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TECHNICALNOTE2975

STRUCTURALEFFICIENCIESOFVARIOUSAL~, TIIWTUM,

ANDSTEELALLOYSAT ELZVATEDTEMPERNIURES

By GeorgeJ.HeimerlandPhilipJ.Hughes

Efficienttemperaturerangesareindicatedfortwohigh-strength
alumhumalloys,twotitaniumalloys,andthreesteelsforsomeshort-
timecompression-loadingapplicationsat elevatedtemperatures.Only
theeffectsof constanttemperaturesandshortexposuretotemperature
areconsidered,andcreepisassumednottobe a factor.Thestructural-
efficiencyanalysisisbaseduponpreliminaryresultsof short-time
elevated-temperaturecompressivestress-straintestsofthematerials.
Theanalysiscoversstrengthunderuniaxialcompression,elasticstiff-
ness,columnbuckling,W thebu~@ oflow p~tes fi coqression
or inshear.

niDKmJcTIoN

At supersonicspeeds,theeffectsofaerodynamicheatingonthe
strengthofaircraftormissilesmustbe takenintoaccount.?Chebehav-
iorofthematerialsmayprovecriticaleitherduringtransientordur@
steadyheatingconditions.Theselectionofmaterialshavingadequate
strengthundersuchconditionsandatthesamethe providinga struc-
turehavingminimumweightbecomesa primaryconsideration.

Theeffectsof steadyratherthantransientheatingsreconsidered
herein.An attemptistie togivea generalpictureoftheefficient
temperaturerangesfora fewhigh-strengthaluminum,titanium,andsteel
alloysforsomeshort-thecompression-loadingapplicationsinwhich
creepisassumednottobe a factor.Thecasescoveredarestrength
underuniaxialcompression,elasticstflf=ss,CO1-bUckJ-@j ~ the
bucklingoflongplatesincompressionor inshear.Someofthemate-
rialsincluded,suchasthetitaniumallowRC-130Ama RC-130B, the
aluminm.alloyXA7&Z6, andthesteelStainlessW, arerelativelynew.
Thematerialscovera widerangeof stk~~ densities,andthetem-
peraturesrangeup to~” F forthealuminumalloys,tol_L.F forthe
titaniuma~oys,andtol,20@F forthestee~. me resflts=e based
upontestsof compressionspecimenstakenfroma singlesampleof each
materialand,consequently,shouldnotbe consideredasnecessarily
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representative.Besidesthematerialspreviouslymentioned,those
includedareextruded75S-T6aluminumalloy(datafromref.1),the
steelSAE4340,andtheheat-resistantnickel-basealloyInconelX.
Forconvenienceinma.kbggeneralcomparisons,InconelX isgrouped
hereinwiththesteels.

TESTS

Inordertomakethestructural.-efficiencycomparisonEforcom-
pressionloading,compressivestress-straintestsweremade. Inthese
tests,thematerialwaskeptat testtemperatureapprbxhately1/2hour
beforetheloadwasslowlyapplied.Thestrainratewasmaintainedat
about0.002inchperinchperminuteduringloading.Autographicstress-
straincurveswereobtained.ThecompressivetestresultsforYoung’s
mod~usandtheyieldstress(0.2percentoffset)aregivenintableI
alongwithinformationonthesuppliers,heattreatments,anddensities
ofthematerials.

ThetestresultsforYoung’snmdulusandthecompressiveyield
stressaregiveninfigures1 hnd2. b figure1,thevariationof
Young’smoduluswithtemperatureT obtainedforthesematerialsis
shown. At normaltemperatures,themodulivaryfromabout10x 106psi
forthealuminumalloysto about17x 106psiforthetitaniumalloysand
to about30x 106psiforthesteels.Themoduliforallthematerials
reducewithincreaseoftemperature.Theresultsforthenewaluminum
alloyXA78S-T6areessentiallythesameas forextruded75S-T6aluminum
alloy.Theheat-resistantalloyInconelX showstheleasteffectof
temperature.

Figure2 showsthevsriationofthecompressiveyieldstresswith
temperaturefoundforthesesamematerials.Thestrengthsrangefrom
about80ksiforthealminumalloysto about220ksiforthesteelsat
normaltemperatures.Withtheexceptionof InconelX, a markeddecrease
instrengthwithincreaseintemperatureisevidentinallinstances.
Thealumlmmalloys,thetitaniumalloys,andtwoof thesteelshave
lostabouthalfoftheirnormalstrengthat approximately400°F, 800°F,
and@OO F, respectively.InconelX, a goodhigh-temperaturematerial,
showsalmosta negligibleeffectoftemperatureovertherangecovered.
Theresultsforthetwoaluminumalloysareessentiallythesame.Simi-
larly,thereislittledifferencebetweenthetitaniumsheetandforging
alloys.Aboveabout850°F, InconelX isthestrongestmaterial.
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smm EFFICIENCIES

Rromtheresultsgivenin figures1 sad2,togetherwiththeuse
ofthestress-straincurves,variousstructural-efficiencycomparisons
canbe madeforthedifferetimaterials.Thecomparisonswhichdealwith
compressionloadingaxeforstrength,elasticstiffness,andcolumn-
andplate-buckl@applications.

Strengthefficiency.- Infigure3,thematerialsarecomparedona
strength-efficiencybasiswiththecompressiveyieldstresstakenasthe
criterionforstrength.Thestress-densityratio,whichisequivalent
totheload-weightratiofora unitlengthofmeniber,measmestheeffi-
ciencyofthematerial- thehigherthisratio,themoreefficientthe
materialona strength-weightbasis.Withtheexceptionof lhconelX,
alLthematerialsareaboutequallyefficientatnormaltemperatures.
Thesteelsandtitaniumalloysretainthisefficienqmuchbetterthan
theal.uminunialloysasthetemperatureincreases.StainlessW and
SAE4340appeartobe somewhatmoreefficientthanthetitaniumalloys
RC-130AandRC-130Bfromabout300°3?to &)OOF. InconelX isthe,
mostefficientmaterialaboveabout950°F.

Stiffnessefficiency.-Infigure4,thematerialsarecomparedon
thebasisof elxmtic-stiffnessefficiency.Inasmuchastheelasticstiff-
nessofa materialisgivenly Young’smodulus,thesttifnessefficiency
isdeterminedfromthemodulus-densityratio.Althoughthereis a ~ge
spreadintheresults,thematerialsallhaveroughlythesameeffi-
ciencyatnormalt&uperatures.Theefficiencyfortheaiumi.numalloys,
however,decreasesrapidlywithincreaseh temperature.At thehigher
temperatures,thesteelsarethemostefficient,InconelX beingthe
mostefficientmaterial;thetitaniumalloysarenextinorder.

Columnandplatebuckling.-Forcolumnbucklingandthebuckling
oflongplatesin compressionor inshear,thestructuralefficiencyfor
a materialata giventemperatureisfoundby a somewhatmorecomplicated
methodby plottingcalculatedvaluesofthebuckling-stress-density
ratioagainstcorrespondingvaluesofan a~ropriatestructuralindex.

the

for

method,whichisdescribedinreference2, isbasedupontheuseof
stress-straincurvesforthematerialandcoversboththeelastic
plasticranges.Ratherthanshowallthesecurvesforeachmaterial
temperature,comparisonEare-e overthetemperaturerangeonly
a smallanda largevalueoftheindexforeachapplication.

Thecomparisonsofthematerialsforcolumnbucklingareshownin

figures5 and6 for

In this tidex,Pm

,..—....-

Pacf
smallandhrge vtiluesofthecolumnindex—.

~2

isthebucklingload, c istheendfixity,f iS

——.—.—---— . ----- .—..- .. . . . . .. . . .... . ._— _ _________ . . ... . . . _
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theshapefactor,and L isthecolumnlength.Theefficiencyis
givenby thestress-densityratio,thestressbeingthebucklingstress
associatedwith Pa. Figure5 isfora smallvalueoftheindex

(

Pmcf

)
—= 50psi , whichcorrespondstoa smallloadorlongcolumn.The
L2

aluminumalloysarethemostefficientuptoabout300°F; fromabout
3000F-to90@ F, thetitaniumal.loyRC-130Bisthemostefficient;at
stillhighertemperatures,bconelX isthebest. Figure6,fora large

(

Pmcf
valueoftheindex — = 200psi

)
correspondingto a largeloador

L2
shmt column, indicates quite a ~ferent CoqarisonoInthiscase,with
theexceptionof InconelX, ELUthemteriaM nowhaveaboutthesame
orderofefficiencyuptoabout300°F. IYomthereup to 800°F, the
titaniumalJ.oysRC-130AandRC-130BandthesteelsSAE4340andStain-
lessW haveaboutthesameefficienq;aboveabout950°F, InconelX

.

isthemostefficient.

TheefficienciesQfthematerialsfor
infigures‘7and8 ina simibxmamnerfor

P&@
theplateindex—. Inthisindex,

b2
k istheplate-bucklingcoefficient,and

plAtebucklingarecompared
smallandlargevaluesof

P~r iS the buckling10Sd,

b istheplatewidth.The
efficiency-isagafimeas~edby thestress-de~i%yratio>theStreSS
beingthebucklingstress.Figure7 isfora smallvalueofthisindex

( )

p&@ 4 hi .
—= whichcorresp-endstoa smallloadorwideplate.For
b2

platebuckling,theadvantagesofthelightweightmaterialsareevident,
thealuminumalloysbehg themostefficientuptoabout450°F andthe
titaniumalloysfromthereq toabout1,000°F. Above1,000°F, hconelX
isthemostefficient.Figure8,fora krge valueoftheindex

(

F&J#z Bbf—=
)

correspond@toa largeloadornarrowplate,shuws
~2

thatthesameorderofefficiencystillholds,althoughtheefficient
temperaturerangeforthealuminumalloysisreducedtoabout300°F.
Inasmuchasboththeefficienqandtheindexforshearloadingwe pro-
portionaltothoseforcompressionloading,thecomparisonsforplates
loadedincompressionalsoapplytoplatesloadedinshear(ref.2).

Generalcomparisons.-Theresults,whicharesummarizedinfig-
ure9,indicateina generalwaytheefficienttemperaturerangesand
theo~er of efficiencyofthematerialsforthevariouEcomparisons-
compressivestrengthjelasticst~fness~CO1- bu~~j ~ P~te

—
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buckling. Forcolumnsandplates,thelettersA andB signifysmall
smdlzxrgeloads,respectively.h thissunmary,themostefficient
materialof eachofthechasesofalloysistakenasthebasisfortom.
parisons. Foreachcomparison,threebargraphsareshown:thefirst
isforthealuminumalloys;thesecond,forthetitanium&oys; and
thethird,forthesteels,Theorderof efficiencyforeachmaterial
isindicatedbythedegreeof crosshatching,thehighestefficiency
correspondingtotheheaviestcrosshatchingas indicated.Thefol-
lowingexampleillustratestheuseofthefigure.H elasticstiff-
nessat300°F isunderconsideration,thethirdbarinthegroupshows
thata steelismoreefficientthana titaniumallmy(thesecondone)
whichinturnismoreefficientthanthealuminumalloys.Withoutgoing
intodetailtithecomparisons,itcanbeseenthatthehigh-strength
alundmmalloysareas efficientas ormoreefficientthanthetitanium
or steelalloysforallapplicationsexceptstiffnessupto about300°F.
Fromabout300°F to 950°F, thetitaniumalloysappeartobe superior
forplatebucklingandequallyormoreefficientforcolumnbucklin.g;
thesealloysalsocompexewel.lwithsteelsforcompressivestrengthup
toabout900°F. Thesteelsarethemostefficientforelasticstiff-
nessandequallyormoreefficientforcompressivestrengthoverthe
entiretemperaturerange;t-heyalsoarethemostefficientabove
about1,000°F forcolumnandplatebuckling.

CONCLUDINGREM4RKS

Thecomparisonsoftwohigh-strengthaluminumalloys,twotitanium
alloys,andthreesteehapp~ o~ to someshort-timecompression-~
applicationsunderconstant-temperatureconditionsandcreepisassumed
nottobe a factor.Theresults,whicharepreliminaryandbasedupon
a limitednumberoftests,aremibjectto changedependinguponthecon-
ditionandtreatmentofthematerial.Thecomparisonsarealsoticom-
pleteinthatno dataareincludedforsomemagnesiumalloyswhichat
normaltemperaturesareveryefficientforplatebucklingorfor
2M-T6 aluminumalloywhichhasdefiniteadvantagesover75S-T6and
XA78S-T6alminumalloysforelevated-temperatureuse. Withoutcon-
sideringthecreepaspects,thegeneralindicationsare,however,that
thealuminumalloysareequallyormoreefficientforcompression-
loadingapplicationsfortemperaturesup toabout300°F. IYomabout
qOOOF to 900°F,thetitaniumtioys lookve~promislng.At still
highertemperature,a goodhigh-temperatureheat-resistantalloyis
requiredtoprovidea structurehavingadequatestrengthandminimum

)

.. , . - - _ -_,_ .-....-—-.-.-—.—- .— .. — - - .-. _ —- .—______ . .. ..__—_ . _ ——
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weight.Thefinalselectionofa materialfora particularapplication
willalsoord-ily dependuponmanyadditionalconsiderations.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

-ey Field,Vs.,hlay21,1953.
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