringEloneo.tionsThroughthe El~,sticand PlasticRrswe!

The jroblemwas te designa gagewhichwouldpermitthe accurc.temeasurement

of elongationsthroughthe elasticand”pl&tic rangeup to the pointof fail.l?re.

The requirementfor the mountingwas thatthe gage shouldnot in any way be

damagedby a cleavagefailure. These conditionswere met by mountingSR-L

gageson both sidesof a flat spring,l@” long,motited

supportsat the 9n gage lines”.See E’igs..1-4, 1.-”5:..”The

affectedby moisture; therefore,bakeliteSR-1+ghgesore

strumentsare made up of fourmain parts:

inball bearing

first,.SR.-4‘gages

now used. These

were

in- :’?.

(a)Gage iountings: The mountingsare centeredby drillingholes1/16’!

in diameterand 1/I.6~deep on the 911”gageline at the properdist~.ncesfron

the edgeof the plate. The”hardenedsteelpins whichare insertedin these

holesare a part of the bsse“piecewhichis 5/%’)in db.mete~. This wide

sUppOrtinsuresstability.Since the width“ofthe testspecimem”narrows,and
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a.giventransverseplc.noof platemny rotate,a ball bearingis providedto

pernj.ttheawtationof the nouniing”aboutthe”1/1611center;-The slotin which

the end pivotsof the gtgeare insertedwill then reygifi.perpendicu?.arto the-..,.,.

r.xisof the piecethroughout~~e test. The pins op each end of the flnt spring

perr.titthe flat springto rotatefreely.at the ends.

(b) The second,partis the flat springwith the bqkelfteSR-4 gc.ges

bn.kedon.

(c) The thirdpart.is a framefor retainingthe end gagemountingsin

position. The fr.w+esurroundsthe testpiecesnd is held in positionby firn

but unrestrc.inedattachmentsto the specimen,outsideof the gage length.

(d) The fourthpart consistsof a coilepringwhich i.ssprungbetreen

the retentionfrc.neand the gage~ounting. These springshold the nountings

in elopecontactwith the rxmberbut cre flexibleso thatany differential
,.

ck.mgein lengthbdtveenthe pointswhere.the gagesare mountedsnd the points

on the specinento,mhich the retentionfrnme is attachedwillbe.accom-mdatcd

by the movementof th~ spring.

Thesegageshaveprovedentirelysatisfactoryin service and even,{-:ith

cleam~gefracturethe gagesoftenrecr.inin positionafterthe break.

(3) ~e~erature ControlChanber!,The testsnecessitatedraisingthe

tenperature, abavd room temperatureand Iower,ingit to,po.i.ntsTlellb?lO~~

roon temperature,A doublewilledt.enperaturecontx,ol,,c~br Of plexiglas

was builttope~nit visualobservation.The half-tones,Figs. I-6, and I-7,

show clearlythe nethodof supportingthe chanberon the testsp~cinen. The

chanberis conpcaedof two separateboxesheld againstthe testpieceby o.d-

justcibleclips. The edgesof the boxesare equippedwith spongerubker w!lfch

restsagainsta woodenmerrberthe thicknessof the testplate,.so thatthe

charrberso fornedcan be adaptedto the testingof specirmnsof any thickr.ess.
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In,$he photograph,the heatingelementsare skom togetherwithfans for cir-

culatingthe,air.
.,, ,.1.,

(4) Descri~tionof Coolinrsystem: Tiiec&ling systemmay be con.ii~ered
. .

underthree,subheadingsr

(a)Sourceof low temperature

(b)Measurementof temperature
.:,

.(c)Controlof temperature

The sourceof low temperaturewas dry ice placedin a double-walledbox in-

sulatedwith,fibreglassand markedl!A1!in FigureI-8. It is supportedon

cantileverbracketsprojectingfrom the movableplatforma“nd“AS a capacity

Of 250 powds of dry ice. The air passes fromBox A into-amixing chamberfrom

whichtwo separ@e’flexibleinsulatedductsmaiked‘fB!!car~ the cooledair,

one to eachhalf of the temperatureccntrolchambermade of Plexiglasand

markedl]C~].

In the bottomof eitherhalf of the controlchamberis a diffuser ‘1D}),

F.avingmany smallholes. Afterpassingthroughthe controlchamber,the air

ie conductedthroughinsulatedductsmarked‘TES!,similarto the ductsmarked

‘tB!!, to nn insulatedbox containinga centrifugalblowermarked‘IF’!,driven

by the motorshownin Figure~ Betweenthe fan chmsb6rand the dry ice box
,

the slidev:]lvel!G!Tis inserted. This valveis operntedmanuallyby raisingor

loweringthe slide.

To determinethe temperatureof the specimen,thermocouplesare located

at threepointson the specimen:(1) in the 3/l+T!drillhole; (2) at a point

justabovethe 0.010”notchin the specimen;(3)52 dove thecenterOf the

notch. Tho fourththermocouplemensuresthe tcmperntureof the air. The

potentiometerfor thesemeasurementsis showna.tI!JII and t]-le go.lV,.!O meter a-t
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The ends of the test specimenare coveredwith eheetsof cclltiarrubber

~~ at !!l~tI~ ~,ndins~ating shimsare placedb~tweenthe gripsand the sPacers

of the upperand lowercrossheads.Tho ductscarryingthe coldair to the

Plexiglzschamberare insulctedby wrappingfibre glaesaroundthe tubesand

coveringthemwithmuslin. This muslinhas been coatedwith asphaltpaintto

preventthe moisturefrom enteringthe insulation.

This methodhas provedsatisfactory;the temperaturediffere,ntialbetween

t]]egageat tlloO.Olo!tnOtOh and.th~.t~ abovethe centerof the notchwas

~~ for spccimcntes$edat 17°. For specimen

betweenthese points,wnsO .lo~,.

(5) Accessoriesare Mountedon Elevmtor:

testedat 62°F the differential

The elevctorattachedto the

columnssuppliessufficientarea so that all of the electrica.1apparatusused.

in connectionwith the go.geassemblyc.nd:lSO the cooling,box ~?iththe necessa.ry

blowers,can be movmtednear the specimen.

,’!.
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Fig. I-3 JIG SAW ASSEMBLY
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Fig. I-4 GAGES IN CALIBRATOR
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APPENIiIXII ~ ~~
,.

-, on Lead-ElorlgationCurves

., -,,,,.. ,.,.

It may be notedthat some temperaturesshownon the loa.d-olong?’tioncurves
.,.

are indicatedto one degreeF and othersto one-tenthof a degreeF. This is

due to the fact tho,tnore precisetemperature-measuringequi,prsentwas available

for the lattertests. For testsrun with this instrumentationthe average

temperatureat the 3/i$tdrill..hnleis given togetherwith its variationduring

the test.

An observationconcerningthe shapeof the load-elongationcurvemay also

be made. In the firsttestsrun it vm.sconsideredsufficientto t.nkeresdipgrr

and plht valuesof elongationof the orderof .05 inchovera gage lengthof

nine inches.

does tendto

of this,the

While thisdotisnot alterthe energyvcluessignificantly,it

obscuresome of the finerdetailsof ticpecimenbehavior. In vicv

test$$ngprocedurewas slt,eredto recordond plotmore pointsalong

the load-elongat,ioncurve. As a resulte.rathercharacteristicshapeof the :L’r:

curveprecedingcleavagefracturehas beennoticed;i.e., a rapidlyincreasing

slopecs the moterialbeginsto behavein ?.brittlefashion. Examplesof this

me to be seenfor the followingtests:

Figure2A - A-19-11
Figure7A - A-19-1
Figure13A-A-18-I.4
Figure1OC- C-24-15

Howevor,this typeof responseis not exclusivelyassociatedrith cleavage

fracturesinceit also is evidentin ductilespecimenssuch IIS

Figure9A - A-19-i2
FigureI& - C-24-3



-’”67-

It is nlsobroughtto the reider!s a~t’entionthata dcmhcdportionnear

the end of ths load-clongitim““ciu-ti...indicatescitheran estimatedfracture

loe.dc?’cst.imptedfractureelongation,or both. In a.few

tho specimenfoiledbeforethe other. When this occurred

curve~~a~te~in~ted at the last 10,..dat ~ilichboth sides

,,. ,

.,

testsone-halfof

the loa,d-clon~:.tion

were still intact.
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