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S!lXISSRTE’TOREOFHEAT-?3EXISTINGALLOYSAS A RATEI?ROCIES

By E.S.MwM.inandA. S.X’?owick

SUMMARY

Theequationsofthetheoryofrateprocessesareappliedto
stressruytureandpredicttheexperimentalstressandtemperature
dependenceofthethe forruptureforthreeheat-resistingalloys.
It isconcludedthat,althoughthissuccessfulpredictionforthree
alloysdidnotconclusivelyprovethatstressrupturewasa rate
process,itdidprovidea basisforrecommendingthattherate-
processstress-ruptureequationsobtainedshouldbe usedto inter-
polateandextrapolatedatafordifferenttengmraturesandtoreduce
thenumberof stress-rupturetests.

It is indicatedthatstressmayhavean affectonthecrystal
structureby causinga phasechange.Alsoitappearsthatthesame
rate-processmechanismisresponsibleforbothtranscrystallineand
intercrystallinefailureandthata correlationmayexistbetween
stressruptureandcreep.

Therecommendationistie that‘&emethodof presentingstress-
ruptmredataona semflogplot(logaritkuofrupturetimeagainst
stress),whichhasa basisintheory,be investigatedforusein
ylaceof thepresentempiricalmethodofpresentingstress-rupture
dataon log-logplotsof timeforruptureagainststress.

INTRODUCTION

Oneofthemaincriteriausedtoratetheheat-resistingprop-
ertiesofalloysis stressrupture(referencel),.Durihgai3tresa-
rupturetesta tensilespecimenisheldundera constantloadat a
constanttemperatureunttlthespecimenfractures.Thechiefmeas-
urementmadeduringthistestIsthetimerequtiedforruptureat
thesyecificteststressandtenpra%ure.Itwasempiricallyfound
froma aoriesof stress-ruytumtestsata constanttemperaturethat
whenthelogarithmofthetimoforruptureisplottodagainsttho
logarithmof stress,a straightlineisobtainodwithinexpertiental
error(references2 ati3). Thismethodof showingstress-rupture
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manyinvest~ators
project(reference
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●

andispresentlyusedin
1)andMe I?A.CA(refer-

ence4). By interpolationandextrapolationfrc?ntheseplots,values
ofthe”eiressesre~uiredtorupture;hespecimens(therupture
strengths)in10,100,and10GOhoursareobtainedforsyecifictem-
peratures.Alloysarethenratedfora IWJ%iculauapplicationon
theba~isoftheirrupturestrengtiasat thenrpturelifethatmost
nearlyrepresentstheap@hation.

Inasmuchas stressrup%ureisan importantcriterioninrating
heat-resistingalloys,itwouldbe advan+~eousto knowthequanti-
tativedependenceof thetimeforruptureOD stress,teayerature,
composition,andstructure.Inordertoobtainthisim”ormation,
an investigationwasmadea% theNACAClevelandlaboratoryduring
thespringof1945usingthetheoryofrateprocesses.Thistheory
wasused%ecauseithas%eenfoundto”applyto certainprocesses
suchas chemicaireactions,viscousflow,andcreepthatoccura%a
definiterateforgivenconditions.-Itwasthot~htthatstress
rupturewassucha process.An equationwasderivedthatgives,for
a givencompositionandstructure,thedependenceofthettmefor
ruptureon stref3sandtempeaaturegTheinvestigationispartofa
generalprogramto provideirfmmationthatwillultimatelyleadto
thedevelopmentofletteralloysinorderthattheefficiencyand
powerout~utofgasturbinesumd inaircraftpropulsioncanbe
increased.

ThereaderwhoiB solelyinterestedinthepracticalapplication
ofthefundamentalequations,whichgivethedependenceofthetime
forruptureon stress,temperature,compositionandstructure,may
proceeddirectlytoHLW’IICMLAPTLIOATIOFOFS’TRE3S-RU1’TC~EQUATIONS.

SYM1301S

Thefol.lowi~sydolsareusedinthereport:

c proportionalityconstant

AFa freeenergyofactivationpermolecule

AFa‘ a~~~entfreeenergyof activationpermolecule

h. PMncklscomtant,

A% heatofactivation

6.62X 10-27ergseconds

permolecule
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moleculeat temperatureofabsolute

E&tzmann’sconstant,1.38X 10-16ergs

rateofreactionyerunitconcentrat~on

rateofoccurrenceoftheunitprocess

entropyofactivationpermolecule

permoleculepe~*‘K

of reactantO

apparententrcyyofactivationpermolecule

tiresforrupture

alsolutetemperature

~ro-fmrtionalityconstant

externallyappliedtensilestress

shearstress

TIIEORY

Thetheoryofrateyrocesse8willfirstbe discussedas a gen-
eraltheo~~.Itwillthenbeshownthatif stressruptureofheat-
resistingalloyscanbe treatedas a rateprocess,certainequations
mustbe satisfied.Latersectionswillthenshowthattheseequa-
tionsaresatisfied.

GeneralTheoryofRateProcesses

ThetheoryOFrateprocesses(reference5)developedly 5yring
andothershasbeene,pplledto chemicalreactionsaswellas other
processessuchasviscosityof liquidsandd~=fusion.In everycase
towhichrate-processtheoqycanbe applied,thereisa small sub-
divisionsuchthatthemacroscopicprocessistheneteffectofall
thesmallprocesses.TMs smallestsubdivisionis calledtheunit
process.Forexam~le,ina chemicalreacttontheunitprocessis
thereactfonbetweentheatcmsreactinginnunibersgivenby the
stoichiometriccheruicalequation.Rate-processtheorycanbe applied
toanyprocessprovidedthatthecorres~ndingunitprocessinvolves
a moloculeorgroupofmcleculesthat,inpassingfrbmtheiniti~l
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tothefinalstate,mustfirstattaina certainmini.mumthermal
mer&y. Thisenergyisoftenconsiderablygreaterthanthoordinary
thermalenergyofmolecules;thereforethemoleculeorgroupof
moleculesparticipatingintheunitprocessis saidtobe ‘1.activated”
ortohaveformodan “activatedcomplex”whentheminimumenergyis
attained.Theunitprocessisbestillustratedby thepotontial-
enor~ycurveforthoroactton,illustratedinfigure1. Theheight
of&e barrier,whichistheminimumener~ requi.rodforpassage
intothefinalstate,is calledtheheatofactivationA%. !l%is
energybearsno relationtotheheatofthereactionAH, theenergy
differencebetweentheinitialandfinalstatesalsoshown.By tho
“reacticmcoordinate”ismeantthemostfavorablereactionpathon
thepolydimensionalpotontial-energysurface.

!Che-basicassumptionofra.to.procosstkooryis thatthoinitial
reactantsandactivatedcomploxesarealwaysin equilibrium.statist-
ical mechanicalconsiderationsthengivo(reference5)fortherate
of theprocess(numberofunitprocesstakingplace/unittime)the
equation

4?JkTr = (kT/h)e . (1)
Theterm kT/incan%e~ogudedas theeffectivofrequencyat

whichactivatedcomplexescrossovorthebarrier.W thecalculation
of Al?ajthecontributiondueto thetranslationaldegreeoffreedom
alongthereactioncoordinatehasbeendisregardedbecauseitis
inoludcdinthefactorkT/h. ThofactorAFa Is interpretedasan
ordinaryfree-energytermandcsmbe e~ressedas

AFa= A% - TASa (2)

Thoentropyofactivationhastheusualphysicalsignificance.It
isrolatodtotherelativoprobabilityoftheinitialandactlvatod
statesexcludingtheenergydifferenceorwhatmayho calledthe
relativefreedomsofthotwostates.A nogativoVCLIUOof ASa moans
thereforethattheactivatedstateinvolvesgreaterrestrictionson
thedegreescffreedomof themoleculesthantheinitialstatein
additionto theenergydifferencebetweenthetwostates.

A processwillbe termeda “rateprocess”if equations(1)and
(2)canbe apyliedto it;thatis,iftheunitprocesscanbetreated
as involvingthepassingofactivatedcomplexesovera potential-
energyIarrier.

4
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Stress-lkpendentRateProcesses

In somerateprccessesthe-heightofthepotential-energy
Wrri.erisa functionof theappliedshearstress.Theunitproc-
essesinthesecasesmaygenerallytakeplacein eitherof twooppo-
sitedirectionsinvolvlngthesameenergybarrieras shownby the
solidcurveoffigure2,thusthenetrateis zero. Iftheshear
st~essT isapplied,itmaylowerthebarrier in onedirectionand
raiseitintheoppositedirectionas shownby thedashedcurve
(fig.2). Theactivationenergiesforthetwodirectionsareno
longerequalandtheprocesstakesplacewitha definitenetrate.
Thedirectionto therightinfigure2 Isdesignatedpositive.

Xxamplesof sucha processaretheflowofviscousliquids
(reYerence5)wheretheunitprocessisthejumyof onemolecule
pastanotherandthecreepof&tals (reference6)wherethegener-
ationofa dislocationistheunitprocess.Inboththeseprocesses,
theener~bywhichthebarrierisluweredinthepositiveandraised
inthenegativedirectionwasshowntobe approximatelyproportional
to theshearstress.Theheatofactivationforthestress-dependent
processintheyositivedirection(theheightoftheharrierinthe
positivedirection)is thereforeA% - 13T’andinthenegative
directionAHa+ 13T.Thefreeenergyofactivationinthepositive
directionis A% - p? - TASa andinthenegativedireotion
A% + ~T - TASa. IIEEMIUCIIas AFa= A% - TASa therateof occur-
renceof unitprocessesinthe~ositivedirectionistherefore

andinthenegativedirection

Thenetrateinthepositivedirectionistherefore

Thefactorp is,ingeneral,a function

ApplicationofRate-ProcessTheory

of

to

temperature.

StressRupture

(3)

Thesupyo=ttionismadethatstressruptureofheat-resisting
alloysisa rateprocessinthesenseof thedefinitionpresented
in tiiS report.Whentheunitprocess3.sconsideredinanabstract
sense,it ispossibleto detemnineonlythetemperatureandstress
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dependenceof therate r. A definitephysicalunitprocesssuch
asthegenerationofa dislocation(reference6)wouldenablethe
predictionofthedependenceoftherate r onthephysicalstruc-
tureandpropertiesofmaterials.Thisreport,however,considers
theunitprocessonlyinthea“ostractsenseandthereforethecon-
tributionthatwillbe e~ectedisa knowledgeof thetemperature
andstressdependenceofthetimeforrupturefora constantcom-
positionandstructure.

If stressru@ureisa rateprocess,thetimeforrupturetr
istobe expectedtobe inverselyproportionalto a rate rf or

tr = c/rf (4)

Theunitprocessisexpectedtobe stressdependent.If theeffect
of stressis similartootherstress-dependentrateprocesses,that
is,iftheamountbywhichtheharrierisloweredorraisedby shear
stressisapproximatelyproportionalto theshearstress,then rf
wouldbe givenby equation(3). If,as inthetheoryof creep
(reference6),thegrainsaretakento‘beorientedsuchthattheunit
processoccursundermaximumshearstress,where T . 0/2, this
equationbecomesinlogarithmicform

logerf = 1088 (2kT/h)- (AFa/kT)+ logeSinh(pG/2kT) (5)

Thefactorp mayincludea stressconcentrationfactoriftheunit
processtakesplaceat stressraisers.

ex - e-x
Inasmuchas sinhx = ~ , when x becomeslarge,e-x

rapidlyapproacheszeroand shh x thenisgiventoa gooda_pprox-
1~im-ationby ~ e . Thusforsufficientlyhighvaluesofapplied

stress

(6)

Ifequation(6)is substitutedinequation(5)andcombinedwith
equation(4),theresultingequationforthetimeforruptureis

logetr = @e (h/W)+ (ma’/kT)_-(Po/2kT) (7)
.

.

where

AFa‘ = AFa--CT =A~ - T (ASa+ C)

c = -klo$eC

6
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Theterm ASa+ C is thereforetheayparententropyofactivation.

Forthepurposeof checkingthevalidityof equation(7),comnon
10@X’ithDISaremostconvenient.Equation(7)canbe written

10$tr = log(h/kT)+ (AFa’/2.3W)- (~(y/4.6kT) (9)

A @Ot Of 108 tr againstG fora fixedtemperatureshouldthen
be a straightlineofnegativeslopej3/4.6kTandintercept

logt~ = log(I@?)+ (A~a’/2.3k@ (lo)

Fromequation(10),AFa~ canbe obtainedforeachtemperature.
TheheatofactivationyermoleculeAHa isusuallyeitherconstant
orexpressibletoa gcodapproximationasa linearfunctionof T
accordingto

Thusa

where

h% = A~O +A~l T (11)

linearplotof KFaY againstT shouldbe a straightline

AFa‘ = A~o - TASa’ (12)

ASa‘ isgivenby

ASa‘= ASa- A%’ + C (13)

E stressruptureisgivenby equation(9),practicalueeof
thisequationfordesigncanbemadeby lettinglog(h/k’T)equal
a constant.Theapproximationthat logT is constantrelativeto
thetermin T willinvolveno detectableerrorovera largersnge
oftemperature.Thisapproximationwasmadefortheequationgiven
inthesectionentitled“I?RACTICALAPHJXJITIONOFSZRISS-RUF’TURE
EQUATIONS.”

SOURCESANDPIU3CISIOEOFDATA

Stress-m@uredatawereobtainedfronreference4,fromthe
AlleghenyLudlumSteelCorporation,andfromtheUniversityof
Michiganforthreedifferentalloys:S816cast,S816forged,and
lowcarlmnN155hotworked.Thesealloyswerechosen%ecause
enoughstress-rupturedatawereavailableforthemintheliter.
atureat differenttemperaturesandstresses.
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An examinationofthedata,ingeneral,showedthata particular
ruptureliffemightvaryby asmuchas 100percent.Appro-te
experimentalerrorsforthefactorsP, AHaO, and ASai are

350percent,&5 X 10-13ergs,andM x 10-16ergsper‘K,respec-
tively,i)uttheerrorsin A~O and ASa* willgenerallybe in
oppositedirectionsandthereforetendto compensate.Reference7
givesanapproximatevalueofthereproducibilityof stress-rupture
dataobtainedfromdupllcatetestson specimensfromthesameheat.
Thisvalueis=5 percentfortwo-thirdsofthetestsconducted.
Forone-thirdoftheteststhevariationwasmuchlargerthan
*25percent

RESULTSA~DISCUSSION

StressDependenceof logtr

Equation(9)statesthatat constanttemperaturea plotof
logtr againststressathighstresfieswillyielda straightline
hayingthenegativeslope13/4.6LdJ!.h examinationoftheprimary
dataforS816cast,S816forged,endlowcarbonN155hotworked
showedthatthe@ots of log-tragainststressforthesealloys
werestraightlineswhoseslopesvariedwiththetemperature.(See
figs.3,4,and5.) Theliterature,however,showsstraight-line
plotsof logtr againstlogG forthesesamealloys.fiasmuch
asbothplotsarenotmathematicallyconsistent,onlyoneplotis
correct.Itwillbe shownthatstressruptureisa rateprocess
andthereforethesem~logplotshouldbe used.Themagnttudeof
theexperimentalerrorexplainswhybothplotscanbe simultaneously
obtained.PrevioushL~est@ators havealsonoticedthatstraight-
lineplotsmuld be obtainedby plottinglog~ againsto (disc-
ussionofreference3). Wasmuchasnobasisforchoosingbetween
theplotshadbeenavailable,stress-rupturedatawerestandardized
OnplOtaOf 10gtr against10g0.

Thechangein slopethatoccursbecauseof oxidationon the
log-logplotsofrupturetimeagainststress(reference3) also
occursonthesemi.logplotatapproximatelythesamerupturetime
endstress.At thesauetemperature,transcrystalline-iypefailUrf3S

. willoccurat higherstressesthanintercrystalline-typefailures.
No correlationexists,however,betweenthechangein slopeandthe
transitionbetweentransc~stallineandintercrystallineregionsof
fatlure.A nmnberof thelinesshownInfigures3 and4 showchanges
in slopethatcannotbe explainedby eitherintercrystallineoxida-
tionorthehyperbolicsinedependenceof stress.Thechangein

8
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slopeisoppositein signtothatexpected~orintercrystalline
oxidationandalsoismuchsharperthanthateqectedfora hyper-
bolicsinedependencecf stress.It isleltevedthatthechangein
slopeis duetoa changeof structureasa resultof theeffectof
stress.Reference8,forexample,hasshownthatstressathigh
te~yerat-urescaninduceanage-har~eningreacticn.

TemperatureI@endenceof

Inreference6 itwasempirically
dependenceofthe !3factor~orcreep
followingrelation:

= 20Pa

Sloye

found
could

Factorj3

thatthetemperature
be descri%ed_by”the

Thedataforstressrupturewereinvestigatedto showwhether
a similarrelationexistedfm stressrupture.A p~oljOf Mg p
againstT, whichgivesstraightlineswithine.~erimsntale=or
forthethreealloysstudied,is showninfigure6. The ~ values

# offigure6 areofthesameorderofmagnitudeas thoseobtainedfor
creeyof iron(reference6).

TemperatureDependenceofApparentFree

EnergyofActi-rationAl?a’

~uation(12)predictsthattheqr@ntityAFa’} theapparent
freeenergyofactivation,willbe linearlydependentontemperature.

Valuesof AFa’ werecamputedfraadatasubstitutedinequa-
tton(10)andwereplottedagairisttemperatureforS816cast,
S816forged,andlowcarbonK155hotworked.Theresultsareshown
“inffgure7,whichsubstantiatesthepredictionmadeby thetheory
ofrateprocessesthat AFa’ wouldbe linearlydependenton
temperature.

,
Valuesof AHao -d ASa’ forstressrupture,theintercepts

andslopes,respectively,ofthelinesinfigure7,aregiveninthe
followingtable.Thevaluesof similarparametersforcreeyo%tained
fromreference6 aregivenforcomparison.TheparametersA~O and
ASa’ forthecreepprocessareapproximatelytheenergyofactiva-
tionendtheentropyofactivation,respectively,involvedinthe
generationofa d%locationandareA andB, respectively,inthe
notationofreference6.

9
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!&pe of test ~Jf~erial %30 Asa 1

(a) (ergs) (ergs/%)

StressruytureS916cast 1.71x lo-~z 5.7x 10-15
StressruptureS816forged 2.98 4,2!
StressruptureN155lowcarbon4.19 2.75

hotworked
Creep Iron 2.10 4.0
Creep Nickel 2.67 4.0

%Jocreepdataworeavailableforcobaltbutthevalue.
of itsconstantswouldbe expectedtoapproximate
c~og~ly ~~o~e fog iron and nickel.

Thetableshowsthat A~O and ASa’ areof thesameorder
ofma@itudofor the stress-ruyturerateyrocessas forthecreep
rateprocess,respectively.ItthereforGay~oarsthattheentropy
of act%yationASa forthestress-rupturerateprocossisprobably
a largenegativevalueof thecameorderofma~itudeas theentropy
of activationforthegenerationofa dislocationandthatthe
parameterC is mall comparedwith AS=.(Seeequation(13).)

EVALUATIOiiOFRESULTS

Thetheoryof rateprocosseshaspredictedtheternporaturo
depcmdonceofthetiresforruptlmeandthispredictionhasleon
substantiatedby thodataforthreeheat-resistingalloys.This
successful~redicttonisthojustificationforayplyingthetheory
ofrateprocessesto strf3ssrqhuro. Becauseit is indicatedthat
stressruptureIsa rateprocess,plotsoftk.elogtimeforrup-
tureagainststressshouldbe investigatedforuseinplacecf’tho
log-logplotsnuwused.Hoton~yisthosamilogplotbasedon
theorybutit isalsotheonlyplotfromwhichdatacanlm obtained
topredictstroem-rupturedataatadditionaltempcn?atures.An
exampleof theaccuracywithwhichdataat difforonttemporatums
canbe predictedisgiveninthesectioncntitlod“PRACTICALJWPLI-
CATIONOFSTK!33S-RUPITJRZEQUATIONS.”

Thodatahaverevealedthata givenmaterialmayhavothroc
differentsetsof constantsdependentonthestressandtemperature
towhichthespecimenis subjected.Twosetsof theseparameters
holdfortheunchangedmaterial(stablestructure)andforthe
materialinthersngeof intercrys’allineoxidation,respectively.
Thethiz’dset,whichdescribestkeregionofhigheststress,isbest
explainedonthebasisofa changeinducedintheoriginalstructure

10
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.

by shearstress.Whetherthise~lanationiscomectcouldbe deter-
minedbymeansofanX-rayanalysisofthecrystalstructuresintwo
differentregionshavingdifferentsetsofmaterialparameters.

Ona log-logplotofrupturetimeagainststress,thelinethat
representstheregicncf interci~stallinefailureinth-eabsenceof
oxidationisa extensicnofthelineoftheregionof iranscmystal-
Iinefailure(refexence3). In theplotof logrupturethe against
stressforthesamedata,thelineobtainedisalscunbroken,In
ternsofthetheoreticalequation(9),the &Fa’ and p values
fortremscrystallinefailureareexactlyequalto the AFa~ =d ~
valuesforintercrystallinefailurointheabsenceof oxidation.It
thereforeappearsthattherate-~ocessmechanismres~neiblefor
thetranscrystallinefailureisthesamerate-processmechanism
responsiblefortheinteucrystallinefailure.Thisfactleadsto
thebeliefthata correlationmayexistbetweencreepandstress
rupture.Fromreference9 itcanbe impliedthatduringthetrans-
crystallinemodeoffailure,a relativelylargeamountof creep
takesplace.IftranscrystalltneI’ailurefinallyresultsfroma
shearingof theindividualgrafms,thencreepmaybe thecontrolling
factor.Furtherevidenceofa cmi~elationbetweencreepandstress
rupturewastheagreementofVaeorderofmagnitudesandtemperature
dependenceof similar terms intheequatiom-forcreepandstress
rupture.Furthertests,however,arenecess&.ryin ordertoprove
whethersucha co~ellationexists.

Thepracti=lapplicationGfthest~ess-rupturetheoryto
engineeringprobl~ isextensivelydescribedinthenextsection.
On thebasisof’We theorygiveninthisreport,thepresentengi-
neeringmethodofpresentingstress-rupturodatashouldbe revisedto
preventinaccuzzateapplicationoftheresultstothedesignofparts
forhigh-temperatureuse andtofaciliktethemethodofratingthe
stress-ruptureresistanceofheat-reststingalloys.

PRACTICALAPPLICATIONCB’STRESS—RUPNJREEQUATIONS

Theequation

(14)

where

tr timeforruptuzze,hours

11
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T absolutetemyeratme,‘%

0 appliedtensilestress,youndspersquareinch

A, B constantsof structureand

and

logD =

where

E,F constantsof structureand

wasderivedinthetheorysection

composition

E+FT (15)

composition

of thisreyortfromthetheoryof
rateprocessesas developedby EglWngandothers(reference5).
Equation(15)WS foundem~irically.Thepredictionsof equa-
tion(14),especiallyinregardtothetemperaturedependenceof
stressrupture, wereinvestigatedandverifiedfora numberofheat-
resistingalloys.Equation(14)isthereforevalidandcouldbe
ueedto obtainthedependenceoftimeforruptureon stressend
temperaturefora givenstructureandcomposition.

In orderto obtainan evaluationoftheconstantsA,B, E,
andF, it isnecessarytodetermineat eachofthreeorfourtem-
peraturesthetimeforruptureforat leastfourdifferentstresses.
TheconstantsE and F areevaluatedby plottinglog~ against
0 at a constauttemperature.Theslopeofthestraightlineobtained
isequalto -~. Whenvaluesof logD soobtainedareplotted
a~ains%tem~erature,a straightlineisobtained.Theslopeofthe
straightlineis equalto F andtheintercept(atT.= O) isequal
to E.

TheconstantsA and B areevaluatedby obtainingvaluesof
theintercept(a= O)of theplotof logtr againststress.From
equation(14)thisintercept,logti: willsattsfytherelation

Tlogti=A+BT (16)

Whenvaluesof T logti areplottedagainstT, a straightline
isobtained.Theslopeofthislineis equalto B andtheinter-
cept(’l!= O) isequalto A.

It shouldbe understoodthattheparametersA, B,E, andF
willbe constantonlyfora givencompositionandstructureendin
theabsenceof intercrystallineoxidation.Ifa heat-resistingalloy
shouldhavedifferentstructures,as is sometimesthecase,thenthe

12
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valuesoftheparametersToronestructurewouldnotapplytopre-
dictingstsess-mq$mreda+xafortheotherstructure.Forexample,
thebreakinthestress-rupturecurveat 1350°F infigure4 indi-
catesthatthestructureinthehigh-stressrangediffersfromthat
inthelow-stressrangebecausethevaluesofthestructureparam-
etersA,B, X, andF forbothrangesarenotthesame.In the
eventthatintercrystallineoxidationtakesplace,thesetofparam-
eterswillno longerbe valid.Theselimitations,however,arenot
severeforthedatapresentedinthisreport.

Enordertoillustratetheuseoftheequationsfnpredicting
data,theprimarydataforforgedS816giveninfigure4 for1350,
1500,1600,and1700°F willye usedto computevaluesof A,B, E,
andF. Thenthesevalueswillbe usedto obtaina stress-rupture
curvefor1800°F,whichwillthenbe comparedto theexperimental
stress-rupturecurvefor1800°l?.

Theabsoluteslopeofthe1350°F stress-rupturecurveis

D logtrl- logtr~ 3.00 - 2,00-=
T ‘1 - 02 = 30,000 - 41,200 = ‘“oooogm

whichthengives

D1350=

Similarly,

T X 0.0000900= ~810X 00(3~0900= (3.163

The
the

Tne

%500 = 0.264

%600= “350

D1700= .435

plotof logD againstT isgiven
straightlineinfigure9 is

F ~Og0.%81- 1o$0.1.69_
= —2;30 - 1810

interceptofthisstraightlineis

infi~ure8. Theslopeof

1.218X 10-3

E = log 0.381 - 1.218 X 10-3 x2100 = -2.977

Squation(15)thengivesfor D at 1800°F

logD=Z+lKC= -2.977 + 1.218 x2260 X10-3 = -0.220

13 :: -:,WJ

p MWiL Litlfih?y
AF-1834-L()
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D= 0.600

The interceptcf the13!50° F stress-ru@uretune infigure4 is

logt~= D
10gtr+~O

0.163= log1000+ =X 30,GO0

10~ ti = 5.70

Then

Shnilarly,

T 10S t-j,(1500)= 102580

(1600) = 9320

(1700) = 8650

Theplotof”T’logti againstT Is
ofthestra~Zghtlineobtainedis

Theintercept

Equation(14)
valueaof A

B= 10,420 - 9050
1900 - 21O(I

is

giveninfigure9. Theslope

= -6.950”

A= 10,420 - (-6.95x 1900)

was used,withthevalueof

= 23,630

D at 1800° F andthe
and B ~ustdetermined,toobtainthestress-rupture

curvefor1800°F that-isshownpI.ott&dinfigure4 asa dotte~
line.Theexperimentalpointsaregivenby thesymbolo andgive
a measureof theaccuracythatcanbeo%tainedusingequations(14)
and(15)topredictstress-rupturedata. It shouldbe notedthat
thepredictedvaluesfallwithinthereproducibilityof*25percent
four!!by reference7. Thisreproducibilityfigurewasobtainedfrom
a duplioateseriesof stress-rupturetestsof specimenstakenfrom
theseineheat.

Thenumberof stress-ruptureteststhatarerequiredatpresent
canbemateriallyreduoed%y usingthemethodjustdescribedtopre-
dictdataatnewtemperatures.Specifically,ifit isdesiredto
extendthestress-rupturedatatohighertemperatures,it isneces-
saryaccordingtopresentmethodsto obtainvaluesof ~ forat

14
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leastfourdifferentstressesat thehighertemperatureinorderto
‘keabletoplota curveof lo~tr againstlog0. Ifvaluesof
A, B,E, andF werecomputedforthisalloyfromtheavailable
data,thenonlyonetestat thehighertemperaturewouldbe required
to checkwhetherthealloystructurewasstableat thishighertem-
perature.IXthealloystructurewasfoundtobe stable,thatis,
tk.eeqerimental.valueof tr at thehighertemperaturechecked
withinexperimentalerrorwiththevaluepredicted3Y equations(14)
and(15),the~-theequationscouldbe usedforpredictingthestress
dependenceoftheruptt:retimeat thishighertemperature.Thus,
abouttlu?ee-fourthsoftheadditionalstress-rupturetestswouldbe
eliminated.

Themetallurgistwhoprformsstress-rupturetestsimorderto
ratetheheat-resistingpropertiesofalloyscannowmakeuseof the
fourparametersA,B, E, andF as a meansofratingthealloys.
~ ordertohavelongrupturelives(hi@ tr)at co~tantstressand
temperature,it isnecessarythat Aand Bbelargeand E andF
small.(Seeequations(14)and(15).) Wen A and B arelarger
and E and F aresmallersimultaneouslyforonealloythanfor
aiiother,thefirstalloywillhavelongerrupturelifeovertherange
of stressandtemperaturewherethevaluesof A,B, E, andF apply.
Wherethefourparametersdonotcompareinthissi?nylefashion,
thestress-mptureratingsofvariousalloyswillgenerallynothe
thesamefordifferentranges& stressandtemperature.Theso
allayscanthereforebe ratedonlywithrespectto their~roposed
use. For~~ple, alloysforgas-turbinebucketscanberatedon
thebasisof thedesigntemperatureandstress.Valuesoftheabruc-
tmreparameterscanthenbe usedtoobtaineasilyan orderofmerit
rattngat thesetof CGnditiOnSthatcorrespondto theproposeduse.

RECOMMENWTION

It isreconmsndedthatthemethodofpresentingstress-rupture
dataona smilogplot(logaritbmofrupturetimeagainststress),
whichhasa basisintheory,be investigatedforuseinpiacoof
thepresentempiricalmethodofpresentingstress-rupturedataon
log-logplotsoftimeforruptureagainststress.Inaddition,the
useofthestress-ruptureequationspresortedinthisreportare
reconmmndodtopermittenperaturointerpolationandextrapolation
andtorGducothenumberof stress-rupturetestsrequired.

AircraftEngineResearchLaboratoW,
NationalAdvisoryCo?mnittcmforAeronautics,

Cleveland,OhiojFoln?uary8, 1946.
15
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