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Abstract

Theresultsof a studyof the flow and fracturestrengthsof the

project steelsere consideredin thisreport. It appearsthat the

flow-and fracture-strengthconceptof failureproposedby Ludwik

(15)is not adequateto accountfor the resultsobtained.

The flow propertiesof the steelshavebeen studiedas a func-

tion of temperatureand prestrain. The test resultshave beenfound

to be adequatelydescribedby the expression

in which & and 5 are respectivelytrue stressand naturalstrain,

while ~ end n are constants. ~Q has beenfoundto varyregu-

larlywith temperaturewhilen has been foundto undergoa transition

for most of the steelsat sufficientlylow temperatures.Both ~
o

and n appearto have funds.mentalsignificanceand shouldultimately

be correlatedin .omemannerwith the engineeringpropertiesof the

steels.
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CORFREI+kTIONOF LABORATORYTESTSWITH FULLSCALESHIP

PLATEFR4CTURETESTS:

ANALYSISOF TRUE-STRESS.TRUE-STRAINDATA@ PROJECTSTEELS.

In the initialorganizationof the projecton whiohthis is a partial

report,an exe~inationof the fundamentalaspectsof flowend fracturein

shipplatesteelwas anticipated.The firetreporton thiephaeeof the

problemwasrecentlysubmittedas a ProgressReport(1). The present

reportis concernedwith thosedata obteinedfor statictensiontestsat

varioustemperatures.

very

INTRODUCTION

Structuralsteelsin the normal.t,em,iletestare materialspossessing

high ductility.It haa been generallyaccepted~til”receritlythat

the measureof ductilityin the tensiletest yieldea satisfactoryquanti-

tativeindexof the ductilityof the metalto be expectedin structures.The

shortcomingsof thisteat havebeen’positivelyrevealed

expendedin the developmentand examination

in its place,(2 to lL).

The testingprocedureswhichhave been

of suitable

advsncedto

and much work has been

specificationstests

supplantthe ten-

sion test are throughouttee% on notchedbars,thustars in whichthe

stresssystemleadingto failureis highlycomplexas comparedto that

obtainingin the tensiontest. The complexityof the stresssystemneed

not in itselfofferInsuperablepreblemsif ‘this’streas‘systemwere

known,but, in general,it is not“knoti,so thatfrom a fundamentalpoint

of view tha experimentalresultsobtainedwith thesetestsmust await



-2-
quantitaf.ivetzwhtrmnt,.

The problemunderlyingthisresearchniems

can fail by both cleayageand shearmechanisms.

from the fact that steel

When a etructurefailsby

a cleavagemechanism,the energy requiredto propagatethe failureis

contained.i.nthe structureas elasticenergy, The crackonce started

propagatesrapidlyand is hi~hlydestructive.The transitionfrom one

type of feilureto the other is dependenton mnny factorsof which,for

a steelof a givenmetallurgicalstructure,the threemost important

are sectionsize,temperatureand strainrate.
.

In the tensiletest thistransitionfrom one type failureto the

other is not usuallyobtainedbecsuse of experimentaldifficulties.

Hewer,at sufficientlylow testingtemperatures(in the tem.perature

rangeof liquTd air) it is possibleto obtainsuchm transitjon. Due

to experimentalcircumstancesit is possibleto modifythis transition

temperatureuntilfor suitablesectionsizeand notchacuitythe tran-

sitiontemperaturemay be elevatedto room temperatureor s.hove.

Attemptshavebeen made to explainthe transitionphenomenonin

steel~by the use of two strengthpropertiesknownms flow and fracture

strengths,(15). Thesetwo strengthpropertiesare assumedto dependin

differentwa~~ oflthe testingconditionsas indicatedin Fig. 1 for strain

and temperature.By a voriationin etrainthe flow

elevatedbut at differentrateswhichdependon the

ing. As a consequence,in the caee indicated,the

the lowertemperaturefracturesat the lowerstrain

and fracturecurvesare

temperatureof test-

specimentestedat

valueand thereis

an evidentreductionin the ductilityof the testmaterial. Hollomon

and Zener (16)havediecussed thispOintat cOnsiderablelengthwhile
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excellentreviewsof pertinentdata and analyses

presentedby Hollomon(17),Gensemer,et al (18)

Brick (20).

of the concepthave,been

(19)and by Siegeland

It will.be notedthat the atrees.stre.indiagramspresentedin Fig.

1 are not the usualnormaltypeof stress-straindiagrams. Ratherthey are

diagramsin whichtrue stressand naturalstrainare plotted. Thisman-

ner of plottingis advantageousin’that it revealsthe rate,of changeof,,

strainwith stress,.nd passesintoa form thetcan readilybe handled

by analyticalmethods. Thistreatmentof the data doesnot, however,

predictthe strainat failure. The mathematicalexpressionsused @

co?,junctionwith the true stress- natural~trainrelatj.onshipsare,pre-

sentedin AppendixB. It is sufficientto pointout that the,relation:

n
shipwhichis used here is6’:d:.~ , a generalizedparabola,in

whichcf. and n are constants.t< is the streeea.ta strainof 1 and

n ie the strainhardeningexponent. n = ~ at the maximumload and

thus indicatesthe strainat whichinstabilityis to be expected. Thus

it is a measureof gsneralductilityand has been indicatedas increas-

ing for steelsto the lowesttempertitureeat whichit couldbe evaluated,

(21) (22)as “interpretedby SiegelandBrick (20). The aboveequntion

hae certainshortcomings,but at presentit appearsto be a suitable

analytical relationshipwherebythe flowpropertiesof a metalmay be

considered. A majorshortcomingin thisapproachis that no indication

is givenof the fracturepoint.

The conceptof flow strengthis fairlyobvious. The concePtOf

fracturestrength,however,is not, This latterpointmay be furthsr

cornplics.ted by the existenceof two typeaof fracture. Thereis not
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generalagreementthat two kincisof fractureexist(15) (17) (23)ds-

spitethefset thatfor shearfailure,energyabsorptionis invariably

high,whilefor cleavagefailureit may be entirelynegligible.A con-

fusingitem,further,is the occasion.of high ductilityaccompanying

cleavagefracture,(10) (24). Parker,et al., (25)snd Davidenkov(26)

and Freedman(27)supportthe argumentfor two typesof.fracture, parker,

et al., arguingfrom the crystallographyof the two typesof failure,while

Davidenkov(26)and Freedman(27)arguefrom the pointof view of normaland

shearstressfailureswhich in turnmay be interpretedin ter~ of

crystallography.On this questionit is generallymaintainedthat clecv-

age failurets.kesplaceon the (100)planesof ferritewhile shear

failuredemandsthe operationof slip systerns,and, thus it is contended,

ultimatelyfailureon slipplanes. Probablyit is not poseibleto prove

this contentionunequivocallyfor the shearfailure.

In the followingpagesthe experimentationwhichhas been conducted

on the tensiontest to revealthe effectsof temperature,strainaging

and notchseverity”o.nthe flowpropertiesand transitiontemperatures

of certainprojectsteelsis reported. Data concerningfracturestrengths,

fractime initiation,and fra”cturestrengthas modifiedby stresscon-

centrationare also reviewed.

A seriesof binaryferritealloyscontainingNi, Cr, Go, Mo, Si and

Mn were studiedby meansof a modifiedslow-bendtestand a non-standard

impacttest. Thesere,sultsare reportedin.Appendix A.

The staffwhichhas contributedto thiswork is as follows:

JohnR. Low,Jr. Tec@ical Representative

M. Gensamer TechnicalAdvisor

E. P. Klier Investigator
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F, C. Wagner
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SelmaKrause

Mina Moeesen

P. Vonad@

H. CoLyer
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Investigator

Investigator

ResearchAssistant

Drafting

TechnicalLabor

TechnicalLabor

TechnicalLabgy

SteelsA, Br, Bn,.C, Dr, DP, E. II;and N have been“studiedin some

measure. The mill data and completechemistryof thesesteelshave

been givenpreviously(2). Abridgedanalysesare givenin Table1.
,.

~ESTINGPROCEDUF3

Tensilespecimensunlessothemiee epecified~ve been loadedin

the rollingdirection. Thedimensionsof thesespecimensare gi~n ~

Fig. 2.

The specimenste~tedat otherthanroom temperaturewere testedin

a liquidbath. Weterwas “usedfor testingin the neighborhoodof #50°C

(122°F);dry ice and acetOneat ‘70°C(-9A%); isopentanecOoledbY

liquidnitrogenat -145°C(-229°F); and liquidair at -18800.(-310~).

The tsstingset-upis preeentedin Fig. 3. The liquidcontaineris

diagramed in Fig. 4 for the teet at -145°C(-229°F). For testsat the

othertemperaturethe ineartintowhich the

to obtainthis temperaturewas removed. The
,,,

eraturefor 10 minutesbeforetesting.

liquidnitrogenwas poured

specimenW;s held at temp-
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For notchedbar testingthe specimenwas insertedin

cooledand held for 10 minutes, The load to fracturewee

the gripsand

then applied.

Diametermeasurements

testing.

When loe.d-strain

of the testsec?tionwereobtainedbafore and after

measurementsrequiredfor t,heconstructionof true

stress-truestraincurvesweremade,the testwas conductedat a con-

stantcrosshead movementof 0.01 inchesper minute. This producedan

appreciable‘~ariationin the strainrate oncethe maximumload waa pass-

ed, but einceetress-straindata afterthis pointare not used,except

for the fracturestrain,it was not necessaryto adjustthe testpro-

cedurefor thisvariationin strainrate.

The strainmeasurementsat room temperaturewere obtainedwith

pointedmicrometerse.awell as with the straings.geused ~.tthe other

temperatures.This straingage is shownin Fig. 5. b engineering

drawingof the gage is presentedin Fig. 6. The constructionpresented

was foundmost suitablefor the eliminationof thermal~~effects in the

scissorssectionof the gage. The circulatingwatermaintainedthis,

sectionat a near constantvalueso that

be made on the bar irrespectivelyof the

portionof the gage.

diametermeasurementscould

thermal’gradient.inthe immersed

The minimumdiameterof the testbar was foundby systematichunt-

ing.

made

Wear of the guideswas checkedperiodicallyand compensci16nswere

accordingly,
REPRESENTATIONOF TEST DAT4

The true strees-truestraincurvesfor all of the testswhereob-

tainedhavebeenpresented. The numericaldataresultingfrom the an-

alyticaltreatmentof thesedatahave been tabulatedand are alsoplotted.
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The remainingdata have

and havebeen tabulated,

beenpresentedin the form of graphs,when appropriate,

whilecertainphotographsand photomicrogrspheare

included. Some use ia made of idealizedcurvesfor the purposesof discussion.

T.HESCRPEOF THE TESTItiPROG~

The testswhichhave been conductedare as follows:

1. The fractureetrengthof ,S$eel..F ..at.-18E+°C(310°F)for severalstates
. . .

of triaxialtensionwas determined.The differentstresssystemewere obtained

usingnotchedbars.

2. The fracture

notchedbar.

strengthsof the projectsteelswere obtainedfor a mildly

3. A seriesof test8was run to determinethe effeet of pre-strainat

25°C (770F)on the fr~ctureetrengthat -188°C(-31O%) for the projectIgteels.

4. Testswere run on SteelC to determinethe effectof prestrainat

-70°C(-94%) on the fracturestrengthat -188°C(-310%’).

5. The developmentof a crackin’the centersectionof a neckeddown

tensilebar was studiedmetallographically.

6. The true etress-truestraincurvesfor the steels,with limited

exceptions,were determinedfrom~50°C (122%) to -188°C(-31OOF)for virgin

platespecimens.

7. The true stress-truestraincurveefop the steels

/25°C (77%) to -188°C(-31.00F)for Virginplatespecimens

were determinedfrom

loadedin the cross-

rollingdirection.

8. The truestress-truestraincurvenfor’the steels~with limited “‘

exception, were determinedfrem”~50°C(12~°F)to -188°C(’31@) after‘he

followingtreatments:
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a. Prcstrained2%,“at.25°C’(77%), hc.ldat ROOD Tcmp”eraturefor 1 month.

b.‘Preotrainedm “at25°C (~°F) ~ heldat ROOMT6@ex.aturef’or1 month.

c.FTe,str:ined10;~at 2#’C (m°F), heldat Room.Temperaburefor 1 month.

9. An approximatetransitioncurvefor a mildlynotchedtensilebar was

determinedfor availablesteels.

EXPERIMENTALRESULTS

TESTS1 AND 2: - FtiCTUFU3STRENGTHOF NOTCHEDEARS

Preliminarytestsrevealedthatcertainof the projectsteelswere

appreciablyductilein the tensiontestconductedat liquidair temperature.

Since lowertemperatures,to suppressthisplasticflow,were not accessible

for this testingprogram,it was decidedthatmildlynotchedbare mightbe used

to suppressplasticflow.

The

strength

fracture

and flow

suppressionof plasticflowwas desirablein orderthat the fracture

of the unstrainedmaterialmightbe measured. The measurementof the

strengthwae desirableto allowan analysisof the conceptof fracture

strengths.For the determinationof the fracturestrengthtwo pessible

procedurescouldbe used;namely,the notchcouldbe euchthat the stresssystem

was completelyknown,or a seriesof notchesof variousknownstressconcentra~

tionscouldbe used. From theeelattertest resultethe fracturestrengthcould

be determinedby extrapolation.The first‘procedure,unassistedby the secOnds

requiresthe evaluationof the effectsof a giventriaxialstresssystemand

is probablyunreliable.The secondprocedure,if wed extensively,wOuld

requirea greatdeal of experimentaleffort. It was decited,therefore,thrit

one of the steelsbe used to explorethe notcheffect,and this steelpreferably

be one whichfailedbrittlelyin pure tensionat liquidair temperature.Steel
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E closelyapproximatesthisbebvior and so ww used in“theevaluationof the

effectof notchacuityon the fracturestrengthat liquidair.temperature.

The resultsof testingare givenin TableII and are plottedh Figs.7

and 8. The data in Fig. 7 are nominalfracture‘strengthversusstress

chmcent,retionwhilethe data in Fig. 8 are maximumcalcukted atressversue

stressconcentration.

The c~ve.sbrea,Mat a stressconcentrationfactorof approximately2.0

but belowthispmint representstraightline relationships.Sincethe bar used

to determinefracturestrengthsfor the remainingsteelsM a etressconcentra-

tionfactorof about1.2 the nominalfracturestrengthfor this bar couldbe

used as the fracturestrengthfor the unnotchedbar.

The re~~ts Of fracturestrengthmeasurementson the remainingSteeh are... .

presentedin ‘i%b+eIII. The resultsobtainedon unnotchedbara,when thesebars

failed at very low strainvalues,are also includedfor comparison.Thesetwo

,valuesare probablyin satisfactoryagreement,but it ia apparentthatthe

fractme strengt,hdetf;rriqinations:re liableto scatter. Because.Of this,

scatter,furtheranalysisof thesefractureetrengthvalueedoee not appearto

be warranted.

TESTS 3 AND L: - PRESTFJQNON FRACTURlSTRl~NGTH

The determinationof the fracturestrengthfor the unstrainedbar is not.

sufficientfor the determinationof the fracturestrcngthcurve. The fracture

strengthcurveis a functj.onof the strainand cannotbe determinedby any

directprocedure, It can be determinedby the impositionof strainat one

temperatureafterwhichthe testbar is cooledto a rangeof brittlefailure

and broken. By thismeanss.fracturestrengthcurvemodifiedby a giventhermal

effectmay be obtained.severaltestsof this type.were conductedfor prestrains
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imposedat 25°C (‘7’7CF) s.ndat -70aC (-94°F).* Some pertinentdatafor the steels

are tabulntedin TableIV. The data are plottedin Figs. 9 to 13.

Two importantphenomenaare pointedout; The firstof these,which hae recent-

ly been discussedby Sachs(28),ie the variationof the totaletrain*O frscture

at -188°C(.310%) ~S LIfunctionof the prestraln, The data are inconsistentbut

they tendto

temperatures

Sachs,(28),

supportthe view advancedby Sachs thatthe prestrainat higher

makesthe steelsmore ductiloat -188°C(-310°F). Fig. U+, efter

illustrfitesthe supposedrelationshipbetween”prestrainand added

etrainat -188°C(-310°F). The data obtainedhere are not sufficient

discussionof thispoint.

The secondpointof interest’centerson the relationshipbetween

for further

fractures

strengthand strain. Thosedataare relativelyconsistentin indicatingan ele-

vationof the fracturo”strengthat approximately40,000PSi per .3 unitsof nat~+

strain. Teh consequenceof this is emphasizedin Fig. 9 wherethe flow curvesfor

SteelC are plottedalongwith the fracturestrengthcurveobteinedfor this eteel.

Between0.1 and”0.35 nnturalstrain,the flow curvesappe@.rto be pm=llel or to

convergetow~rdhigherstrcin. Throughthe same incrementof strain,thesecurves

seem to

f’cllows

lowered

curves,

be parallelto or to divergefrom the fracturestrengthcurve. From thie it

that if the temperatureeffecton the strengthcurvedeterminedhere,if

the appropriateamountto pass throughthe fracturepointof the flow

nust lie on or belcwthe flow curve. The fracturestrengthcurvethen

couldhaveno mes.ning.

On the assumptionthat thefracturestrengthat differentstraf.nlevelsis

differentlyaffectedby the temperature,an exponentsimilarto the strain

* For testingprocedureseeAppendixC.
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hardeningexponentmay be obtained. Suchvaluesas couldbe determinedwith come

accuracyare tm.bulatedin TableV. By assumingthis exponentas being coneta.nton

extrapolationto the temperaturefor the flow curvesat room temperature,the

fracturostrengthcurvelies abovethe flow curve, Eut as will be shownin a

subsequentsection,the valueis stilltoo l:mgeto O11OWfor a real fracture

strengthcurveat -lf+5°C(-2290F)for certainof the steels. It seemsreasonable

to concludothatthe fraoturestrengthconceptof failureis not valid.

TEST 5: - FAILUREIN THE TENSIONPAR

The mannerin whichthestandmd roundtensilebar failshas been satisfactori-

ly determinedfor the fullyductilemode of failure(25) (29). It is knownthat

afterneckingdown,the stressconditionin the centerof the bar is such that a

crackopensand is propagatedre.dially.As thishappens,the cross-sectionof the

testbar is reducedand the load requiredto continuethe testdrops. For very

ductileme.terials,for example,copper,thisphaseof the+mt cnn be easilyfollowed

but suchis not the ccse‘forat~ols.Seeminglyin steelsthe crackonce formed is

propagatedso rapidlythatthe load cannotbe reles.sedin orderto preventcomplete

failureof the bar. Severaltestswere conductedto furtherclarifycertminaspects

of thisphnaeof the tensiletest in steels.

Severaltest bnrsof’Steel C were pulledto beyondtbe maximumload and before

brenkingwere te.kenfrom the tensilemachine. Thesespecimenswere sectionedby

grindingon a planepm-allelto the mis of the testbar. At predetermined

locationsalongthe diameter,the surfacee were polishodnnd examinedmotallogra-

phicnlly. Pertinentresultsare presentedin the photomicrographsin Figs. 16 to

20. In thesephotomicrogr~.phs,locationJ.correspondsto n plane .012inches

from the centerlineof the testbo.r,locntionB to a.plane .007inchesfrom the

centerline,rindlocntionC to c.plane ,002inchesfrom the’centerline.Cert~in

testdntnfiret,bule.tedin TableVI.
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The testingproceduremay be clarifiedby referringto the idealizedetress-

straindiagrampresentedin Fig. 15.

This is a load-extensiondiagramand offersnothir,gnew up to the point

des~gnated (a). Betweenpoints(a)and (b) the losd is indiceted s.sdropping

sharply. At (b) it is supposedthat the sectionfailscompletely.AI1

specimenst~hich~re discussedhere were loadedintothe interval(n) (b) n.ndthe

test was then stopped. As is evidentfrom T:.blcVI, somedexterityis

requiredin unloadingthe specimenin orderto preventits totalfailure

when the test is.conductedto this stage.

All specimensexaminedwere sectionedsuchthat the finalplaneof exami*

nation was 0.002inchfrom the centerline of the specimenas determinedon

the necked-downportionof the testbar. This planeof examinationmay, of

COuf!.., be slightlydisplacedfrom the originalcenter-lineof the epecimen

becauseof irregularitiesin the strainingin the necked-downregion.

One itemwhichwillbe of concernat a subsequentpointmay be ifltroduced

brieflyhere;namely}the existenceof totalfailureat the point(b) on the

diagram. This pointprobablydoes not have a truephysicalsignifIcance

insofaras the fracturingprocessis concerned~but probablyis the pointbeyond

whichthe weighingmechanismno longerapproxims.telyfollovsthe loadon the

specimen. It indirectlyindicatesthe limitingrateof travelof the load

indicatingdevice. Becauseof this the fractureload cannotbe defined,

The severalpho”tomicrographsindicatethatthe crackdevelopmentin the

tensilebar is comparableto th~”tin copperin the tcmniletest. It differs

from crackdevelopmentin copperin that once it is initiatedit develops

rapidlyand leadsto failureof the entiresection. This,P.Shas been

recognized,takesplaceby the formationof a radialcreeksensiblynormal
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tO the specimenaxis and this c~ek extendsoveran appreciableportionof the

section. Afterthisis accomplished,the remainingsectionshee,reoff. The

finalfractureis the familiarcupconefra.sture.

Parker,et al., (25)have arguedthat the failure

test sectionis a shearfailureratherthana cleavege

contentioni,9

to and in the

is emphasized

crackpoint.

correctis corroboratedby the evidences

path of the crackjcf, Figs. 17 and 20.

in the centerof the

failure. That this

of plastic

In Fig. 20

by the markedstrainzonswhichhae developedahead

This structurewas

center-lineof the specimenthan

Finally,the crackdoesnot

.,
flowadjacent

thiephenomenon

of the advancing

fcmnd at a slightlygreater,distancefrom the

was requiredto revealt+e crack.

startat someisolatedpointand thendevelop

over the criticalsection. Ratheras indicatedin Fig, 18 crackingmay be

initiatedat severalpointsin Lhetest section,.s.ndas indicatedin Fig. 19

thesecracksmay grow and join. These cracksmay extendover an appreciable

numberof grainsand frequentlyare at an acuteangleto the axis of the test

bar. In some instancesiL appearsthatcerbi.nregionsof the Sectionare

shearedoff on a lineparallelto the axis of the tes’~bar.
,.

...



-14-

TESTS6, 7, A1\~3: -- TENSIIETEST RESULTS

The dats.Imve beenpresentedin Figures29 to 197 and in TablesVII-Ato

VII-N. The vnriousdata are discussedseparately.In the present~.tionof data,

specimenstransverseto the rollingdirectionare design~tedby (T).

(1) The variationsin reduct~LiWu~~_t=rs~~~Zk2~tQ~

For the virginplateSteelA, the tr,o.nsitionrangeseeminglylies between-188

and -120°C. Thereare not sufficientda.t~.to Q11OVa separationof the tro,nsition

rc.nges- if such shouldexist- for the variouslevelsof preetrain.

The msximumductilityis indicatedfor the specimenspa.rs.llelto the rolling

directionand whichhad sufferedno prestro.in.The minimumductilityis indicated ;-.

for the transversespecimensand for thoselongitudinalspecimenswhichhad

suffered2% prestrain. The maximumdecreasein ductilityamountsto about

15-20Zat tempero.tursaabovethe transitionrange.

At liquidair temperaturesthe specimenswhichsufferedprestrainare less

ductilethanthosewhichhad not. This is contraryto whatmighthave been

expectedfrom the resuitsreportedunderTest 2, but are in linewith the data

obtainedfor impacttesting(2),where the transitiontemper-turewas foundto

lie ,.t highertemperatureswith increasingprestrain. This apparentcorrelation

is obviouslyof very limitedvalue.

For SteelBr the transitionrangeextendsfrom less than-188 to about

-120°c ● Again thereappeo.rsto be littlepossibilityof specifyingany but

the one trnnsition ro.ngefor all of the data. The resultsfor the transverse

testsare somewhaterratic,but for the mostpart indicnte a reductionin the

maximumductilityof about20%. The prestrainedb~.rsare less ductileat -188°C

than are the virginplatebars.

For SteelBn the tramsit ion range extendsfrom -188to about-145°C.

The effectsof‘prestre.inare compo.rable to thoseobservedfor Steelh’.
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At ‘188°CSteelBn is lessductilethanSteelBr, while thereis no seg-

regationof testvalues’for prest,raineda;ldunstrainedbars. It is of

particularinterestto pointout that thissteelis highlyduotileat -150°C,

Purther,in the ~nge of highductility,the mwximumreductionin duct;.lity

due to changein orientationof the test bar amountsto aboutI@.

For SteelC the transitionrangeextendsfrom -188to about-145°C.

At -U+5 to -150°Cthe steelie fullyductile. The maximumdecrease h

ductilityabovethe transitionrangeis aboutlm of the virginplate

value.

For SteelDr the tram ition rangeextendsfrombelow-188% to above

-150°C. Thereis no apparentmodificationof this transitionrangeas a

consequenceof prestrain.The ductilityis littleaffectedby orienta-

tion and prestrain,with the maximumreductionin ductilityabovetha

transitionrangeamountingto betmaen5 and lCV%of the virginplatevalue.

For SteelDn -188°Cliesaboutin the middleof the transitionrange

as at thispointthe reductionin area valueis reducedto about50,%of

the maximum. The transverseductilityis about5 to.10% less than the

longitudinalductility. The effectsof preetrainingare not apparent

for thissteel.

The transitionrangefor SteelE extendsfrom about-lWJ to about

-lZOOC. The transverseductilityis about15% lees thanthe longitudinal

ductilitywhilethe’maximumeffectdue to prestrainingis a 107 reduction

in ductility.

SteelH is appreciablyductileat -188°Cbut not so much eo as Steel
3

Dn. The transitionrangeextendsfrom less than-188°Cto about-150°C.

SteelN is just into the upperportionof the transitionrangeat

-188°c● No plot is shownfor SteelN due to the limiteddatn,whichs.ppear

in Table VII-N.
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c(2) The naturalstrainnt fr~.ct~~k+ F) VS. t@R@fi.tur@(Figui%s29 fo 36)?___

quantityvn.rieain the samemannerS,Sdoes the“reductionin area.

(3) The tensilestrenethvs. ~qmuerature-es 37 to LL)~ The

steelswere mde up to have 60,000to 70,000psi tensilestrengths. This

quantitywhen determinedas a functionof temperatureis modifiedby two

factors,namely,the stren@heningresultingfrom decreasedtemperature

of testingsnd the decreasein strainhardeningvhicharisesin the tran-

sitionrange. Thesefactorsbeingof oppositesign can seriouslymodify

the experimentalvalueaof the tensilestrengthundercertainconditions.

For SteelA the tensilestrengthfor the unstrainedlongitudinal

specimensis a minimumfor the testbars examined. The tensilestrength

increases at firstslnwly and thenmore rapidlywith decreasingtempera-

ture. It is aboutdoubledat -lf380c.,but the majorcontributionto thie

increasedtensilestrengthoccurs

strengthincreaaesregularlywith

a prestrainof 10%.

For SteelBr the resultsare

between-70 and -1.88°C.The tensile

prestrainand is elevatedabout20% by

nearlyidenticalwith thoseobtained

for SteelA. The tensile strengthva. temperaturecurves,however,are

displacedto slightlylowerload values.

For SteelBn the resultsfor 0% prestrain,like thosefor SteelBr,

are in closeagreementwith comparablevaluesfor SteelA. The behavior

for prestrainedbare is clifferentfor testingat -188°C. At thielowest

temperatureof testingthe tensilestrengthof the K@ prestrainedbars

is less thanthat for the 5 and 2% prestrainedbars. Thus the average

tensilestrengthsfor the 2, 5, 10 and O% prestrsinedbars are 1.47$500;

137,5w; ~ 12’7,~ and 127,500p6i;respectively.Thus the strongesteteel
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is thatprestrained@ whilethe weakestare thoseprestrainedO and 10%.

The resultsfor SteelC are in closeagreementwith the reeultsob-

tainedfor SteelA.

The resultsfor SteelDr are in closeagreementwith the resulteob-

tainedfor SteelA.

For SteelDn the strengtheningeffectsfor decreasingtemperatureof

testingare leesthanwas observedfor Stee3Dr. Further,the effectsof

prestrainingare not marked,as the impositionof 10% prestrainelevatee

the tensileetrengthby less than10% at 25 and 50°C, Praetrainingpoe-

siblyis more effectivein elevatingthe tensilestrengthtit-188°C,al-

thoughthe increaseat this temperatureis not so pronoumed ae for Steel

Dr.

“ForSteelE the increasein the tensilestrengthdue to prestrain-

in~,is analogousto the behaviorof SteelBn. Thus at -188°Cthe ten-

sile strengthsof the O and 10$ prestrainedbare are equaland less than

the tensile stren~”thfor the 2 and 5% prestraind bars.

The tensilestrengthfor SteelH increaeeswith decreasingtempera-

ture in analogyto thatfor SteelA at O% preetrain.

(4)The lowervieldstrength vs, temperaturefFimlres L5 to 52)s The

loweryieldstrengthdatamay be placedin two groupefor presentation.

The firetof theeegroupsincludesSteelsA, M, C, Dr, and L For this

groupof steelethere’is a pronouncedelevation’of the loweryieldstrength

with increasi.ngprestrainat all temperaturesinvestigated.The percent-

age increasein the yieldstrengthwith prestraindropswith decreasing

temperature.At 25°Cfor a prestrainof 1O$4the yi61dstrengthis about

doublethatat 0$ prestrain.At ‘188°Cthe increaeeie by a factorof -$
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as the numericalincreosein the yieldstrengthremainsneprlyconstant

irrespectiveof testingtemperature.

For the unstrs.inedsteelthe yieldstrengthis incrensedby about25% aS the

temper.ture ie loweredfrom}50 to -700C. The yield strengthis increasedby e.

factorof 300%when the temperatureis loweredfrom 50 to -18@c, For the steel

prestrained10% the yieldstrengthis increasedby about20@ as the tempemture

is loweredfrom } 50 to -188°C.

For the secondgroupof steelsrepresentedby SteelBn and possiblySteel

Dn, the effectof prestrainon the yieldstrengthie markedlydependenton the

temperatureof teeting. Thus for SteelBn the yield strengthat 25°C is raised

by 100$for a prestrainof 10%. At -188°C.,however,the anologousincreaseis

only10%.

(5)Uifro.cture strenzthVS. temr=at~e (Fimres 53”tO ~): The fracture

strengthis dependenton two factorswhichare of oppositesign,namelythe

strengtheningeffectarisingfrom decreasedtemperatureand secendlyjthe

weakeningeffectdue to decre~.sed stro.5n hardeningbecauseof failureat lower

stro.inv.lues. Sincethis in.tterfactordoesnot becomeoperativeuntilthe

transitionzone is entered,it mightbe expectedthctthe fracturestrengthwould

increaseuntilthe txvnsition zonewas renchedand would thenbehaveerratically.

The datado not coverthe transitionzonesufficientlyto indicatethe behavior

of the fracturestrengththrou~hthis zone,but seeminglythe fracturestrength

may in some instnnceedropSh-rply in thistemperatureinterval.

The frncturestrengthfor the prestrr.incdb~,rsis not mrrkedlyclifferent

fromthatof “theunotrc.inedbars c.t -70°C and higher. At -188°C, on

the otherbond, the”prestrainingcausesa pronouncedscatterin the
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fracturestrengthvalues, The scatterse.minglyis not consistent.

(6) The strendh coefficientvs. ternrxrature(Figures 61 to 68~~ The

valueof the strengthcoefficienthas been foundto dependon the carbon

content(30),testsbeingconductedat Z5°C, This is corroboratedby the .,

data obtainedhere. The strengthcoefficientas mightbe expectedis de-

pendenton the“temperatureof testingand it appears.that,at the clifferent

temperaturesbetween-188°and #30°C,one of the majorfactors.in determini-

ng its numericalvalue”is the carboncontent.

The strength“coefficientis increasedby from80 to 90$ as the tem-

peratureis loweredfrom ~p to -188°C. The strengthcoefficientdoes

not appearto be consistentlymodifiedby prestrainOver the temperate,.

intervalin whichit was mea.suredi

(7) The strainhardeninEexoonentvs. tsmuereture(Fiwres 69 to 76)$

The strainherdeningexponent‘rangesbetween.20and ,25 for all of the

steelsat 25°C.for the unstrainedtes:bars. This relativemagnitude

is obtainedat -70°Cfor all of the steels,but thereiS sOme evidence

that the magnitudeof the exponentis slightlyloweredfor somoof the

steelsat -70°C. At -188°Call of’the steelsbut SteelN showa reduced

strainhardeningexponent. It i~ evident,therefore,that the strain

hardeningexponentunclergoesa transitionfroma highvelue.to some

lowervalue, The exactcharacterof this transitionis of much interernt,

but only l.imitcddataare svailablepertainingto it.

It appearsthat the transitionin,the streinhardeningexpenentdoes

not coincidewith the transitionin ductility. This is ~mpha-

sizedfrom a considerationOf Figure69 for steel’A. This steelposeesses

nearlyfullductilityat -150°C. At this temperature,however,the steel



,-2Cl -

has seeminglypassedthrough“thetransitionin the strainhardeningsx-

ponent. On the otherh~nd,between-150and -1880Cthissteelpasses

nearlythroughthe”traneitionin ductilitybut in this intervalthereis

no comparabledecreasein h , The minimumvalueofl’1for thissteelis

about0.15.

Preetrainingseriouslymodifiesthe strainhardeningexponentse is

evidentfrom the curves,Figure69, This situationwouldbe expected

einceprestrainingcausesno alterationin the strengthcoefficient,

Restiteanalogousto thoseobtainedfor SteelA are obtainedfor

steelsBr, En, and Dn. For thesesteelsan apparentlyreal low level

is definedfor the strainhardeningexponent.

For SteelsC, Dr, E, and H, no attemptcan be made to establisha

low levelrangefor the strainhardeningexponsnt.

Statteris observedfor the valuesof the strainhardeningexPonent.

This scatterdoea not appearto be le.rgein the regionsaway from the

transitionrangefor thisquantity. A reasonablenotionof the degree

of scattercs.nnotbe givenon the basisof the numberof datawhichare

presented. Thesedata are difficultto obtain,however,becauseof the

tendencyof the steelsto breakat verylow strainlevels. StrQineOf

greaterthan0.1 are requiredif satisfactoryvaluesfor ~ are to be ob-

tained. Of the steelsavailableonlyQ few couldbe satisfactorily

handledat -188°C.

(8)The fractureamea~nnce vs. teapem: Much emphasishas been

placedon fractureappearance.asan aid in evaluatingbritt}eand ductile

behavior(3)(4)(5)(6)(7)(8){10)(11) (1.2). on the other had it has b-

pointedout thatfractureappearancemay not be an adequatecriterionof

brittlebehavior(24)(27). It is not surprisingthenthat ductilitydoee
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not correlatewith fractureappearancein thesetests. Thus for none of

the steelsstudiedhere has the transitionrangein ductilitybeen ob-

servedat higkier’then about-145°C. The transitiontemperatureon the

basisof fractureappearancehoweverliesat -70°Cfor some of the

eteele. The fracturedata are summarizedin TableVIIIand probable

transitiontemperaturerangesare presentedin TableIX.

TEST 9: - liOTCHED-13ARTRANSITIONRANGE ,,

The testresultsare presentedin Figure200. It is evidentthat

all of the staelstestedare somewhatembrittledby the mild notchused~.

The transitionrangeie in generalraieedby about30°C. For thisteet

bar the steelsare sensiblybrittlest .=188°C.Thereie no apparentcor-

relationbetweenthe transitiontemperaturedeterminedfor this testbar

with the transitiontemperatureobservedin the impactand notchsdbar

specificationtests. Consideringthe complexityof theselattertests

thiswas not unexpected.

ru&w&u4
The tensiletestingof the projectsteels,was carriedout with the

expectationthatpossiblefundamentalmaterialquantitiesmightbe re-

vealed. Thesequantities,becausethey are fundamental,mwt affectthe

behaviorof the metalin any kind of test, The directionand possible

magnitudeof thiseffectcould

testing.”The questionarisest

portedherebeen suggestiveof

possiblybe derivedfrom the date on tension

has any aepectof the tensionresultsre-

the opere.tionof a fundamentalquantity?

To “answerthisquestionit is necessaryto discueethe aspactsof the

tensicm$est whichhavebeen recordedand to examineany irregularity
!.

whichmightexist,
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The datato be consideredfirstare thoseobtainedfor reductionin

and true strainvs. temperature.Thesedata definethe transition

from ductileto brittlebehavior.with reductionin temperature.The

fact that thistransitionoccureis in itselfnot a fundamentalaspectof

the test,es mightappearat firstsight. Thus the steelsdo not become

t’dy brittlebelowthe lowerlimitsof the transitionrangein this

test,for it is possibleto displacethe transitionrangeto still

lower temperaturesby the use of a smallerspecimenor by testingin

torsionor compression,etc.;and it is possibleto displacethe tran-

sitionrangeto highertemperaturesby a varietyof means. The tran-

sitionrangeas revealedby strainmeasurementsdoesnot xevealthe

actionof any fundamentalquantity. This actuallymightbe enlargedto

say thatany quantitywhichis medifled by the transitionrange other

than to becomeinaccessibleto measurementcannotreadilyrevealany

effectdue to the operationof fundamentalquantities.

The tensilestrengthof the steelsis not discontinuousin the tran-

sition range. This quantityis poorlydefinedfor use as requiredhere,

for it doesnot referto materialsat the same st.te of testing. Thus

at 25°C the steelis ductileand suffersmuch plasticstrainpriorb

fracture. At -188°C,on the otherhand,the steelmay fracturewellbe-

fore the pointcorrespendingto maximumload at 25°C ie reached. In the

meantimebecauseof the decreasein temperaturethe steelis appreciably

strengthened.Thus two quantitiesof oppositesignmodifythe tensile

etrength.

The fracturestressvs. temperaturecurvesreveala markedtransition

rangediscontinuity.This quantity,however,suffersfrom the esme
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uncertaintythatwas introducedagainstthe tensilestrength, Further,

problemof the definitionof fracturestressarises. As has been seen

earlierthe fracturingprocessis complicated.For thisreasonit has

been necessaryto definethe fracturestressconsideredhere as that

the

meximumnominal truestzxsson~ aeetionjustprior@ titwmal crack

initiation.

The loweryield strengthvs. temperaturecurvesshowno discon-

tinuitythroughthe transitionrange,althoughfrom,the resultsof Joff~

(31)it mightbe arguedthatthis quantitywouldbe discontinuousat the

lowesttemperaturein the transitionrange, This quantity,however,is

inaccessibleto measurementbelowthis pcint.

The strengthcoefficient( U’. ) varieswith temperaturein much

sameway as does the loweryieldstrengthand this suggestsa relationship

betweenthe two. That a relationshipdoes existis supportedby the nu-

mericalvariationof thesetwo quentities with temperature’as revealedin

Figures198 and 199. The closeparallelismof the two linesis hardly

fortuitous*

No discontinuitywith temperature,$S foundfor ‘theetrengthc?effi-

cient.

The strainhardeningexponentremainsto be discussed, The magnitude

of this quantityie intimatelyassociatedwith that of the strengthca-

efficientwhichhas been discussed above. This followsfrom the fact

that both quantitiesappearas variablesin the equation

Since thisequation

be determinedbelow

is developedfor the plasticstate~ Lfm and h cannot

the transitionrange,or specificallyat temperatures,.

.,

the
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where thereis no pIasticflow. In the upper portionof the transition

rangein the tensiletest thereis’stillappreciableductilityand ~

and w can be determined.As has alreadybeen indicatedabove,the do

vs. temperaturecurves.guffer no discontinuitythroughthe transition

range. This is not the casefor the etrainhardening‘exponent.For

SteelsC and E the strainhardeningexponentis drasticallyloweredat

-150% . For all steelsbut SteelN the strainhardeningexponentis low.

ered at the minimumtemperaturesat whichit has been determined.This

is at variancewith the observationof Siegeland Brick (20)who have con-

cludedthat n shouldincre?,sewith decreasingtemperature,For the staels

testedthisbehaviorof n mightbe associatedwith the transitionfrom

ductileto brittlebehaviorwhichis most markedin the

-188°c. Closeexaminationsof the data for n and the

in area’as affectedby the testingtemperaturereveals,

rangefrom -145 to

data for reduction

however,that theee

two phenomenaare not directly

the reductionin area is 60.5%

while at -U5°C the two values

interrelated.Thus for SteelC at -150°C

whilethe valueof n has droppedto 0.106

are 43.@ and .163,respectively.For Steel
,,

E teetedat -150°Cthe reductionin area valueis 47.8%,that of n is 0.134.

At -145°Cthasevaluesare 48.% and 0.117,respectively.Thus fOr these

two eteelsthe velue of n has droppedor passedthrougha transitionat a

temperaturein the upperportionor abovethe transitionrangein ductility.

Thereare not sufficientdatato treatthispointextensively,but

seeminglya curvesuch as has been drawnfcr SteelA, (Fi~re 69)j under

the prcperexperimentalcircumste.nceswould typifythe behaviorcf n

temperaturefor all of the steels. To be more specificthe valueof n

is loweredthrougha brieftemperatureintervalwhichmay or may not

vs.
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Seeminglythe minimumvhluefor n

as

is
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measuredin the‘statictansiontest,

characteristicfor the stesl - for

some of the steelstestedhere thie decreaseamountsto about 50%.

The strainhardeningexponentseeminglyis a fudamantal factorin ‘

plasticwork - hardeningor G.tleaet’approximet=thereto. The exper”i-

meritalcircumstancethat 10ESdf ductilityin the tensile‘bestintrudes

priorto the transitionin n limitsthe determinationof the relationship

between n and temperature.This situationcouldbe circumventedby the

use of othertestproceduresin more satisfactorydeterminationsof

and n.

The variationof n with temperatureas revealedin the abovelends

some supportto Gensamer*streatment(23)of plasticstrain in termsof

the atrainhardeningex@nent n, a velocitycoefficient< end the stress

gradient, The variationof ~ with temperatureas Sh.OWIaboveals~refutes;“.~

the Siegeland Brick (20)argumentagainstGeneemerlsconcept. Much more .,

work isrequired,however,beforean attemptat a quantitativetrea”tmedt.

of this conceptis possible, This additionalworkmust firet of all lead

to a physicallysoundconceptof fracture.

SUMMARYAND CONCLUSIONS
—.

In the presentationof the experimentalresultsit has been observed

that the breakingof a testbar as indicatedby the stressat fractureis
.:

modifiedby the notchacuity. This modificationis not regular,but seem-

inglyundergoesa sharpalterationas the notchacuityis incrensed.These

observe.tions~eremade on a steelwhichwas sensiblybrittleat the test-

ing temperatureof -l@3°C.



-26-

The fracturestrengthas originallyporposedby Ludwik(15)has been

investigatedand has been foundto be elevatedsuch that the fracturestrength

curveat -1880Cie aboutparallelto the flow curveat 25°C. If thieovx’ve

is displacedby a givenstressvelusto paea tbro~h the frecturepointit

lies on the flowcurve. It cannotthen have the meaningsuggeetedby Lud@c.

If it is assumed,however,thstthe fracturestfiengt,his displaceddiffer-

6’ anddf can beentlyat differentstrainlevelsa relationshipbetween ~

established.This relationship

das the relationshipbetween ..

of a strain-hardeningexponent.

atursa fracturestrengthcurve

the fracturepointat 25°C lice

will not lie abovebut actually

projectsteels. ‘l!hissituation

ie aesurmedto havethe same functionalform

and 4 , and so leadsto an W$ in plaoe

If ~#+ is assumedto be independentof temper-

is obtainedwhichwhen displacedto pass through

almvethe flow curve. This curve,however,

belowthe flow curveat -l@C for some of the

is meaningless,so that it appearsthat the

conceptof fracture-amdflow-strengthsis not correct.

The developmentof the internalcrackin the fullyduotile teneil.ebar

for steelhas been examinedmetallographically.Evidencehas been advanced

to sustainthe argumentof Parker,et al~ (25)that the internalfail~e ie a

shearfailure.

Thetmnsilepropertiesof the projectsteelsas a functionof prestrain

followedby agingand as a functionof temperaturehavebeen examined. of

the propertiesstudiedit has appearedthat the strengthcocfficientand the

strainhardeningexponentpossessfundamentalmeaning. For the atcelsstudied

the valueof the strainhardeningexponentve. temperatureappearsto be an

indexof theirbehavior,
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been determined.
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tranaitionrangefor a mildlynotched

The transitionrangeis displacedto

tensile bar has

highertemperatures

for thisteatbar,whfke the steeleall appearto be affectedto aboutthe

same degree,

SIJGGESTIONSFOR FUTITHERWORK
~..

It appearsthatfurtherinvestigationof shipplatesteelsin the

followingdirectionsmightproveprofitable.

(a) Notchsensitivityof steelsis at best a poorlydefinedquantity

and is for the most part definedqualitativelyby means of the notch-im-

pact test. Such an evaluationnormallynecessit:,tes a modificationof

the testingtemperaturewith recognizedfar-reachingconsequences,It

would appearthat testingof notchedbars in the non-ductilerangeas

done here for SteelE mightleadto valuabledata.

(b) Tha need fOr furtheranalysisof the temperaturedepend.comeof4
and n is obvioue. This analysieshouldbe more intensivefor the steels

which havebeenstudiedhere and shouldlikewiseembraceothercompositions.

Such tmstingcouldbest be doneby torsiontestingor possiblyby compres-

sion testingto suppressthe tr:.nsition rangein ductilityencounteredin

the tensiontest. Exploratorywork (32)usingthe torsiontesthas been

completedand has allowedtineevaluationof a pseudo-strain-hardeningex-

ponentfor SteelsC and E at -188°C. The valueof n so determinedis

approximately0.1.
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Steel

A

Br

Bn

G

Dr

Dn

E

H

N

TABLEI - CHEMICALANALYSESOF TKF STEEL5

c

0,26

0.18

0.18

0.2L

0.22

0.19

0.20

0.18

0.17

Mn

0,50

0.73

0.73

0.1+8

0$55

0.54

0.33

o.’Y6

0.53

Ni N2

,004—

.005—

.006—

.009—

.006—

.006—

●005—

.oo~—

3.39 .005



TARLE II - DIiG?XSIOLWOF TESTSPECIMENSAND TESTRESULTSFOR STRESSCONCENTRATION

EFFECTSOH FRACTURESTREFGTHAT -188°C- STEELE
Spec.
~

R-54
R-55
R-56
R-58
R-59
R-60
R-61

R-62
R-63
R-61+
R-66
R-68
R-69

.2000 .1407

.2000 .1407

.2000 .0328

.2000 .012’7

.2000 .OI.27

.2000 .0047

.2000 .0047

.2800 .0521

.2800 .0521

.2800 .0225

.2800 .0113

.2800 .oo~

.2800 .oQ&

A - half diameterundernotch

tortl - notchdepth-inches.

Df
- Root dia. after.fracture

Df.—

.3982

.39%

.23985

.3990

.3986

.3980

.5592

.5590
--
--
--
--

inches.

- inches.

2.3 87,600

-m ~160
1.8 132,130
1.8 121,570
1.6 126,220
1.6 120,410

2.3 87,950
2.3 $0,130

No Test
No Test
:lio:”Febt
No Test

$“k- jyeube=Is stressconcentrationfector.

>f - !hax.nominalstresson net section- psi.

/slax* - Max. stressat the base of tke notch- pEi.

AAx—A

201,4

24333
237,%3
218,8
201,9
192,6

202,2
207,2



Steel

A

#

Br

+

+

Bn

TABL311.1-

~F

-30-

FRAC’NJRESTRENGTH,DATAFOR PROJECTSTEELSAT -188%.

142,030 ,008
14.4,630 .006
la, 700 .007
150,870 .005

Ave, 149,500 .007

kve++125,7’75 .057

143,790 ,006
129,580~, .007
121,650 4006
128,970 ,005

Ave. 131,000 .007

Ave* 1~0,OQO .08

127,930 .000
143,910 .007
12~.150 ,Or;z
137,770 .007

Ave. 134,440 .Ool+

Ave* 112,660 .043

Steel /,)F

Dr 13%,1.40
140,020

143,300
153,420

Ave. 143,720

/ Ave++ ——

Dn L44,000
147,000
1’L2.000
144;930
1.42,470
143,890
142;890

Ave. i43,880

+ live+ —

E 140,230
102;870
125,ggo
3.48,620

Ave. 130,425

.H: 1549640
151,130
1.47,420
151,96o

‘ Ave. 1,51,290

* Averagevaluesfor unnotchedbars.

(<.F

.012,

.009

.013

.016

.012

,006
,017
.007
.016
,01/+
.023
.012
,014

.—

.0073

.0055

.0105

.0049

.(3071

.045

.012

.012

.01/+

.012

.01.2

# For individualvalues- seeTablesVIIA and VIIE incl.



Specimen

A -1
-2

:-3
~-4

B -7
E-%
B -9
B-10
B-n
B-12

D -7
D-%
D -9
D-10
D-n

I -1
I-2
I -3
I -L
I -5
I- 6
1-8
1 -9
1 - 10
I - 11
I - 30

K -7
K-u
K-9
K -11

N -lmo
N-II
N -12
N-13
N - 14

R -7
R-8
R -9
3-11

-31-

TABLEIV - THK EFFECTSOF PRKSTrAINAT 250 AND -76°cON TIE
PHYSICIILPROPERTIESOF THE PROJECT$TREI.SAT -1880c,

o
0.

● 211
.211

.146
,153
.045
.103
.192
0

.150

.187

.050

.lu+
o

.019

.050

.086

.109

.3-46

.170

.06F3
,121
.193
.021
0

.150

.200
’051
0

. O.!J

.096
*131
.206
,248

.150

.331.

.045

.2Q2

( L.,!.

.063

.051

.032
—

.118

.06%

.045

.047

.045

.086

.050

.167

.036

.054

.012

.023

.010

.003

.008

.019
,012
,022
.019
,030
,021
.028

.074
● 117
● 180
;256

.321

.368

.332

.231

.059

.001

.009

.006

.019

6 TOT.

.063

.051

.243

.211

.264

.219

.091

.150

.237

.086

.200
●354
.086
.168
.012

.042
,060
.089
.117
.165
.182
.090
.140
.223
.411
.028

.224

.317

.231

.256

.362
,464
.464
.437
,307

.151

.340
,051
,301

<’F.

122,000
124,000
14’9,000
155,000

156,000
145,000
133,000
143,000
147,000
129,000

148,ooo
165,000
133,000
L42>OO0
128,000

128,000
133,000
135,000
141,000
148~000
148,000
137,000
IJ+5,000
153,000
168,000

160,000
169,ooo
158,900
151,000

163,500
189,000
171,4’30
170,950
145,000

140,000
161,000
126,600
149,000

T@

25%
n
n
n

25QC
W
n
II
n
n

25°C
n
n
n
n

25°C
!1
n
n
n

-7:OC
3n
I!
n
n

25°c
n
n
n

25%
n
n
n
n

25°C
n
n
n
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TABLEV - SELECTEDTVALUESOF n#F FOR TIE

PROJECTSTEELS

Steel n+~
f.

A .15 “

C ( f at 250c) $1/+3

c ( f at -70”C) ●1.30

Aver?gevaluesof all steels .16



Specimen

1-69

-66

-70

-71

-65

-64

-27

-23

-25

-26

0.357

0.357

0.357

0.356

0.356

0.357

TABLEVI - SPECIMENSTES~D AND TESTRESULTSFOR STUDYOF

IFTER?MLCRACKDEVELOPimP’IIN DUCTIIETENSILERAR - STEZLC.

YieldLoad

3660

3710

3%0-3375

3740-3230

3500-3260

36$0-3240

4030-33go

3420-3480

3880-336Q

3800-3380

Max. Load

&oo

6425

650c

6450

6480

6400

633o

6700

6440

6410

Load ~.tfinal
diameter
6150

5475

5125

5450

5050

5180

5100

5300

5300

516a

!.ve.diameter

0.278

0.252- broken

-- broken

0.252

-- broken

0.242- broken 1
uu

0.235 I

-- broken

-- broken

0.243



TABLE VTIA. - TXE RESULTSCF TEFSILETZSTSFOR STEELA

Spec.
.&

c-5
-:.6
-45
-.46

C-A

-B
--1
-.2
-25
-26
-27
-28
-23

-a
-19
-20
-21
-22

c - 11
.12
-31

- 32
-“29
- 30
- 13
-3-4

1
1
1
1

2

2
2
2
2
2
2
2
2
2
2
2
2
2

2
2
2

2
2
2
2
2

—

—
—

-.

--

--
--

--
--

--

--
--

--

--
--
--
-..

2%
2$
2$

2%
2’7
2$

z

25 107,%X3 .8630
25 109,800— .8800
25 121,000 .9570
25 120,400— .9630

-u

-.
-.
--
--
--
--
--
--
--
--
--
--
.-

25
25
25

25
25
25
25
25

<%88 120,000 .0490
(in fillet)

-188
-188
-188
-188
-lg8
-1S8
--

-70
-70

;;
48
48

-188
-188
-70

-- ...

122,000
124,000
129;600
127,500
1.45;6m
---

132,500
132,700
117,500
113,500
116,700
121,300

133,000
139,100
132,700

134,200
123,BOO
116,900
122,500
121,800

---

.0756

.0510

.0560

.o&o

.1450
---
.9213
.9099
.9547
.9443
.9527
.9039

.0280

.0790

.7710

.7950

.?3315

.8350

.8460

.85oo

,.”.]L.Y.

33,000
34,0f20
35,4E0
37,2G0

-,-

----
116,OcO
124,000
122,000
117,3C0
117,300
---
47,000
48,800
32,200
32,100
34,100
34,250

129,400
127,800
---

63,8[0
49,7(”O
---

49,.?30
49,200

TAnsile
Strenflth ~

58,540
59,640
6O,1OQ
65,180

130,500

---
131j000
130,000
128,500
126,700
136,700
---
71,500
72,500
59,000
58,500
58,900
62,200

138,500
136,500
80,300

79,500
67,400
67,l,OC
65,800
64,6Q0

57.8
58.6
61.5
61.7

--

--
6.2
5.1
5.4
5.4
13.5

&:2
59.7
61.5
61.1
61.4
59.7

2.6
7.7
53.7

54.8
55.5
56.8
57.1
57.3

/0.
100,530
102,030

—

---

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

---

194,100
---

I-21,100
125,650
112,010
101,350
120,250
108,900

---
---

132,880

130,650
111,500
109,100
108,650
108,650

&_ Remarks

.211

.209
l/64%; .505”~—
l/64wR;.50511do.

---

--- Used for alignment
---
---

.-.-..
---

.I.48~:i%n graphically,
--- L.>

.198 +-

.215 1

.214

.212

.316

.221

-—
---

.184 Fracture~ from
min. ah.

.180

.183

.169

.180

.193



TABLE VIIA. - (Contiro.ed)

c -7
-8

-35
-36
-33
-34
-9
-lo

c -15
-16
-39
-40
-37
-38

-17
-M

c -3
“-k

c -56

-55
-53
-53

2
2

2
2
2
2
2
2

2
2
2
2
2
2

2
2

2
2

2 (T) --

2 (T) --
2 (T) --
2 (T)--

25
25

25
25
25
25
25
25

25
25
25
25
25
25

25
25

25
25

--

--
--
--

-188
-188

-70
-70
25

:;
,48

-18$
-l$z
-70
-70
25
25

LJ3
Lti

-188
-188

-18e

-U,5
-75
25

145,900
146,300

154,000
u?, 50C
126,2tX3
12.2,,/+00
119,900
119,600

155,700
142,600
137,000
135,500
124,500
122,500

120,300
119,100

149,0w
155,000

133,300

154,800
131,060
123,930

.0080

.0377

.7500

.7800

.5350

.7230
,8i65
.!3347

;0740
.0211
.7070
.7030
.7540
.7400

.7543

.7458

.0348

.0205

.0170

.5750

.6950

.7680

---

76,500
76,100
62,80(
63,.Lor
61,500
61,400

152,8c0
!t53,7co
85,%0
87,2C0
74,200
73,900

‘72,400
73,000

--F.
---

---

85,100
42,500
27,500

148,100
147,200

83,900
83,900
70,000
71,000
67;400
66,000

15~,800
153,700
%7,700
89,300
75,400
75,100

7/+,700
73,900

,’/???
---

---

101,100
79,200
68D100

0.79
3.7

52=8
54.2
56.6
54*3
55.6
56.6

7.1
2.1
50.4
50.5
53.0
52;3

53*O
52.6

2Z:5:
21.5

~07

43.7
50.1
53,6

133,400
125,200
111,050
113,400
13e,420
105,700

---
---

126,060
L28,900
112,650
113,450

109,850
109.,000

. .
---m
---

---

158,100
1349570
117,180

--- Broke in 3 pie
one at min. di

.177

.131

.160

.177

.168

.165

---
---

.11$

.122

.lfil

.~$ This specimenu
to calculatev
of theoretica
strainedbar

.2.43

.138

.,
7-F
---

--- Breakat yield
yieldand frac
timesame

.158 .0k n @=P~ca

.199

.208
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TABLEVII ,Or.- THE RESUL’iS01 TII“’SILE TESTSFOR STEEIBr.

Spec.
IJo.

B-1
-2
-55
-56

B -3

-5

-6

-12
-15
-22

-23
:28

-21
-13
-1:
-17
-1P

B “=33
-34
-31
-32
-29
-30
-27
-28

Specb
HQ!?

1
1
1
1

2

2

2

2
2
2

2
2
2
2
2
2
2
2

;
2
2

:
2
2

---
---

---

---

---

---
---
*--

---
---
---
---
---
---
---
---

-2
2
2
2
2
2
2
2

.

--- 25
--- 25
--- 25
--- 25

----183

----188

----lw

----188
----u38
----188

--- -188
----150
--- -70
--- -70
--- 25
--- 25
--- 50
--- 50

25 -18s
25 -188
25 -70
25 -70
25 25
25 25
25 50
25 50

11-4,500
11?,000
121,600
123,c50

141,066

136,500

147,000

129,000
130,900
137,600

L40,700
151,380
134,300
129,800
126,900
122,700
117,200
11.4,500

127,OCO
132,mo
133,600
131,400
118,000
119,500
116,500
13-4,000

d’~

.9820

.9520
1.0890
1.1170

.1880

.1220

.1990

.0860

.0940

.1560

.2050

.7480
1.0410
1.006Q
1.0770
1,0700
1.0610
1.0420

.0 0
“%.090
1.082
1.0280
1.0860
1.0650
1.0910
1.0470

c=

30,900
31.,200
29,700
29,750

109,000

112,000

llz,o(:c

I-12,500
112,800
108,300

110,100
80,800
43,300
41,300
29,200
30~500
28,500
29,100

1?1,5co
119,500
56,600
55,6C0
4.4,700
l/.,700

41,900

Tensile
Stren~th ~

56,900
56,800
56,100
56,200

119,400

122,000

120,600

121,000
y23,000
---

---

%;::
67,100
57,000
57,600
54,700
54,200

128,100
126,500
70,500
70,200
59,700
59,80@
57,600
56,800

61.2
62.0
66.3
67.2

17.1

13.9

18.1

8.2
9.Q
11.7

16.7

g:!

66:5
65.7
65.L
““64.7

.4*3

&
64.4
64.4
65.5
66.4
65.o

do ~ Remarks

100,290 .227
98,385 .213
--- ---
--- ---

183,320 .155 Fracture7/8ttfrom
miin.dia.
No R. A.ai-.ffactxn-e

--- ---

--- ---
--- ---

--- ---

Did not breakat
min. dia. Error
suspectedin load
re.ding

Error suspectedin
load reading ,

Q
-a

Fracture-~”from I
min. dia.

--- ---

131,850 .lll+~ ~ n graphically
112.900 .194
115;900 .2il
99,370 .219
102,410 im
9$3,985;z$2
9$,700 .2?.3

--- . . .
--- ---

113,920 .170
112,780 .l&
98,354 .1$0
96,598 .169
90,556 .157
94,72? .137



TABLEVII Br. - (Continued)

B -43.

%
-40
-37
-3$
-35
-36

B -49
-50
-4’?
-48
-45
-46
-43
-44

B -9
-lo
-7
-8
-11

B -64
-66

‘%
‘7-0

B -51
-52
-53
-5A

2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2

2
2
2
2
2

z
5
5

;
5
5

10
10
10
10
10
10
10
10

4.6
10.3
14.6
15.3
19.2

2 (T) --
2 (1’) --
2 (T) --
2 (l’) --
2 (T) --

3 --
--

; --
3 --

25
25
25
25
25
25
25
25

25
25
25
25
25
25
25
25

25
25
25
25
25

-.
--
--
--
--

--
--
--
--

-188
-13f:
-70
-70
25
25
50
50

-128
-18$
-70
-70

2;
50
50

-18$
-188
-188
-188
-188

-188
-145
-U5
-75
25

-K38
-188
-188
-188

13s,Ooo
132,400
132,600
131,500
120,000
115,000
118,800
123,800

144,800
145,6%30
135,500
132,500
120,(!4)0
120,800
llz,’500
llz,ooo

133,800
1.43,000
156,ooo
145,mo
147,000

U2, 900
lol,2m3
130,050
116,890

.0090

.0280

1.0220

1.0020

1.0560
.9810
1.0G80
1.0740

.0100

.0160

.9570

.8990

.9570

.9800

.9630

.9520

.091C

.1500

.264o

.219Q

.2370

.2010

.3230

.596Q

.7690
97;%0 ‘ .7440

L43,790 .00@
129,580 .0070
121,650 .0080
128,970 .0050

---
---

65,20C
64,100
53,m
54,300
57,300
56,800

---
---

76,500
75,700
66,500
66,200
64,80c
64,000

--.
---
---
---
---

110,000
75,%0
72,8C0
40,850
28,300

---
---
---
---

139,300
139,400
74,.400
72,000
61,20C
61,900
62,#o
63,3oo

138,0G0
144,0cnl
80,500
80,OQO
67,800
67,,!+00
65,300
65,20C

128,000
136,000
139,20C
136,000
l’$o,$rlo

117,200
86,40i3
----
68,200
56,4oo

----
----
----
----

0.9

6?;
63.3
65.2
62.5
63.5
65.2

1.0
1.6
61.6
57.3
61.6
62.4
61.8
61.5

4.5
4.7
11.2
6.3
4.2

18.2
27.6
1+4.9
53.7
52.5

0.65
0.73
0.80
o.1+9

---
---

11.4,290
llh,llo
95,950
94,685
96,538
97,910

---
---

119,520
116.250
99,510
97,185
95,823
96,.485

---
---

---
--

179,990
---
---

1L4,850
97,322

---
---
---
---

--
---

.I.@

.159

.155

.U3
J46
.151

---
---
.~o
.130
.127
.113
.132
.137 I

--- .:
--- 1
---

---

—

.J-45
---
---
.200
.215

-—
---
---
---



l’ABLEVII Br. - (Continued)

B - 57 J --- --- -G5 114$000 .Qfj) --- --- 2.5 ---
- 61 3 --- --- -32!0

---
l&ooo .4700 --- 101,000 /@*4 ---

- 6c 3 --- ---
---

-73 --- .5184 --- 83,400 .?&/+ ---
-62 3 --- ---

---
-75 --- .2679 --- 84,500 24.4 ---

-5$ 3 --- --- 2’7 ---
---

●397@ --- 67,600 33.6 ---
- 59 3 --- --- 2f3 ---

---
.47U --- 68,0cK3 38.4” --- ---



2ABLEVII Bn. - TRE RESULTSOF TENSILETESTSFOR STRRLBn.

f & TTe,t
—— —

Spec.
&

D-1

-2
-65
-66

D -3

- i,
-5

-6

-11

-18

-19
-54
-55
-u
-20
-53

::
-15

-56
-16
-17

Spec.
XZ72L

1

1
1
1

2

2
2

2

2

2

2
2
2
2
2
2
2
2
2

2
2
2

G’-’ RA do Q-. . Recarks

68.3 103,230 .236

67.8 lGL.090 ..2+5

128,000

127,300
107,500
L27,000

25——
25——
25——
25—e

— — -188

1.1500 33,5oo 57,600

1.&350 33,900 57,450
.9770 33,900 57,930

1.1310 33,700 57,7cm
62.2 “-
67.7 ~ ~

_ Spec.brokedicicard——. — —
ccl.

13.o i91,650 .177
7.1 _ Error suspectedin—

load readins

— — “l~s
— —. -188

1?.5,182
128,900

.1390 106,730 126,630

.0730 113,500 125,mo

— — -Is

— — -188

— — -~gs

— — -1~
— — -18$
— — ::;
——

-70——
-70——
25——
25——
25——

131,000 .0100 _ 129,500 1.1’ _ _ Error suspectedin
loadreading

_ Specimendi~eerded.——
Liquidair depleted

7.0 _ Fracture~ from—
Min. Diam.

— — —

120,430 .0730 107,OCO 123,000

126,000
134,500
158,200
165,.!+32
~,ooo
137,20U
125,500
116,.500

.0150

.3.280
124,200

lofmo 124,000
1.5 _ _ I

7.11.9 *
o

28.1 ~ I I
59.3 U3,210 .U7
66.3 124,700 .222
&W M.!+,650 .225
68.0 99,100 .227
62.0 105,260 .?47

_ Not pulledfor——
fracturestudy

66.0 102,510 .215
60.4 100,300 .231
68.9 105,750 .275

,3070
.8990

1.0880
1.0250
1.1220
.9680

113;700 130,000
79,600 95,700
46,100 71,000
46,300 70,700
29,700 56,200
31,900 57,700
29,200 57~200—

25——
—— 50
—— 50

121,500
L27,000
125,000

1.07?0 35,000 59,000
1.1820 31,500 56,300
1.M80 31,800 55,800



TABLEVIIBn. - (Continued)

D -29
-3Q
-4.0
-L7
-1,8
-49
.-50

il-33
-34
-45

.-46
-35
.-?6
-51
-52

D .-37
-38
-31
-32
-41
-42
-43
-44

D-9

-lo

-’7
-8

2
2
2
2
2
2
2

2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2

2

2

2
2

2
2
2
2
2
2
2

5
.5
5
5
~
~

‘z

10
10
10
10
10
10
10
10

5.0

11.4

15.0
18.7

25
25
25
25
25
25
25

25
25
25
25
25
25
25
25

25
25
25
25
25
25
25
25

“25

25

25
25

-MM
-188
-70
25
25
50
50

.l~g
-Igg
-70
-70
25
25
50
50

-188
-D38
-70
-70
25
25
50
50

-1ss

-18g
-18s

153,800
147,200
137,200
123,000
125,500
126,500
121,600

139,90
136,(m
140,Oco
145,000
L23,000
120,200
123,100
1?3,500

138,!200
134,4cm
143,300
143,000
lzl,500
123,200
121,800
122,800

133,000

l&2,0crl

1.48,000
165,000

.lxo
,.071:.0
,.9420
1.0700
1.113C
1.1270
1.08s0

.:0220

..0300
1.G13C
},o,2215
,*994P
.5760

i.0220
1.0530

.1170

.0960

.870G

.8970

.9550

.96s0

.9370

.9490

.OWO

.1680

.2000

.3540

5~200
@,ooo
41,800
42,800
43,500

67300
66,500
57,500
56,goo
56,100
L6,300

120,500
119;500
81,000
78,90
6%,4@3
.68,000
67,+@O
67,000

—-

.

—

3.45,500
147,100
73,000
60,400
59,950
58,500
‘:58;700

Uo,ocm
137,00(?
75,300
76,700
66,200
65,500
61,500
70,700

128,500
126,500
85,OOO
82,600
70,300
70,000
6!3,500
68,300

—

134,500

140,500
142,800

11.9
6.1
61.0,”
65.7
67.2
67.6
66.3

1.1

6;:;
Q.o
63.o
62.3
65.1
6401

11.0
9.2
58.1
!59.2
61.5
62.0
61.2
61.3

/.
— -

)25940 ZiZ
98,08$3.170
100;300 .188
90,770 ●U5
97,590 .186

——

llFQO =7
115,310 .133
103,26Q .I.49
101,430 .I.46
100,5oe .17s
I-2A,65o .225

——

12~940 ~o
lZL,030 .138
103,360 .131
103,050 .127
98,185 .126
101,150 .138

3.5 _ _ Fraet~e 1/8”
from fillet

5.2 _ “_ Min. Dial,,at fr
ture3/3? off cm

2=0 _ _ t=
1.5 _ _



TABLEVII M. - (Continved)

D -76 2 (T) -188 116,200 .0590 106,500
- 75

119,700 5.7
2(T) ~ ~ -145 u+6,000 .6350 ??,~c! 171,6@

- 73
52.2 14~650 38

2(T) _ _ -75 128,16c .:870 42,500 88,500
-77

58.8 i24,170 .246
2(T) _ _ 25 l12,w3 .’259 32,7%” 57,&o 61.3 101,770 .226

D’--61
- 62
-63
-64
-67
-70
-72
-68
-69

3
3
3
3
3
3
3
3
3

—
—
.

—
.
—
—
—.
—

—
—
—

—
—
—

-188
-188
-188
-188
-145
-76
-76
27.5
28

127,930
143,910
128,150
137,770
116,000

.
—
—
—

.0000

.OC70

.0020

.0070

.0150

.5L,.513

.5103

.5382

.6152

— —
—.. —

— —
— —
—

88~o—
87,400—

— 71,500
— 71,000

0
.65
.16
.65

1..6/+
43.
L1.2
k2.&
47.

—
—

—
—
—
..—
—
.
—

—
..—

—

-

—
—
—



Spec.
&

I -35
-36
-37
-Z30
-81

I -u,.
-15
-18

*22
-30
-33

-34

-67
-68

-1~
-19
-21
-12
-23

.

-25

Tensile
_ Stren~th -d

106;610
111,590
109,280
---
---

Spec.
w

JQ

.8670

.83X

.Q@

.925c

.9030

.0220

.0780

.06e0

.0680

&

58.1
56.5
57.0
60.3
59.4

2.2
7*5
6.6

6.6
2.7
1A

1.7

5.0
--

60.5
58.8
56.9
63.8
--

-.

n Remarks-

@17
.29?)
.215
---
-—

---
---
--- Fracture~ from

min. diam.
---
---
---Suspectederrorin

fractureload
---Suspectederrorin

fractureload
---
---Snecimenfractured

1
1
1

ill+,500
119,500
113,200
1~~,500

123,~

33,400 62,300
35,CO0 66,2oo
34,000 63,OOO
33,550 63,4oo
3/i,100 63,400

—
—-

—

—

—
1 —
1 —

-l~g

-188
-188

135,990
131,Loo
124,600

2
2
2

--- ---

ll& $iOo131,500
lL!t,200125,300

—
---
---

— —
—

-188
-UN
-188

125,500
120,000
134,000

116,ooo x29,500
--- 132,500
--- 134,000

2
2
2

—
.0280 ---

---
—

.o~o

.0170

.0150
---

.7030

.8870

.8420

—
1.

P
w
I

-188 123,000 --- 133,0002 —

2
2

-188
-188

124,68U
---

117,085 129,250
--- ---

—
:--

138,690
126,450
127,400
106,260
---

-
whenlosdwas un-
loaded

.106

.194

.205

.227
---

---

2 -150
-70
-70
25
25

155,960
139,100
132,500
129,900

90,700 99,mo
46,300 75,300
47,000...74.5Q0

—-.
—

—
——

—
2
2

—
.—

2
2

.9990 31;700 6$;:
35,CO0 ,

—
Specirn~nbroken.Not
pulledfor fracture
Study

--- ---

---

—

33,800 64,7002 25—



I -26
-27
-28
-64

-65

-66

-69

-70

-n

I -20
-29

I -54
-55
%92
-53
-40
-u
-42
-43

2
2
2
2

2

2

2

2

2

2
2

2
2
2
2
2
2
2
2

—
—
—

—
.
—

. —

.

—

—

.

7-5
25
25
25

25

25

25

25

25

50
50

-2
-2
,-2
.2
2
-2
-2
.2

25 -188
25 -188
25 -h90
25 -2?0
2S 25
25 25
25 50
2S 50

‘TABLEVn c. - (Continued)

---

---

L2.&ooo
---

.-

--

,---

----

---

120,400
120,000

139,000
136,500
133>Oco
137,000
124,930
122j700
122,100
121,500

--
--

.9490
--

--

--

--

--

--

.940

.9040

.0210

.0250

.7750

.8020

.88&l

.M60

.8.460

.8360

33,S00 64,100
33,800 64,300
33,2oo 63,000
32~oo 64$000

32,600 64,800

-- 64,250

--- 64,000

33,7Yl 65,000

33,300 64,500

32,000 62,900
32,600 62,500

--- 136,300
--- 138,200

64,100 78,&0
@,@o 78,900
49,lm 66,200
49,100 66,200
51,800 66,800
50,900 56,100

--
--

61.3
--

--

--

39.5

--

50.2

59.9
59.5

2.1
2.6
53;9
55.2
58.9
57.’7
57.2
56.6

--
--

11O,I2O
--

--

--

--

--

--

li3,600
109,$100

--
--

L25,0~o
125,650
111,190
107,110
108,620
1G9,450

--

.216
-- Specimenbroken

--

.-

--

--

--

.242
*220

.-
--

.165

.169

.193

.172

.17’6

.189

pulledfor frac
study
Specimenbroken
pilledfor frac
Study
Specimenbroken
pulledfor frac
study
Not pulledfor f
ture study
Specimenbroken
pulledfor frac
Study
Not pulledfor f
turestudy



TMmi VII c. - (Contimed)

I -58
-59
-56
-57

:$
-46
-47

I -62
-63
-m
-61

“-.48
-49
-50
-51

I -1
-2
-3

:2
-6

I-8
-9
-lo
-11
-7

2
2
2
2
2
2

:

2
2
2
2
2
2
2
2

2
2
2
2
2
2

2
2
2
2
2

5

z
5
5
5
5
5

10
10
10
10
10
3.0
10
10

1.9
5.0
8,6

10.9
14.6
17.0

6.8
12.1
19.3
39.6

Fract.

25
25
25
25
25
25
25
25

25
25
25

;;
25
25
25

25
25
25
25
25
25

-70
-70
-70
-70
-70

-188
-x88
-70
-*O
25
25

::

-188
-183
-70
-70

;;

z

-188
-1!3$
-18%
-188
-188
-188

-188
-lt38
-188
-188

--

---

147,500
137,900
135,200
120,100
127,500
122,@O
121,000

154,500
154,300
136,goo
138$200
124,800
124.,500
126,000
121,800

12!3,000
133,(?00
135,000
llJ.,ooo
1L8.000

137,000
1459000
153,000
168,000
129,COO

--

.0100
,7570
.7290
.7540
.806Q
.8020
.8020

.0100

.0150

.676Q

.6680

.7320

.7080

.7560

.7470

.0420

.0600

.0890

.1170

.1650

.1820

.0900

.L$oo

.2230

.4.110

.8350

--
---

74,6%30
76,80C
63,3oo
63,400
62,930
61,400

----
---

84,700
84,@o
73,800
75,600
74,100
74,100

---
---
---
---
---
---

--.
---
---
---

47,000

---
---

83,1$00
84,400
n,400
71,900
70;100
70,300

---

152,500
89,500
89,200
77,200
7~,300
76,3Q0
76,500

---
---
---
---
---

---
---

--

1.0
52.9
51.6
54.7
56.1
55.2
55.2

1.0
2.6
49.3
48.9
52.6
51.5
53.2
52.6

2.5
1.2
0.4
0.8
1.9
0.5

---

130,500
129,180
l~oj690
105,180
108;330
102,580

---
---

129,460
123,400
112,650
113;250
110,250
112,280

---
---
---
---

---
---

-- Brokein grip
--
.158
-.1.i5
.152
.156
.15.2

.151

--

--

422
*101
.130
.125
-*127
.133

.-
-. Fracturenext
-. fil.let
--
--
--

75,000 56.7 --- --



T.4BLEVTI C. - (Continued)

I -91

-90
-93
-88

I -76
.77
-78
-79
-82

-85
-e~

2 (T) .

2 (T) _

2 (T) _
2 (T) _

3_
3 -—

;=
3_

3_
3_

—

—
—
.

—
—
—
—

—

-188

-145
-75
-25

-188
-188
-1.88
-188
-I-45

-U5
-110

1.25,900

13V,%00
122,000
109,470

IV+,4S0
120,190
1,48,090
150,670
---

120,Coo
147,000

.o&o

.5720
● 7110
●7510

.0080

.0o8o

.0120

.0050
.-

.0150

.4990

L7.5,000

76,6oo
1,.3,500
31,980

---
---
---
---

---

---

76,000

~4,000 6.2 --- -- Fracture3/8n
nin. dim.

91,700 .43.61.45,930.163
73,200 50.9 127.610 ,219
62,300 52.7 107,260 ,211

from

--- 0.s --- --
--- 0,63 --- --
--- 1.19 --- --
---- 0.49 --- --
--- -- --- -- Specimenbrokenin

math.
--- 1.63 --- --

102,000 39.1 --- --



Spec.
~Jo.

K.~
-2

:$

-’4
-5
-6
-11

-13
-4
-L6
-47
-3
-1+4
-45
-lo
-17
-18
-12

-20
-23
-21
-22
-52

Spec.

D32s-

1
1

1

1

2
2
2
2

2
2
2
2
2
2
2
2
2
2
2

2
2
2
2
2

—
—

—
—

—
—
—

—
— -

2
2
2
2
2

25
25
25
25
25

TABLEVII Dr. - ‘lXiEPJSU?,TSOF TENSILETRSTSFOR STEELDr.

25

:;
25

-188
-188
-188
-128

-188
-188
-1%8
-188
-150
-70
-70
25
25
50
50

-188
-183
-70
-70
25

128,000 .9C90
130,000 .92C0
130,70C .9570
136,500 1.0160

1.49,020 .1870
1.41,0co .115C
148,000 .1690
151,900 .9760

149,270 .1940
1.45,300 .1690
153,900 .2310
1“42,000 .1630
16$,860 .7850
148,300 .9210
151,500 .94.90
135,000 1.0070
129,100 .9L90
130,000 1.0020
127,600 .9760

152,900 .2i30
156,800 .2410
1.46,100 .8850
U+5,000 .86L,.O
132,300 .9650

38,100 --- -- 116,’720.208
37,f136 --- -- 115,500 .207
‘38jIco ’66,900 6i@6 --- --
37,750 66,400 63.7 --- --

3m, 740 122,200 16.9 --- -.
113,000 --- 10.9 --- -- -
113,500 --- 15.6 --- --
111,300 Ml, 900 22.6 --- — Fractured1/8” off

center
105,6QO 123,500 17.6 192,400 .157
10?,800 122,900 15+5 --- --
109,800 153,X0 21.5 --- --
109,900 121,2oo 7,6 --- --
80,000 100,~0 5.4.4169,000 .202
47,500 79,.500 60.2 137,700 ●2U
47,100 799500 61.3 136,300 .206
37,100 66,PO Q.o 115,569 .213
38,500 67,700 61.3,115,680 .203
36,100 66,000 63.3 113,260 .208
37,m 659500 62.3 112,350 .205

120,100 125,000 18.9 .195;400 .157
120,8Q0 124,600 21.4 195,500 .157
60.,620 81,600 58.7 136,060 .192
60;606 81,300 57.8 135,500 .192
51,700 69,9G0 61.9 I15,L+0 .187



K -53
-32
-33

-34
-35

-26
-27

K -9
-24
-25
-38
-39
-%
-37

‘‘-28
-30
-29
-31
-ho
-Q.

%
-54
-55
-7
-8

2
2
2

2
2

2
2

2
2
2
2
2
2

2
2
2
2
2
2
2
2
2
2
2
2

2
2
2

2
2

z

5
5
5

;
5

10
10
10
10
10
10
10
10
10
10
15
20

25
25
25

25
25

25
25

25
25
25
25
25
25

25
25
25
25
25
25
25
25
25

:;
25

25

:

50
50

-188
-188

-70
-?0
25
25
50
50

-188
-188
-70
-70
25
25
25
25
50
50

-188
-188

TABLE VII

132,000 .9650
126,500 .977o
L25,!330 .9840

127,500 .9680
1.27,300 .9293

153,500 .1800
154,200 .U30Q

148,$x30 ‘%l+a
148.000 .8510
132;000 .9040
134,1CK3 .9210
129,500 .9J.40
132,300 .9210

161,200
151,800
145,000
145,m3
132,500
131,w
127,200
133,200
130,500
131,100
M$3,coo
169,m0

J%

.7850

.766

.848o

.8260

.8350

.8760

.8510

.8510
,2240
.317

Dr. - (Continued)

52,100 69,100 62.1
52,930 67,300 61.4
-- 67,406 62.6

-- 66,700 62.0
49,CO0 65,100 62.2

129,100 133,300 16.4
128,200 133,200 16,4

75,100
74,250
66,930
$6,300‘
05,400
65,000

138,CX30
141:1

86,500
77,300
78,500
77;250
76,&lo
76;@l
76,400
---
---

85,200
83,600
72,500
72,6Q6
‘?0,500
70,CO0

l.f+z,800
l$g

89;100
78,900
80,400
789800
77,900
78,@
78,oO0
---
---

57.2
57.3
59.5
60.1
59*9
60.2

1604
6.6”
54*4.
53.6
57.2
56.2
56.6
58.4
57.3
57.3
7.1

11*1

1L2,100
108,690
108,030

109,200
110,280

190,250
-.

1359400
133,590
106,720
11.1,390
106,040
109,400

---
---

133,440
136,.59U
115,400
116,L20
134,740
112,380
1%, 210
w+, 200
---
---

.170

.175

.166

.17’7

.200

.123
--

.158

.1.46

.120

.U5

.161

.152

--
--

&:

.132

.lz

.132

.123
●133
.138
--
--

.



---TABL3VII Dr. - (Continued)

K -69 2 (T) —. -188 134,000 .1160 109,100 l19,400 11.0 _ _ ![in.Diam.3/.4wfr
fracture.0901are
at df

.69’i’o74,OOO 92,000 50.2 151,000 .215

.8770 43,800 76,900 58.4 132,870 :218

.9110 35,0~o: &,!iN 59.7 112,”250.2i9 -

2 (T)
2 (T)

:2 (T)

—— -J.45 152,300
-73
-72

—— -75 U2; Dm
—. 25 125,690:

-56
-57
-58

.0120

.0090

.0130

.0160

.0260

.559Q

—
—

—
—

-188
-188

138,1..4O
140,020
143,3co
153,420
115,coo
160,000

----
---

---
---

1.20 --
.87 ---

.1.27 ---
1.61 ---

..2,50 ---
$?:: -=-

--
.. --
51.6 ---
51.6 ---

--
--
--

: &
;
3

;

-188 ---
—

-59
-67
-65.
-62
-63

-188
“U5
-110

--- ---—
---

105,800
96,400
,.-.

81,000
80,100

. —
—
—

67,00C
---

.
— --

--

--

-74
-76
26
25

---
.-.
---
—

--
--
--
--

—
----
..-.— —



TARLEVII Dn. - T~ RESULTSOF TENSILETESTSFOR STEELDn.

.&

1.0400
1.0500

.34eo

.3100

.2810

.2810
.-
--

.4350

.3950

.4290

.Z+loo

.5!000

.9550
1.0170
1,0890
1.0910
1,1060
1.1020
1.0880
1.0610

.3200

.3030

.9900
●g&o
1.0580

U’L.Y.

36,f+O0
37,300

109,000
lo’?,pm
108,200
110,000
---
---

103,2OO
103,8CMI
105,500,,
116,300
84,m”
49,200..
46,850
34,100
36,300
35,000
34,800
34,200
39,100

---

Spec.
Mu

IT
-4
-5

F-6

G
-9
-16
-17
-18
-25
-26
-27
-19
-23
.-24
-15
-21
-58
-59
-20
-22

}~-36
-37
-34
235
-32

T

Test

25
25

-188
-188
-188
-188
-188
-188
-188
-188
-188
-188
-150
-70
-70
25
25

Tensile
Strength ~ 6. n

—. Remsrks

1
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

2
2
2
2
2

128,800
128,8CU)

---
---

-- 110,570
-- l12,300

.228

.239
—

. —

169,000
161,000
159,000
158,00Q

29,7
26.5
24.6
24.6
--

---119,000
161,000
1.22,000
122,000
---

-.—
—

—
—
—

----
---
---

..-
--
--

-- Specimendiscarded
-- Specimendiscsrded
.157
..
--
--
.175
.221
.216

—
---—
---

165,328
163,400
167,200
168,400
165.116

---

117,900

115,700
119,300
122,000
98,500
’76,@o
73,100
69,6x
61,G;)
62,$3?
Ga,;:ti.:

--

—
—
— 35.3

33.4
34.8
33,8

184,500
---
---

189,600
159,200
134,300
I-26,9Q0
103,370
109,200

---

— —
— —
— .

— 55.1
61.5145;070

lLO,900
133,000
132,400
128,800
127,800
125,000
130,000

— —
—

.217

.227
—
—

—
—

25
25
50

--— —
---

104,320
109,520

--

.221

.212

— —
59;40G
63,200

65.3
65s4

— —
50—

-188
-188
-70
-70
25

158,000
157,400
Ul, 500
46,800
126,000

120,000 27.4 --- --
121$000 X.1 --- --
75,300 f,2,z7 J?Q,860 .167
77,500 C2.6 133,220 .207
62,4oo 65.3 102,94O .179

2
2
2
2

---
---

---2



1:-33
-30
-31

i,~..~

-.$5
-42
-43
.&

.:--.-Q

....-38
-39

]j-52

-53
-50
-51
-L8
.~g
-46
-47

ii-10
-11
‘2-A
-13
-u

.W74
-77

2
2
2

2
2
2
2
2
2
2
2

2
2
2
2
2
2
2
2

2
2
2
2
2

2
2
2

5
5
5
5

z
5
5

10
10
10
10
10
10
10
10

25
25
25

25
25
25
25
25
25

%

.25
25
25
25
25
25
25
25

4.3 25
9.6 25
13.2 25
20.6 25
24.8 25

2 (T)— _
2 (T)_ —

25

:

-M%
-188
-70
-70
25
25

$

-188
-188
-70
-70
25
25
50
50

-188
-HEi
-188
-188
-188

-188
-145

128,000
129,200
124,000

171,300
171,200
w+,400
IQ, 700
127,500
124,200
120,7CC
124,8oc

169,000
167,.!+00
Uo, 800
148,100
120,600
127,9Q0
127,800
122,200

163.500
189,200
171,400
170,950
145,0co

139,200
158,200

~ABLEVII Dn. - (Continued)

1.0760
1.0360
.9840

.3620

.3590
,9650
.9840
i.0850
1.0363
1.0020
1.0130

.3.180

.2940

.8740

.8870

.9570
1.00U0
.9630
.9340

.3620

.L&lo

.ifijo

.4370

.3070

.1590

.7560

---
---
---

---
---
---
---
---
---
---
---

-- -
-.
---
---
---
---
----
----

---
---
---

105,200
72,300

62,500
63,600
64,000

129,300
11.2,400
78,000
77,2C0
6#&

63;200
64,1oo,

132,800
133,700
%2,$00
85,400
68,100
67,W0
68,300
68,000’

127,000
134,000
135,000
U3,000
145,000

118,600
92,000

65’9 104,890
64.5 : 1G6;720
62.6--106,850

30.4 ---
30.2 ---
61.9 127,510
62.6 125,510
66.3 103,920
64.6 103,800
63.3 100,850
63.7 102Z070

27.2
25.5
58.2
58.8”
61.6
63.2
61.8
60.”8““

27,1
30.6
2.8.2.
20.7
5.7

I-4.7
53.0

---- :.’

---

129,040
130,970
1o5,110
105;200
106,23JO
106,290

--’:

---

155,4.00

.192

.191

.E3Jj

--
.178
.172
.175
.172
.160
.159

--
--
.152
.U3
.U7
.150
.155
.153

--
-.
--
--
--

--
.201



TABLEVII Dn. - (Continued)

)1-75 2(T) _ _
-76 2(T) _ _

w- 13

:; ;
-5.4 3
-55 3
-56 3
-57 3
-68 3
-72 3

——
——
——
——
——
——

——
——
——

-70 3
-713—Q
-693~—
-73 3 _ —

-75
25

-188
-188
-188
-188
-188
-188
-188
-145
-110

-75
-76
27.5
26

MO, 650
123,020

l&mo
147,000
14.2,000
w+, 930
142,470
143,890
l&2,@c
152,000

-..
---
---
---

.8580 46,500

.9390 37,000

.0060 ---

.0170 ---

.0070 --

.0160 ---

.olf@ --

.0230 ---

.0120 ---

.1920 --

.5710 80,000

-- ---
-- ---
-- ---

76,700
62,700

---
---
---
---
---
---
---
---

106,300

94,700
93,$00
-:-

67,900

57.6
60.9

0.8
I.6
0.7
1.6I.
1.36
2.23
1.20
17.5
43.3

49.
50.
..

53.

.13s,520
107,800

.=--
..-
---
---

-----
---

---
---
---

---
---
---
---

.247

.209

--
--
--
--
-.
--
--
--
--

--
--

I
--

w
to
I



TABLEVII E. . THE RL’S!mTSOF !II1!ISILETESTSFOR STEELE.

Spec. Spec.
&-k_ &Q%

R-1
-2
-7L
-75

~-l+
-5
-6
.13
-u
-45

-48

-3
-44
-46
:%.

-lo
-17

R -30
-31
-40
-43
-50
-51

1
1

1

1

2
2
2
2
2
2

2

2
2
2
2“
2
2
2

2
2
2
2
2
2

—.
—— :;

25——
25——

-188——
-188——
-U43——
-188— .—

—— -188
-188——

-188——

-150—.—
—— -70

-70——
25——
25——

—— .50
—— 50

2 25 -188
2 . 25 -188
2 25 ~~-70
2 25 ~~~~-70,
2 25 25,
2 25 ~~~~~25,

216,400 .@@ 32,0C0 63,750
llf+,coo .W-:;o 30,500 63,900
lU, 600 1.0410 27,200 55,000
113,700 .950e 27,450 56,780

1219070 .0330
128,000 .0C50
121,300 .0300
122,330 .0620
119,800 .0450
121,630 .0690

116,500
--

118,000
111,300
112,’700
109,5C0

125,000
127,(J(Jo
127,800
119,500
120,500
115,10C!

118,’700 .04&o

158,ooo .6510
129,100 .9290
128.600 1.0020

36,730
40,700
-Lo.oco

w, 000

101,500
68,.LOO
65.700

112;000 *9090 28;700 58;400
117,000 1,0130 29,000 55,600
112,000 .9650 27,6oo 56,500
112;000

I-45,800
145,8Qo
133,700
132,200
108,000
109,800

.965o 27;UQ 57;000

.0040 -- L45,000

.0040 -- L45,000

.9210 55,800 71,400

.8530 55,700 72,300

.8260 42,600 61,400

.8530 4.3,0C0 61,500

57.0
55*7

2:;

3.2
0.5
2.7

:::
6.6

4.3

47.8
&3.5
63.3
59.3
63.7
61e9
61.9

0.5

6;:;
57.4
56.2
57C4

-A_

111,150
108,f350
---
---

---
-----
---
---
---
---

---

151,700
117,720
:$:$

99;600
101,100
lqo,100

---
---

117,150
119,650
101,160
101,240

n
—

.213

.204
-.
--

--

-.
--
.-
--
--

--

.134

.209

.22$

.226

.229

.235

.187

--

- r.

.177

.183

.181.

.18o

Remarks

Fracturel/2n
min. diameter
FractureI/@
min. diameter



R -18
-19
-20
-21
-34
-35
-36
.37

:%
-22
-23

R -3$
-39
-32
-33
-26
-27
-28
-29
-52
-53

R -9

-7
-11
-8

2
2
2
2
2
2
2
2
2
2
2
2

2

:
2
2
2
2
2
2
2

2

2
2
2

2
2
2

;
5
5

;
5

?

10
10
10

E
10
10
10
10
10

4.5 25

15.0 25
28.2 25
33.1 25

50
50
50
50

-18%
-188
-70
-70
25
25
50
50

-188
.188
-70
-70
-.
25
25
25

:

-188

-188
-1s48
-188

109,400
110,500
111,5C0
111,100
139;200
139,200
132,200
136,700
113,800
109,900
111,500
110,100

E?&,900
126,000
133,800
129,&10

109,000
109,000
113,200
lo&200
108,400

1.26,600

L40,000
149,900
161,0Q0

TABLE VII E,- (Continued)

.889;

.9080

.9290
1.0170
.0000
.0040
.8100
.9290
.9390
.9040
.9630
.9290

.0990

.0120

.84.40

.8170

,79.03
.7940
.8350
.8870
‘9040

.0510

.1510
●’301O
,31+oo

47,100
46,609
40,000
41,300
--
--

69,800
68,600
55,000
55,000
52,5C0
51,7.30

--

--

76,5c0
78,600
--

65,300
69,800
;;,g

63;500

-.

-.
--
-.

58,300
58,@o
56,100
55,@o

139,200
137,500
78,0C0
74,900
61,5-00
61,6oo
58;ow
56,900

3.25,500
126,500
80,300
82,800

--

66,500
71,500
n,400
64,OOO
64,500

--

--

59.1 96,820
59.7 95,350
62.3 94,200
63.9 91,220
0 :-
0.5 --
55=; 123,500
60.5 114,500
60.9 95,660
59.5 95,65o
61.8 92,760
62.3 95,805

1.1
1.1
57.0
%.8

54.8
54.8
56.1
58.8
59*5

--

--

1.20,800
120,700

--
92,014
102,Ooc
100,8OO
94,670
96,270

0.56 --

0.12 --
--

;:Z6 --

. 1(87

.1’79

.196

.1!’31
--
--
.164
.J-43
.151
.154
.166
.202

I
--

-- s

.145 I
●138
-. Specimendiscarded
.~o
.X28
.125
.139
.34.2

.- Fractura3/32noff
center

--
--

--



IJJAB~ VII ~. - (Continued)

R -95
~g

--93

E :70
-71
-72
‘-7’3

R -87
~“m
286
-89~

-85

3 —- —
7
2 ——

3 ——
3 —.

3 _—
3 —.
3 ——
3 —.
3 _—
3 ——

,---

=Z5 139,000
-75 126,520
25 112,590

-188 1.i+0,230
.-188 102,820
-188 125,980
-188 148,620

-1.45 111,030
-110 1.41,mo
-76 ---
-70 ---
27.5 ---
25 ---

, --

..6680
.7550
.8330

.0073

.m55

.0105

.0049

.0150

.448o
--
,-=,..
.--
--

,=--

73,600
44,200
29,550

---

81,000
---
----
. . .
-..

87,800
72,500
60,000

---

----
---
---

---

100,630
89;800
89,100
63;go0
.:-

---

L8.8
53.1
56.2

--
.-
-.
--

1.6
&

37,
394.
--

---

lz+3,800
125,660
106,320

----
--.
---
:--

---
---
---
--
---
---

--

.117

.220

.232

--
--
--
--

--
--
.-
.--

r



Spec. Spec.
~ -

H-2 2
2

:: 2

“t-19 2 (T)
-20 2 (’r)
-17 2 (T)
-18 2 (T)

i-7 3
-8 3
-9 3
-lo 3
-16 3
-u 3

—_
—_
—_

—.
—_
—_
—_

——

-—
—.
——
——
——

TUi3LEVZI H. - THE FUiSOLTSOF TENSILETESTSFOR S!I’E7ZLH.

-188 L!& 270
-188 152,5~
-150 167,580

-188 Ul, 000
-145 154,000
-75 137,690
25 119,190

-188 154,640
-188 151,130
-M8 u+7,b20
-188 151,%0
-145 138,000
-110 155,000

.1920

.2740

.8750

.M60

.79~o

.9160

.9940

,0120
.0120
.0140
.0120
.1330
.7100

Tensile
?’L.Y. s~

llo,m 119,500
73,300 88,800
W@& 73.,600

59,800

--- -.
--- --
--- --
--- --
--- -.

71,000 97,0CQ

&

17.5

%;;

15.3
55.0
&.o
63.0

1.20
1,20
1036
1.20
1.2.4
51.6

,J’o

186,100
N32,200
152,%30

---

L45,650
125,320
102,650

----
---
---
---
---
---

n

.154

.147

.173

--

.181

.208

.206

-.

--
-.
.-

Remarkg

I
w’
o-
1
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TABLEVIII,- TIE!FRACTUREDATAFOR TENSILESPECIMENS
TESTS6, 7, AND 8*

Steel A.

F& ~,mD.Test.

c -45 25
-46 25

c - 25 -188
- 26 -188
- 24 -70
- 19
- 21 ::

C-n -188
-12 -188
- 31 -70
- 32 -70
- 29 25
- 30
- 13 :2
- 1$!+ 48

c-7 -188
-8 -188
- 35 -70
- 36 -70
-33 +;;
- 34
-9 48
- 10 48

c -15 -188
- 16 -188
-39 -70
-40 -70
- 37 25
- 38
- 17 :2
- 18 48

SteelBr.

B-55 25
- 56 25

B- 3 -188
- 12 -188
- 15 -188

c-c
c-c

gr. (star)
gr. (star)
c-c
c-c
c-c

gr.
gra
gr. (star)
gr. (star)
c-c
c-c
c-c
c-c

ET.
gr.
gro (star)
gr. (star)
c-c
c-c
c-c
c-c

gr.
gr,
gr. (star)
gr. (star)
c-c
c-c
c-c
c-c

c-c
c -c

v.

ET.
gr.

Prestrain

o
0

0
0
0
0
0

;
2
2
2

;
2

5
5
5
5
5
5
5
5

10
10
10
10
10
10
10
10

0
0

0
0
0

*C-C - Cup and Cone
gr. - Granular- cleavage
gr.(star)-GranularStar



- 22
- 20
- 13

,,,-17

B-33
- 34
- 31
- 32
- 29
- 30
- 27
- .2$

B -41
- I!42
- “39
- ‘Lo
- 37
- 38
- 35
-36

B- ,49
-,50
-47
-48
-45
-46
-43

-44

SteelBn.

D-1
-2
-65

D-3
-4
- 11
- 18
- 19
-55
-53
- 13
- 56
- 16

-59-

TAILT3VIII.+ (Conti~ued)

-188
-70
25
50

-188
-188
-70
-70
25
25
48
,?+8

-188
-188
-70
-70
+25
25
50
50

-188
-188
-70
-70
25
25
50
50

25
25
25

-188
-188
-188
-188
-188
-188
-70
25
25
50

gr.
c-c
c-c
c-c

gr.
gr,
c-c
c-c
c-c
c-c
c-c
c-c

m.
gr.
~ - $’: :

c-c
c-c
c-c
c-c
c-c

gr.
gr.
e-c
c-c”

c-c
c-c
c -c
c-c

c-c
c-c
c-c

gr.
gr.
gr. (star)
gr.
gr. (star)
@*
c-c
c-c
c-c
c -c

o
0
0
0

2
2

5
5
5
5

z
5
5

10
10
10
10
10
10
10
10

0
0
0

0
0
0
0
0
0
0
0
0
0



D-29
- 30
-40
-47
-48
:$

D - 33
-34
-45
-46
-35
-36
- 51
- 52

D - 37
-38
-31
- 32
-41
-42
-43
-44

SteelC.——

1 - 80
- 81

I -u
- 18
- 22
-67
-68
- 12
- 29

I-
- ;;
- 52
-53
-40
-41
- lj2
- L3

-60-
TABLE VIII.- (Continued)

-188
-188
-70

+:;
50
50

-188
-188
-70
-70
25
25
so
50

-188
-188
-70
-70
25
25
50
P

25
25

-188
-188
-188
-188
-188
25
50

-188
-188
-70
-70
25
25
50
50

gr.
gr.
c-c
c-c
c-c
c-c
c-c

gr.
gr.
c-c
c-c
c-c
c-c
c-c
c-c

gr.
gr. (star)
c -c
c-c
c-c
c-c
c-c
c- c

c-c
c-c

gr.

a.
gr.
gr.

ET*
c-c
c-c

~.
gr.
gr. (star)
gr. (star)
c-c
c-c
c-c
c-c

2
2
2
2
2
2
2

5
5
5
5
5
5
5
5

10
10
10
10
10
10
10
10

0
0

0
0
0
0
0
0
0

2
2
2
2

:

;



I - 59
- 56
- 57
- f44
-45
-46
-47

1-62”
- 63
-60
-61
- 4%
- L9
- 50
- 51

Steel.Dr.

K -60
- 61

K -11
-u
-46
-47
-44
- 17
- 12

K-20
- 23
- 21
- 22
. 52
- 53
- 32
- 33
- 34
- 35

K - 26
- 27
- 2A
- 25
- 38
- 39
- 36
- 37

-61-

TABLEWIII.- (Continued)

-18/3
-’70
-’72
25
25

z

-188
-188
-70
-70
.25
25
50
50

25
25

-188
-188
-1S8
-188
-70
25
50

-3.88
-188
-!70
-70‘
.27

25

z
50
50

-188
-188
-70
-’70
25
25
50
50

m.
gr. (star)
gr. (star)
c -c
c-c
c-c
c -c

gx.

$1 (star)
gr. (star)
c-c
c-c
c-c
c-c

c-r!
c-c

gr.
gr.
W.

1$~ (star)
c-c
c-c

gr.
gr.
gr. (star)
gr. (Star)
c -c
c-c
c-c
c-o
c-c
~-.~

gr.
gr.
gr. (etar)
gr, (star)
c-(!
c-c
c-c
c -c

5
5
5
;

5
5

10 ~~
lo .

10
10 ~~
10
10
10
10

0:
0.

0’.
0
0
0
0
0
0

2
2
2
2
2
2
2
2
2
2

5
5

;
5
5
5
5



K - 28
- 30
- 29
- 31
-40
-41
-42
-43

SteelDn.

N-17
- 25
- 26
- 27
-2.4
- 15
-58
- 59
- 22

Ia- 36
- 37
- 34
-35
- 32
- 33
- 30
- 31

N- .4.4
-45
-42
-43
- /!+0
“ 41
- 38
- 39

N - 52
-53
- 50
- 51
- .!+8
- f+9
-46
-47

- 62-

TABLEVIII..- (Cont5.nued)

-188
-w
-70
-70
25
25
25
25

-MM
-188
-188
-188

-70

:;
25
50

-188
-188

-70
-70

25
25
50
50

-188
-188

-70
-m

25
25
50
50

-188

-188
-70
-70

:;
50
50

gr.

~1 (star)
gr. (star)
c-c
c-c
c-c
c-c

gr. (star)
gr.
gr, (stir)
gr. (star)
c-c
c-c
c-c
c-c
c-c

gr.
F.
c-c
c-c
c-c
c-c
c -c
c -c

P.
gr.
c -c
c-c
c-c
c-c
c-c
c-c

gr.
gr.
c-c
c -c
c-c
c-c
c-c
c -c

10
10
10
10
10
10
10
10

0 ~~
o
0
.:0
0 ~~
o
0
0
0

2
2
2
2
2
2
2
2

;
5
5

z
5
5

10
10
10
10
10
10
10
10



R-7L
- 75

R-13
- L?+
-48

R - 30
- 31
- Lo
- /s
- 50
- 51
- 18
- 19
- 20
- 21

R - 3L
- 35
- 36
- 37
- 24
- 25
- 22
- 23

R - 38
-39
- 32
-33
- 27
- 28
- 29
- 52
-53

-63-

TABLEVIII.- (Continued)

-188
-18C
-188

-188
-188
-70
-70
25
25
50
50
50
50

-188
-188

-70
-70

25
25
50
50

-188
-188

-70
-70

“ +;.

25
50
50

gr.
gr.
gr.

gr.
gr. ‘:
c-c 2
c-c
c-c ;
c-c 2
c-c
c-c ‘;
c-c
c-c :

a. 5
p. 5
gr. 5
c-c
c-c ;
c-c 5
c -c 5
c-c 5

gr. 10
gr. ~~10
c-c 10
c-c 10
c-c 10
c-c 10
c-c 10
c-c 10
c-c 10
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TABLEIX. - APPROXIWTE TEMPERATURESOF TRANSITIONFROM
FIBROUSTO GRANULARFRACTUREFOR TE1-SILESPECIMENS

TESTS 6, 7, MD 8

~

A
A
A
A

Br
Br
Br
Br

Bn
Bn
Bn
Bn

c
c
c
c

Dr
Dr
Ill’
Dr

Dn
Dn
Dn
Dn

E
E
E
E

Pre9trein

o
2

1:

0
2
5
10

0
2

1:

0
2
5
10

0
2
5
10

0

2
5
10

0
2
5
10

TransitionTemperature(T)

+yIOC3 T > -18#QC
Z5°C> T > -70°C
25°C> T > ..7t)°C
25°C> T 7 -7000

-n”c > T > -188°c
-700c> T > -1880c
-70°C> T 7 -188°C
-70°c> T > -188°C

-700C> T > -188°C
-70°C> T > -l@3°C
-70°C> T > -188°C
-70°CZ T 7-188°C

z5w > T
25°C> T > -70’%
25°C7 T > -70°C
25°C> T > -70°C

25*c> T > -70°C
250cY T ~ .70°e
25°c> T > -700c
25°C> T > -70°C

-70°C> T > -188°C
-70°C> T > -188°C
70°C7 T > -188jC
~70°C 7. T >-188 C

— -

-7ooCP T > -188°C
z -700c

-70T 7 T > -188°C



FRACTURE STRENGTH CURVE

STRAIN —

LUDWIK REPRESENTATION OF MECHANICAL FAILURE
FIG. I

b’+”’”””

SPECIMENS

FIG.2
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1
‘INNER CONTAINER

L

~ G SS WOOL

~fiM040+BLE

B
T SCREW

if

TOOL STEEL ADAPTOR
TO RECEIVE SPECIMEN

FIG. 4 FIXTURE FOR LOW TEMPERATURE

TENSILE TESTS
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Fig. 5 - Photographof Diameter@ge
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o NOTCHED BARS

x UNNOTCHED BARS

LO 1.5 2.0 .2.5

STRESS CONCENTRATION FACTOR (d,).

FIG.7 FRACTURE STRENGTH OF NOTCHED BARS VERSUS

STRESS CONCENTRATION FACTOR (~k)-“STEEL E

ALL FRACTURES WERE BRITTLE

250

225

,200

I 75

150

I 25

10(

o NOTCHED BARS

x UNNOTCHEO M s

1<0 1.5 2.0 2.5
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STRESS CONCENTRATION FACTOR (ak),STEELE

FIG.8
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FIG. 14



-74-

L__
avol



-75-



-76-

~ig. 17 _ photo~crographsof InternalCrackin T~siOn Bar - steelc.
kation B. Y.250.
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Fig. 18 - Phototicrographof TnternalCrack in TensionBar - SteelC.
l..ocationC. X 100.
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Fig,19 - Photomicrographof Inkrnal Crackin TensionBar - steelC.
LocationC. X 250.
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Fig. 20 - Photomicrographof PlasticDistortion
.4headof Crackin TensionBar -
SteelC. I.ncationA. x 250.
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APPENDIXA

Stvdv of A11oyed Ferrites

In the studyof the fractureclutracteristicsof shippl:.te,it became

aPP~rentth~t certe.inof the alloyingelemente,whichworepresentas residual

elementsor as a consequenceof the deoxidationpractice,had an appreciable

effecton the fracturebehaviorof the steels, A studyof the fracturecharac-

teristicsof alloyedferrites,therefore,appearedto be desirable.Alloyed

ferrites,whichwere available, were studicdin a slowbend test and in a non-

etandrrdimpacttest.

AL1ovs$ The compoeitioneof the ferri.tesavailablefor studyare listed

in TableA-I (33). Thesealloyswere preparedby The WestinghouseElectric

Companyfrom hydrogen-annealedelectrelykicironand high-purityelements.

Meltingwas conductedin a high-frequencyinductionfurnaceunders.nstmosphers

o’fpurifieddry hydrogen. The meltingwas done in magnesiacruciblcs. The

melten ironwns e.llowedto freezein the furmce, was thenreheo.tedto just

abovethe meltingtemperature,evacuated,and ago.in allowed

ingotswere forgedand hot-rolledand finnllygroundto 3/4

diameterbar stock.

Preparationof Specimens~ Schnndt-typeslowbend test

fromthe 3/4 inch stockfor alloys4, 7, 10, 11, 12, 13, 16

to freeze. The

inch and 5/16 inch

barswere prcprired

and 19. The test

bnr dimensionswere$ length,2.165 inches;height,0.625 inches;and width,

0.415inches. The notchWBS the 0.0015inch reetrndiuspressednotch. This

specimenis di,agremmedin FigureA-1.

Becnuse of lackof material,standardtypoimpactbn.rscouldnot be

prepared. For convenience,therefore,cylindricalimpactbarswere prcpnred

frem the 5/16 inchdiameterstock. This testbc.ris diagramed in FigureA-1.
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For purposesof compai.ison,comparableimpactkrs wore preparedfrom the project

steels,and were orientedwith the longsxip in the directionof rolling. These

specimenswere tn.kenfrom the centerof the plates.

TestinrProcedure: The slowbend barswere testedon a 60,GG0 pand tensile

testingmnchinein the mannerdescribedelibwhere(4) , The specimenswere im-

mersedin ‘“a”tempercture-controlledbr.thfor o periodof at leastfom minutes

before’testingin orderto instireequilibriumconditions.Tbe spekimenwas then

brokenfindwidth chnngemeasurementsrondoat the’piriand the percentfibrous

frnotureestimated. ,.

The cylindrico.1impactbarsnere brokenin a penduluhmnchinewith a striking

velocityof 12 feetper second. The energyabsorptionwas recordedand the per-

centageof fibrousfro.cturesurfacewas estimated.

Presentn.tionof Dam Plots of energyabsorption,lnteralcontraction,and

percentfibrousfractureore presented. From thesecurves,whenpossible,

appropriatetemPero.turesha~o been selectedfOr comps.risenpurposeso.ndtabulated.

Photographsof the brokenslowbend specimensand photomicrogrnphsof the nicro-

structores of pertinentalloysare presented.

,,. .

ExperimentalResults

In orderto isolatethe effectsof the variousalloyingelements,in exsmin-

ing the frncturecharacteristicsof ferritetwo important conditionsmust be met;

nnmely,grc.in sizemust‘becontrolledo.ndthe alloye‘mustbe singlephnse. These

restrictionspose somedifficulties,all of whichhave not been satisfactorily

solved.

Some of the alloyingelenentsare groinrefiners,whileothersare not.For

thisreason,adequ:tecontrolof grainsizewas obtnincdonh~for the materials

of highest‘alloycontent. ‘l’hereare exceptionsto this,nS nay be determined
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from en examinationof TableA-II. Secauseof the grainsize oontrolproblem,

S1OWbend testswere run only on the slloy-riohmaterials,with the exceptionof

the cobaltserisswhichmill be diecuasedbelow.

From the photomicrographepresentedin FigureeA-2 to A-7 it appeqrsthetthe

alloye,with the exceptionof #10 (7.25?Mn), are single-phasealloYs. An exami-

nationof the appropriateequilibriumdiagremeindicateethatalloy#/+(4.83%Ni)

conetitutasthe only otherpaesibleexception.

The probablegrainaizeaof the ferritesexe listedin TableA-II.

Slow bend testa: Initialreeultsof slowbend testingindicatedthat cobalt

probablyhad littleor no effeeton the fracturecharacte”rieticaof ‘theferrite

over the rangeOf compositionsavailable. Sincethe cobaltalloyswere of constant

grainsize,thismade poesiblethe predictionof thefracturecharacteristicof

high-purityferriteby extrapolation.The elowbend test datafor the cobalt

alloyswere obteinedand’are presentedin FigurasA-8 to A-16. Transitiontempera-

turedataare summarizedin FigureA-17. On the basisof thesedata,the tempera-

turecharacterizingthe transitionfromfibrousto granularfracturefor pure

ferriteof grainsizeASTM #5 has been takanas 00F. It is emphasized”that thie

temperatureia significantonlyfor the teetbar underexaminationand for the

testingvelocityueed,and for irondeoxidizedto the acmedegreeas the cobalt

alloys.

The testreaultefor the remainingalloysstudiedare presentedin Figures

A-18 to A-29. Transitiontemperaturestakenfrom thesecurveeare listedin Table

A-II. Data for manganesealloysare not preaantedeincethesealloyswsre brittle

at all temperatureof testingemployed. No conclueionzcan be drawnbecauseof

the uncertaintransitiontemperatmreefor iron deoxidizedto the same degreeas

in eachalloy,and beoauaeof the uncertaineffectof graineiza in this test.

Makingsome allowancefor graineize,one suspectsthat all the alloyl@gelements
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exceptcobaltra$se,the fractureappearancetraneitf~ntesprature. .,

With reference@ the m~anese alloy,it.tig~t,appearthetthe existence..

of a two-phasestnoture wouldlead to a brittleconditionfor the alloy. Th.@..

Conclusion,..howevpr,,may not be warrantedae may follow from ~ ex@nation Of

the structure,of.the nickelalloy. Further,i+he,hardneesof the manganeeeferrite

was Rc 35 and this factormightbe responsiblefoz.the brittlenessOf ttis al~Y.

The criteriaof lateralcont~ction and fract~e appearanceare not in

completeagreementin ~dicati~ the transitionfrombrittleb ductilefracture

for someof the auoye studied.ThieM ,contraryto the resultsobtainedfor the

shipplatesteelswhichhave been stucild,.inthiswork. Thus for the .$.8SIIi.

alloy,the transitionfor fibreusfr~c.tureis at -25%, wh~e thatfOr lateral

contractionie at -55°F. For the 4.8%..,Cr alloy,however,the transitionin

fracturetype is at -750F.whilethat for lateralcontractionis at -30~., bWt.,.,

thesedatefor the chromiumalloy:,are questionable.

The two criteriaare in full agreementfor the cob,al~alloysand for the

molybdenumalloy. For the siliconalloythe transitionin fractureie reported

at 90°Fwhile thatin lateralcontractionis at ~15y. ,.
,.,.

It is evidentthatbinaryferritescouldprofitablybe studiedf@iner.

~mpactTests: On the examinationof the data for the impactspecimenused,.....

it is immediatelyevidentthat an attemptednumericalevaluationof the transition

curveemay lead to very real difficultiee. This is especiallyso for thedata

obtainedfor the projectsteelsand presentedin FiguresA-30 to A-51.

The tra,psitiondatafor the energyabsorptionvaluesprogressregularly,from

fibrousto granu@. typesthroughthe transitionrange,but not so fractUTe-tP.

Theseprogressirregularlyfrom the maximumvalueto.the minimumvaluethrough

the tramition-~nge. The transitionrangesin fractyretypeand in energy

absorptiona,yerlapbut are not coincident... ,..
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Thesetwo steelswerenot eeparable
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is the relativeevaluationof eteeleA and C.

in the earlierimpticttestingprogrem. By

energyabsorptionfor the roundtestbar thesetwo steelsare clearlyseparated

and in the properdirection. However,from a coneidem.tionof the energyabsorption

data for the othersteelsthis separationmust k consideredas fortuitous.The

transitionin fracturetyp for etaelsA and C on the otherhand”are in qualitative

agreementwith the earlierreeults.

An exszune“ tionof the summary of the impactdata for the projectsteelsfor

the roundImpactbar indicatesthat thesedata are very difficultb evaluate.

Thus the orderof meritof the steelsis entirelyclifferentfrom eny heretofore

obtained. Further,the transition phenomenaas determinedfrom fractureappearance

are evaluatedin an orderclifferantfromthatby energyabsorption.Fortest

materialsfor whichthe two transitioncriterieare in disagreement,thisround

teetb~r may be used cnlywith majorreservations.When the fracturecriteriafor

a given❑aterialare in full agreementfcr thietast bar, the dataprobablyhave

qualitativesignificance.Furtheruse of this eize roundtestbar wouldappear

to be inadvisable.

The”impactteet transitiondata for the alloyferritesare preeentedin Figuree

A-52 to A-57, Numericalvelueatakenfrom theseoirvesare givenin TableA-II.

In thee figuresthe curvesthroughthe llX1lpointsare fcr low alloys;thcee

fhroughthe filledcirclesare for high alloysand thosethrcughthe open circles

are for intermediatealloye.

From the immediatejuxtsposition of the fracturetypeand energyabsorption

curveeit ie indicatedthathere,in contractto the behaviorfor the project

steels,the transitioncriteriaare in relativelygood agreement,with the

exceptionof the date for the 4.8% Cr ferrite.
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The datafor the ferriteeare o! tmcertaineignif$pancequentitatlvely,but

qualitativelythey reveal that the respectivealloy$~ ,slementshave markedlY

clifferenteffectson the fracturscharacte@s~~cyo.fferrite. Thus,both,tickel

and.oobalttend to lowerthe temperature o~. transition from ductileto brittle

failure. In the considerationof thasedata an excellentindicationof the.,

aenaitivenessof the test to graineize is ,givanfo,rthe nickelseries,wheqethe,.

respectivegrainsizesfor alloysNOS. 2 and 3 are,~TM Nos. 6 and 3. ~$e action

of the increasedni,?kelcontentis mmpletely.gone.eale.dby the change~ grain

s$ze.

On the otherhand,the grainsisq.for alloysNos. 11, 12 and 13, the cobalt

a!~oys, ie consistent IY+t ie larger than that f Or the nickel alkvm+ NOs. 2 ad 4>

and somewhet smaller thanthat.<or alloyNo. 3. It is not anomalousthen that

the tra~ition in fracture,c~ractq~iaticsfor alloyNo. 11 shouldlie at the:,,,~.,,,

apparentlyhigh temperature.

Some degreeof regularityis introducedby correctingthe observedtransition

temperaturefor,the effectof grainsise. The correctionused is 30% per grain

eizenumber. This correctionis suggestedby the work of Hedge,Manningend

Reichhld (ref.34), who foundthis effectof.grainsize.inunallged and nick+-

bearimgferritesin thekeyhole-notchedCharpyimpaottest. It is of course

uncertainthat the same correctionwouldapplyfor the testbar ueed here... A,. ,.

plot of the correctedtransitiontemperatureVS..percent~lofiag ele~nt is~ ~,

presentedin Fig. A-58.

The data euggest,but certainlydo not clearlyindicate,that alloyingelements

firetlowerthe transitiontemperature,then raiseit. Smallamountaof Mo, Si, Mn

and Cr wouldbe effectivein tyingup the C, 0 and~orN and perhapsin thisway

loweringthe transitiontemperatureso that.the largeramountsstudiedare on me

ascendingcurve. It may be that Ni and Co are very ineffectivein reactingwith
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C, O and/orN, and so evenUp to ~ are stilllowerlngthe transitiontemperature.

Extrapolatingthe W and Cr curves,unalloyediron (excaptfor reeiduals)mightbe

said b have a transitiontemperatureof about-100~. at No, 5 grainsize. The

transitiontemperatureso measuredis at variancewith the transitiontemperature

Indicated,by extrapolationof the datafor Co, !Jiand MO by a clifferenceof about

200°F. It is concei’mblethatthe rsaiduelelements(in particulargaeeoue

elements) couldaccountfor this diecrspenoy.
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TableA-I

cornpo~~:tiofiiOf the BinaryFerrites(33)

1

2

8
9
10
11
12
13
u
15

16
17
1s

0.03
‘“’”0.03

0.03
‘0.03

0.05
0.03

0.05
0.03
0.03
0.03
0.03
0.03
0.03

19 0.03

c—

0.02
.03
.02
.02
.03
.02
.03
.02
.06
.03
.02
.02
.02
.03
.02
.02
.03
.03
.04

J

.010
.010

.010

.010

.011

.010

.o12

.010

.011

.o12

.012

.010

.032

.012

.O1.1

.010

.010

.010

.011

-Q

.013

.011

.015

.016

.011

.013
.015
.o~
.020
.022
.Ou
.019
.015
.015
.018
.012
.Ou
.o~
.014

.005 .004

.005 .004

.005 .004
,005 .004
.0Q5 .004
.005 .004
.005 .004
.005 .001,
.005 .004
.005 .004

0+$ .004
.004

~ .004
.006 .004
.005 .004
.005 .004
.005 QIJ
.005 ~
.005 u

0.032
Q&Z
u
m
.G32
.034
.023
.032
.030
.035
.037
.0L3
.08
.033
.032
.055
.054
.023
.016

0.003
.003
.003
,003

Q&i
LEE
&@

.003

.003

.003

.003

.0Q3

.003
•oo~

0.045
.003
.003
.003
.003

~

0.003
.004
.004
.004
.o12
.004
.008
.004
.004

0.13
.004
.004
.004

0.22
@

%!4
.004
.Oott



TableA-II

Trsnsitionl’empei”aturesd tileIron BinaxyAlloysfor
the Slow Bend and ImpactTestsby tie IndicatedCriteria

TransitionTemperature-OF
ASTM SLOW BEND

50%
CYLINORICALIMPACT !:$vdmum

Alloy Alloy
Correction Corr

Grain 50$ Fibrous 5C7%Maximum 50~ Fibrcms Energy to No. 5 Tran
ItTO.Conte~t__Size Fractltre LateralContractionFracture——— .—. . . AbsorptionGrainSIze Temn——.

2 0.5777 Ni

3 1.157 iii
4 4.83% Ifi
5 0.45$ Cr
6 0,9~ @
‘7 4.837J Cr
S 0.6~ Mn
9 1.33$ Mn

10 7.25% ]fh
11 o.52~ co

12 l,o@.co
13 J.ot?fico
14 0,2277Si
15 0,59$Si
16 I.zfiSi
17 0.lly,IIio
18 0.54% 1,!0
19 1.50$Mo

6.-7

7!8
6-7
2-3
7-8
3~4

10.
5
5

-25;

-75

RT

10

90

25

-55

-30

RT

10

15

25

63
104
-22

10
75

-22
-49
210
158
122

.::
g

59
70

205

23
91

-1oo

10

-;2
-L9
210
167
120

-;;
-31
110

55

lE

+75
+45
-75
i75
-45

I 1%
o

-6
1
-6
-
3
1
3

.7

;:
1
1
2
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A-3

A-1+

A-6

FiguresA-2 to A-7: Microstructureof SelectedAlloyFerrites.
10~ Nitaletch. X1OO.

FigureA-2: - l+.83% Ni .KLloy FigureA-5:-
FigureA-3: -

5.08% Co Alloy
/+.83% Cr Alloy FigureA-6:- 1.21%Si Alloy

FigureA-I+:- 7.25%M A~Oy FigureA-7:- 1.50%Mo Alloy

A-5

A-7
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FiguresA-U+ to A-16:- rheFractureSurfacesfor SlowBend Spectiens-
CobaltFerrites. AboutXl.

Fibmre A-M+:- 0.52% Co Alloy.
FigureA-15:- 1.m% co Alloys
Figure A-16:- 5.08% co Alloy.
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A-26

A-27

ii-29

FiguresA-26 to A-29:- rk,eFracture:J’.lrfacesfor S1OWBend Spectiens-
Selected AlloyFerrites. About11.

Figure A-26:- 4. 83% Ni Alloy Fi~.,ureA-28:- 1.21% Si Alloy
Figure A-2r~: - 4.23X Cr Alloy Fi);ure A-29: - 1. 50% Info Alloy
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APFEIJDIXR

Ludwik (15) firstpointijdout that striinin the tensiletest is most

effectivelydefinedasI

J.tti p (1)

where cf t.

Stankaneoua

throughthe

whereSo, k

the“strainand Ao and A”are, respectively,the initialand in-

area”ii This:strain‘wasfoundto be relatedto the stress

equation

~zs. - ~Jm (2)

and m are constants.

Hollomon(@ has contendedths.tequation(2]may satisfaoto~- b?

replacedby

or in the

This

notationof thisreport

expressionsuffersfrom not satisfyingthe

in the tensiontest,whichmeansthatthe comparison

for a givensteelafterdifferentthermaltreatments

(3)”

(4)

boundaryconditions

(say)of n for tests

or at differenttemp-

eratures is not strictlypermissible. This erroris relativelyunimport-

ant in normaltests

Since aquationk is

of the constantsis

but mightbe appreciableundersome testconditions.

simplerto evaluatethan equation‘~the determination

greatlyfacilitated.by the use of equation4.

The curvein Fig.B-1 is plottedaccordingto eqvationA for n = 0.165

and for do ~ 110,OOO. The curvefrom the originpossessesa potii”tive

~rying curvatw and bendssharplyat low strainvaluesto paas through



the

the

- 2E.-

peint (G 11O,OOO;$ s 1). It ie evidentthat thi~curve -t departfrom

experimentaltruestress-truestraincurvein threeintarvals;namely,(1)

thatin whichelasticstrainobtains;(2) that in which inhomogeneousplastic

strain- the yieldpointelongationin steels- IS encounteredand; (3)thatb~ond

the maximumload in which the specimenis neckeddown.

-. The neckingof the specimenintroducesa stateof triaxielstreessuchthat

the ehearetrefiseeare lowersd. This bringsaboutan elevationof the flow curve

whichae longae the stresssyetemcan be evaluatedcan be in somemeasurecempen-

eatedfor.

Differentiationof equation4 leadsto

(e)
d $=~

$

whileGeneemer(33)has shown thqt at maximum load

Equation6 intosquetj.on5 (SO) (~) leads to

(5)

(6)

(7)

Equation6 hticatee thatnecking beginswhen the slopeof tti.estrees-st=Ln

curvebecomssequalto the strsee. Equation7 indicateethe strainat rneximum

load. Neitherof thesequantitiescan be determinedexperimentallywith precision.

In.Fig. S-2 is presentedthe nominaletreesvs. reductionin area curvefor

SteelA testedat 25°C.,(SpecimenC-19). From thiscurveand on the basiso?

~ ~d n m equation4equation7 it ie evidentthatthe valuesof J

must be.obtainedfrem measurementsin the strainintervalfram apprccci-

mately5.to 25-30%reductionin area. The’redtitionin area valuescor.

respondto about .05 ti .35 to .4ounitsnatural(tti) stre~. At lower
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strainvalueselasticand yieldpointphenomena- elasticphenomenaare

encounteredbeyondthe yieldstrain. may modifythe stress-strainrela-

tioasMP whileat higherstrainsthe triaxialityof the stresssystem

becomesimportant.

In the determinationof the numericalvaluesof~ and n an@ti~

or graphicalmethodsmay be used. The leastsquaresdeterminationof

thesefunctionsis obviouslythe more easilyreproducible,The precision

with whichthesevaluescan be stated,however,is not easilydetermined+

This is particularlytruefor the valueof the strs.inhardeningexponent,

which in thiswork has been foundto vary betweenabout0.25 and 0.11.

Thesevaluesof n correspondto fourthand ninthroo-tsand becauseof the

lack of realnumbersin the strainvaluesmust be uncertainin hundredths

placefor tileninthroot, Thesevaluesmust be accepted,however,as

certainlycorrecti.ntrend. Tharecan be no doubtthatfor some of the

steelsa markeddecreasein n occursat low temperatures.

Typicaldata are treatedbelowby the leastsquaresand graphical

procedures.It is apparentthat consistentresultsare obte.ined.

A. LeastSauarasDeterminationof~rn.2!.@Ll

(1)

(2)

Equation2 can be solvedfor any combinationof two qtrese-strain

valuesfrom the stress-straincurve.

An additionalequationcan be obtainedby multiplyingequation2 by

in



-a -
and equations2 and 3 can be usedto solvefor ~ and n. Usingthesetwo

equationsavsrsgevaluesfor ~ and ~ may be used in the equations

(4)

and

Theseequationsare thensolvedsimultaneouslyfor n and ~ . This Is

donehere for the test on specimenK-22 conductedat .700C. The.dataure pre-

sentedin TableB-I.Thesedata in equations4 and 5 lead to 39.998F 8 III~~ -t

D (-5.5150),Snd -27.540a -5.5101n <- e n (3.9842) (6)

fromwhich z 0. /~a

: * !?5-s“~ofi~
(6)

and

B, The data in partA are plottedon log-logscalein Fig. W3. From
equation2, partA

(7)

and n is tha elopeof the stress-straincurveplotted”in thismanner. From this

CUTS n : 0.185 and do = 133,400 Psi. It is evidentthat the graphicalproceture

is satisfactoryfor the determinationof the ~. and n values. It is pointedout,

however,that considerablecaremust be used in plottingthesedata to avoid

aPPreCtibleerrorin the res~ts.

It has been pointedeut in the aboved$scussienthat it is not.possibleto

eliminateuncertaintyin the numericalvalueof n in hundredthsplaceor in the

secondreal number. It is not possible,however,to checkadequately the repro-

ducibilityof the #q and n valuesbecause‘ofinstificienttests. It is aleo

probablethatthe reproducibilityof thesevalueschangesconsiderablywith the

temperatureof test. The valuesbelowwere obtainedfor SteelEn testedat

25°C.
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d n

103,230 .236

16.4,090 ●245,,.

99,100 .227

105,260 e247

102,500 .215

For.the strengthcoefficient/0 this leadsto an averagevalue

equalto’102,830psi with a mean deviationfrom the mean of 2,030psi

or a mean deviationof about2$. For the strainhardeningexponentthe

averagevalueof n is 0;234?mhilethe mean deviationfrom this valueis

slightlygreaterthan0.01 or slightlyless than:5~, The accuracyof

the measurementscannotbe expectedto be this gocdin general.



A?2?a

.0930

.0906

.0879

.0849

.0827

.0802

.0778

.0749

.0732

.0708

.

—

.0L26

TABIi3B-I- DATAFOR LEASTSQUARESDETERNNATION0F6 AND n . STEELDr.
TEETEDAT -7’O°C., SPEC~J!ENK-22.

g

86,300
89,700

93,100

96,800

99,200

101,800

104,500

107,300

108,700

lll,CK)O

1.45,000

~ -d Ad
.0829
.1093 4.95279 -.%138

.1398 4.96895 -.85449

.1724 4.98588 -.763.46

.2QO0 4.99651 -.69897

.2302 5.CW75 -.63789

.2615 5.o1912 .-.58253

.29S2 5.03060 -.52549

.3230 5.03623 -.49080

.3553

— -

— -

.864

——

L = 39099’ :-5.5150

N*8

-4.7615

-4.2.459

-3.8065

-3.4924

-3.1944

-2.9238

-2.6435

-2.4718

-27.540

d&L

.92425

.73015

.’%287

.48856

.40690

.33934

.2761.4. 8

.23598

= 3.9842
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APPENDIXc.

In orderto evaluatethe effectsof pre.strainat room temperatureon

the fracturestrengthat -188°C,it was necessexytheta fairlylargenumber

of tests be run. The most desjrabletest procedurewould consistof setting

up the specimen,prestrainingit and coolingin liquidair in the teeiing

gripsand pullingimmediately.Due to the numberof specimens to be tested

here thisprocedurewas consideredtoo timeconsuming. Speciume otherthan

specimensof SteelA were prestrainedat either25°C or -76°Cand were then

held at -76°Cfor no longerthan24 hoursafterwhich tkeywere cooledin

liquidair and broken. The storageat -76°Cwas used to preventagingwhich

couldhave occurredon holdingat 25°C. Thesespecimensthenwere removed

from the tensilemachineand were replacedfor finaltesting.

Becatieof the remevalof the specimensafterthe initialstrainingthe

alignmentof the specimenson finaltestingwas questionable.Thisproblem

in the finalsxscutionof the testprovedto be m nuf.mjmrtantone as most

of the specimenssufferedsomeadditionalstrainat -188°C. The specimens

were necesssrilyalignedas a consequenceof thisplasticstraining.

In orderto determinethe degreeof alignmentcomparisonwas made of

the relativeelasticstrainaat the endsof two mutuallyperpendicular

diameters. The specimenfor thesetestswas set-upin the self-aligning

gripswithoutany specialprecaution.

Test Results

1) Test bar loadedto 800 poundsreadingstakenand then load increased

to 1500poimdswith readingsagaintaken. Processreversed. Gageswere then

turned90° and testrepeated.



1) 7%3

2) 897

ill+

2) %97

-aL
)22

Turn 900:

1) 1428

2) &XL

126

Q9t%Q
802

d!?A_
110

690

d?4-
W

Ave. 6 = 3/IZO

1202

‘%”
2) Specimenunloaded,all screwconnectionscompletelylooeened,test

repeatid.

QMsiA !&&E
1) 11.18 381

2) -Q!?& da

118 A:o 118

2) 1000 263

-w&

120 “l%
J@&

la

Ave. A z &
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Turn 90°

1) 821 1.478

2) ~
A,L 1601

119 120 123

2) 703 1600

3) -&3&&
f!l,7 QL4m

115 x L22

3) 818 L$Z3

4) _’700
5=2

422

118 120 121

Ave. 4z&

3) Specimenremovedfrom test gripsturnedend over end and re-

placed.

G-

1) 1345

2) .~-

119

2) 1466

3)

111

4) 1355

u

104

Ave.

4.10
ii?r

w

829

Q@_

109

941

833

5.0 2?2
104

L!I:&
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Turn 9(YJJ

1)

2)

2)

3)

907

~o&

97

1004

104

885

101

m

-&Q

109

4) The specimenwas loadedwhiledisali~ed = X to determtie

plasticstrsinrequiredto bringabout“goodali-kenti’

Yield : 32,500 psi,

Y, P. elongation ~“.002$3

@ strainat 38,500psi.

W

1) 721

2) =

459

2) 1190

3) 775

L15

Ave.

Turn 900Z

1) 1o11

2) a

411

864

&

408
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2)

3)

600

A!!a
A=&

400

Ave. A = &

CONCLIJSIONS

From the sinf;lespecimentested,the disaligrsnentto be e~ected fOr

normalineertionof the specimensis less thm ~. This misalignmentis FS-

ducedto the orderof @ by a plasticstrainof @ From the strainresults

at 25° and .l.88°Cwhich are reportedin TableIV it wouldappearthatthe

fractureetrengthmee.eurementsshouldnot be seriouslyaffectedby non-

axialityof the stresssystemresultingfrom the removaland reinsertion

of the tast specimensin the testinggrips. The totalstrainat -188°C may,

however,be appreciablyaffectedby the slightnon-axialityof loading.
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