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Abstract

Thelife predictionof singlecrystalcomponentsvasstudiedin this work throughan
experimenal approactandnumericalmodellng. It hasbeenobseredthata goodevalu-
ation of the life mustincludeboth a crackinitiation modelanda predictionof the crack
propagatio.

The main contritution of the thesisdealswith crackinitiation: a hugeexperimentaldata
baseon SC16hasbeenmade,andtwo original approachefiave beenproposedor the
simulation of the tests.Most of the testsperformedin the studyareuniquein the litera-
ture, speciallythe sectionconcerninghe notchedspecimensvith (001), (011) and(111)
crystallographt orientations.Several notchedradii andorientationsof the materialhave
beenused.Metallurgical obsenationshave beenmadeto characterizeracklocationand
therupturemode.

The simulatbn sectionincludesfirst the identificationof the materialparametergor a
crystallographs modelvalid for nonisothermalcyclic loadings in the completetemper
aturerange,a specialattentionbeing payedto 950°C. The samesetof coeficientsis
valid for monotaic loadings including creep,andcyclic loadings with or without hold
periods for all the crystallographt orientationgestedwith eithersingleor multiple slip.
This modelwasusedto simulateisothermallow cycle fatiguetestson circumferentially
notchedspecimerusinga FE technique.Crackinitiation modelscanthenbe appliedin
a post-processaio achieve thelife prediction. A new definition of the critical variable,
basedon the resoled shearstress,hasbeenvalidated. On the other hand, it was ob-
senedfrom micrograph®f thesurfaceruptureghatthecracksinitiatefrom castingpores
preseninearthe surface. An secondapproacha statistcal failure modeltaking account
of thedefectsdistributionin thelife prediction hasbeensuccessfulyappliedtoo.
Themethodolgy derivedfrom the specimerobsenationis thentestedon a “technologi-
calspecimen’by theindustial partner SiemengKWU), simuatingthemostcritical zone
of aturbineblade. The classicalproceduresisedin industy for life predictionaremore
andmorequestionatd, dueto the increasingcompleity of the thermaland mechanical
loading history. The FE modelwastaken from KWU, andthe two previoudy defined
assessmemulesweresuccessfullyapplied.Both lifetime andcracklocationgivenby the
modelwerefoundin goodagreementvith experiment.

The lastsectionof this work is a numericalstudy concerningthe strainlocalisationpat-
ternsat the cracktip in f.c.c. single crystalsunderplanestrain conditiors at low tem-
perature.This hasto be seenasa first stepfor a betterunderstandingf the crackprop-
agationprocesshaving in view the competiton betweenstrainlocalisaton modelsand
fracturemechanicapproach Our contritution concernghe modificationof the theoreti-
cal classicakontinuummechanicsesultsproducedy theintrodwction of thegeneralized
continuum theory A Cosseramodelfor single crystalhasthenbeenused,for several
orientatiors of a CT specimenandwasshawn to predicta qualitatively differentanswer
to the problemof strainlocalisationat a cracktip andto give pertinentexplanatias for
crackbranchingafter stablecrackgrowth.



Résume

La durée de vie de structuresmonocriséllines a ét aborde selon une approche
expérimenale et unemocelisation numérique. Suitea desobsenationsil s’avérequ’une
satishisané déterminationde la duréede vie doit inclure un mockle d’amor@geet une
prévisiondela propagatiordefissure.

La principalecontritution de cettetheseconcernd’amorcagede fissure:uneimportante
campagneal’essaisa éte accompliepour le SC16 et deux approcheriginalesont éte
misesen oeuvrepourleur simulationnuneérique.La plupartdesessaiseffectuiespendant
cetteétude,en particulierla partie traitantdesessaissur éprou\ettesentailleesavec les
orientatias cristallogaphiques(001), (011) et (111), constitentdesresultatsinédits
Plusieurrayonsd’entaille et orientationsdu magriau ont été teses. Des obsenatiors
métallographiquesont permisde caracériserla localisation de fissureetle modederup-
ture.

La partie simulaton traite d’abord de I'identification desparangetresdu mockle cristal-
lographique valablespour des chagementscycliques anisothermesgouvrantun large
intenalle de temperature,une attentionparticuliere étantprétera 950°C. Le mémejeu
de coeficientssatishit les chagementamonotmes(tensionet fluage)et cycliquesavec
ou sangempsde maintien,pourdifferentesrientationscrystallographques,avecglisse-
mentsimgde ou bienmultiple. Cemocdele a ét€ utilisé poursimuler desessaigsothermes
LCF sur éprou\ettesentailéesutilisantla méthodedes Elements-Finis. Des modceles
d’amor@gepeuentalorsétreappliquespardespost-processeuouraboutira la duree
devie. Une nouwelle définition de la variablecritique, issuede la cissionresolue,a ét
validée. Par ailleurs,il a été obsene surdesmicrographiesie surfacesderupturequeles
fissuress’initient a partir de poresprésentsau voisinagede la surface. Une secondeap-
proche,un mocele de rupturestatistquetenantcomptede la distribution de défautsdans
I'estimationdela dureedevie, a égalemenété applique avecsuces.

La méthodologe obtenuea partir de I' éprouette de laboratoirea été tesée sur une
“éprouette technologiqe” par le partenaireindustriel, Siemens(KWU), simulant les
zonesles plus critiquesd’une aubede turbine. Les méthodesclassiquesitiliseesdans
I'industrie pour la déterminatbn de la durée de vie sontde plus en plus discutabés,
db a la compExité croissantede I'histoire du chagementthermongcanique. A partir
du mockle Element-Finisde KWU, on a montté que les deux méthodesprécddemment
définiesprésententin bon caracére prédictif. La localisaton de fissureet la prévision
dela duréedevie obtenues I'aide de cesmocelessontenbonaccordaveclesrésultats
expérimenaux.

La dernire partie concernel’ étude numérique des bandesde localisaton de la
déformationen pointe de fissure d’'un monocrisal en déformation plane et a basse
temperaturell s’agitd’'unepremereétapepourunemeilleurecompgéhensiordela prop-
agationde fissures,ayanten vue la comggtition entreles mocklesde localisationde la
déformationet I'approchede la mécaniquede la rupture. Notre contritution concerne
la modificationdesrésultatsobtenuspar la mécaniqueclassiquedes milieux continus
produie parl'introduction de la theoriedesmilieux continusgéréralig€s. Un mocelede
Cosserapour le monocrisal a été utilisé, pour differentesorientationsd’'une éprouette
CT, etonamonti qu'il préwit unesoluion qualitatve difféerenteau problemedelocal-
isation de la déformationen pointede fissureet qu’il donnedesexplicationspertinentes



pourlesbifurcationsdefissureapespropagatio stable.
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Part |
Intr oduction

This thesishasbeenperformedatthe BAM, Federalinstitute for MaterialsResearh and
Testingfrom Berlin (FRG), duringmorethantwo yearsandat the CentredesMatériaux
del' EcoledesMinesde Parisduringseveralmonts.

The work was performedin the laboratory“Computatonal Analysis of Material and
Components in the framework of the Brite-EuramProject“AdvancedAnalysis Tools
to PredictFailure Mechanismsn TBC CoatedandUncoatedSingle CrystalSuperally”

[Boubidietal.,1998,Boubidietal., 1999.

The growing demandfor enegy saving hasled to the developnent of combired cy-
cle plantsfor basepower generation. The demandfor high efficiency in industrialgas
turbines,aswell asthanin aircraft enginescan be satisfiedby raisingthe turbineinlet
temperaturer by reducingthe cooling of the hot sectionof the componentsThreedif-
ferentwayscanbefollowedto improve the performancef thecomponents:

(1) useof better materiak (materialssciencedomain),In the past,significantadwances
have beenmadeconcerningmaterialdevelgpment: the materialsusedin the hot partsof
theenginesareNickel-basesuperallgs. They presentgoodresistancegainshightem-
peratureandernvironmenal effects,

(2) havea betterdesignof the blade to lower the temperatureof the metalfor a given
temperatureof the gas(fluid mechanicsstudy of the temperaturdields, structuralcal-
culations). The geometriesare now very elaboratewith hollow blades,anda comple
systenof cavitiesandholes,in orderto ejectcool gasatthe surfaceof theblade,to make
aprotectve film,

(3) improvethe knowled@ of the materialbehaviourandits failure properties(fieldf de-
sign, mechanicof materials).Our contribtution concernghis lastpoint. The aim of the
projectconcerninghe BAM wasto build numericaltoolsto assesshelifetime of turbine
bladesgspeciallygasturbinebladesusedin power generation.

A thoroughreview of high temperaturedurability methodsfor calculatingtime to
crackinitiation on engineeringcomponentsvorking at high temperatureanbe foundin
[LemaitreandChaboche]985, Halford, 1991. Recentinvestigationshave shavn that
high temperaturefatigue behaior of polycrystaline superallys is well known, with
mary lifetime prediction methodsavailable for that classof material [Danzer 1988
Rémy, 1993. Nevertheless,the knowledge concerningthe fatigue life behaior of
anisotropt structuralmaterialslike directionally solidified or single crystallire super
alloys is ratherpoor [Nissley etal., 1993. Progresss neededon this point, having in
view thefactthatsevereandcomplex multiaxialthermomechanicébadingconditiors are
foundin thecomponentsandthattheroughsurfaceandthemicro-cracksof thefilm cool-
ing holesproducedby manufcturing,leadto fatiguecracks. Dependingon the loading
conditins, thesecrackswill develop or might be stopped.A reliablepredictionmethod
shouldthenincludethreestepsthe first one concerningthe evaluaton of the stressand
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strainfields, the secondonethe crackinitiation models the third onethe crackpropaga-
tion models. One canreasonablyconsiderthat steponeis solved now. So, the topic of

the thesiswork wasfirst to contribute to steps(2) and(3). The crackinitiation problem
wastreatedwith BAM, andpreliminaryelementconcerningstep(3) wereinvestgatedat

CentredesMatériauxduringthelastyeat

In thefirst part, we present constititive modelfor singlecrystalsat smalldeforma-
tions alreadydevelopedat CentredesMatériauxin the framewvork of a previous thesis
[Méric,1991]. Thegoodpredictive capabilitiesof this modelandits simplicity for Finite
Elementanalysess confirmedin this study
Thematerialparameterarecalibratedor alarge experimenal datebaseon singlecrystal
superally SC16at low and high temperatures A thoroughnumericalidentificationis
performedat 950°C sincewe investgatethe Low-Cycle Fatiguebehaior of the material
atthistemperatur@ndunderisothermaloading.

The secondpart dealswith the influenceof notcheson LCF behaior of the alloy at
high temperaturefrom anumericalandexperimentabointof view.
Several LCF notchedspecimen$ave beentestedat 950°C. Threedifferentnotchradii
andthreecharacteristiorientationsof the crystalhave beeninvestgated.Metallographic
obsenationsshaw the effect of anisotropidoehaior of the materialon the cracklocation
in thenotcharea.A "good” life predictionmodelmustbe ableto predictthesetestswith
materialparameter&dentifiedon the smoothspecimensNumericalsimulatonsarethen
performedto modelthe stress/strairstatein the notcharea. They will allow usto test
several approachegor crackinitiation, involving new critical variables,taken from the
crystallogaphicmodel(model 1), or addingthe probabiligic aspectandtakinginto ac-
countthe populationof defects(model?2).

In the third part, we apply the cracklocationandthe lifetime assessmemntlesto a
"technologcal specimen”whichis a platewith severalholes,usedto simulatethe cool-
ing holesof turbineblades.Several LCF testshave beencarriedout by KWU with repre-
sentatve loadingconditionsfor the blades.Micrographsof the surfaceof the specimens
duringthetestallow to analysepreciselythe crackmechanisnat the holes.On the other
handFinite Elementcalculationsof thesetestsare performed.Thelifetime andthe crack
locationassessmemtilesareappliedfrom thenumericalnalysesA comparisorbetween
experimenal andnumericalresultsis made.

Thefourth partis the preliminarystudyof thelarge crackgrowth in singlecrystalsu-
perallgy. Thehigh straingradientsatthe cracktip leadusto usea generalizedontinuum
theoryonthelocalizeddeformatiorpatternsn thisanisotropianaterial. After areview of
recentpublicatiors aboutlarge cracksin monocrystaline materialsthe constituive equa-
tions of the generalizecdcontinuummodelis briefly recalled. Thencalculationsof some
representatie crackconfigurationsvith thismodelarepresentedTheresultscharacterize
themodificationof thestrainlocalisationbandgistribution. Moreover someexplanatiors
of crackbranchingafter stablecrackgrowth aregiven. Finally someencouragingxperi-
mentalresultsaregivenin thelastsection.
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Part I
Constitutive model for singlecrystals at
small deformation

1 Intr odudion

The high costof mechanicalestirg on structureseedsto promotethe developmentof
efficientnumericaltechniguesndmethodsIndeednowvadaysalot of efforts aremadeto
have high performanceumericalools. In particularlyit is essentiato designanaccurate
andpredictve modelfor the materialsusedin turbinebladesundersevere conditions of
thermomechanicdbadings Nickel-basesingle crystalsuperallys presenthe required
propertiedo resistcreepat high temperaturendthereforeto increasehelifetime of the
components Unfortunatelytheir specificmicrostructue leadsto a complex behaiour.
For thatreason,a lot of modelshave beendeveloped for single crystalsduring the last
twenty years. In this sectionwe give a review of the mostrepresentatie and we will
presenthe modelusedin our work. The mainpropertieghatwe seek for amodelwhich
hasto beusedto performstructuralcalculationscanbe sumnarizedasfollows:

e The modelmusthave predictive capabilitiesfor a volumeelementandfor a com-
ponentwhich hasa nonhomogneousstateof stressandstrainunderuniaxialand
multiaxial loadingconditions.

e Thetime of computatiormustberelatively low in orderto stayin theframework of
industial applications

¢ A reducednumberof materialparametersnustdefinethe modelfor a given tem-
peratureandmustbe easyto calibrate.

Viscoplastt modelsfor cubic single crystalsbasedon Hill’ s criterion can be used
for onedimen®nal cyclic loadings[NouailhasandFreed,1997. The reducednumber
of statevariableis an advantagefor F.E. computatims. But this type of modelis a lit-
tle simgistic: for instance,it doesnot take into accountthe experimentalobsenrations
madeon tubular specimensindertorsioral loading, which presentinhomogeneousle-
formation along the circumferencelNouailhasetal.,1995]. Moreover the application
of the Schmidlaw shaws that the strainand stressdistribution cannotbe homogeneous
[NouailhasandCailletaud,1995.

On the other hand, a similar class of models basedon a tensorial generaliza-
tion of a uniaxial non-linear rheological model allows to determine the creep
behaior of structural elementsin single crystals [BertramandOlschevski, 1991,
[BertramandOlscheavski, 1996].

At the scaleof the precipitatetherauthorsperformedfinite elementcalculationsof
two-phaseperiodiccellsin orderto give a descriptionof the internalstressesindstrains
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in themicrostructurdEspie, 1994, [NouailhasandLhuillier, 1997, [Bussoetal., 1999.
For eachphasea phenomenalgical constittive behaior hasbeencalibrated.

From a representatie two-phasecell one can also obtain the constiutive equa-
tions of the homogeneousequivaent medium with the self-consistnt scheme
[ForestandPilvin, 1994.

At alower scalethe micromechanicahpproachemodelthe elementarymechanisms
[Fengetal., 1996] hastaken into accountresidualstressesdirection-dependentttice
parametersnd lattice misfits in the y phasein a finite element-modeiihg of a tensile
creep-deformedhonocrystaihe nickel-basesuperally SRR99.

From an analysisof the main deformationmechanismsvith the explicit introductionof
the dislocation networks [Fedelich,1999 hasdesigneda constitutve modelfor the me-
chanicalbehaior at high temperaturesf superallys with a high volume fraction of y/
phase.This analysisallowsto give clearphysdcal interpretation®f theinternalvariables
usedby themodel.Neverthelesshelarge numberof internalvariablescouldbe anobsta-
cle for finite elementstructuralanalyses.

An intermediatevay betweemmicromechanicahpproacheandthemacroscopighe-
nomenobgical onesis crystallographicslip theory This approachs known for a long
time [Taylor, 1938 Bui, 1969 Mandel,197]. On the otherhand, it is now moreand
moreefficient, dueto the developmentof the computergstartingwith [J. Asaro,1983).
Ourapproachs basedn aversionof thesemodelsdevelopedat EcoledesMinesdeParis
[Cailletaud,1987 Forest,1994.

Many papersanbefoundonthemodelingof Nickel Basesinglecrystals for instance
PWA 1480athightemperatur¢Walker andJordan 1989, [Nissley etal.,1993. A good
agreemens generallyfound betweenmodeland experimentfor the uniaxial hyseresis
loops if oneintroduceshothoctahedrandcubicslip in themodelling.

The modelwe usein this work was developedin a previous thesis,using constitu-
tive equationsvhichinvolve bothkinematicandisotropichardeningM éric etal., 19914.
The equationsare written at the scaleof the crystallographicstructure. The simdic-
ity of this approachandthe relatively small numberof variablesto integrateallow the
modelto be implementedin a finite elementcode[Méricetal.,19918. Moreover due
to its physical basisit can be also successfullyapplied for biaxial loadings. Good
agreementsvere found in the caseof tensionand torsionloadingsfor the nickel base
single crystal superally CMSX2 at high andlow temperaturgNouailhasetal., 1995,
[NouailhasandCailletaud, 1999, for AM1 [Hanriot,1993 Espg, 199 and more re-
centlyfor SC16[Forestetal., 1994.

In the next sectionwe give the principal constituive equationf this modelwritten
at small deformations Thenwe proposea parametesetfor the single crystal SC16at
low andhigh temperaturesfter anidentificationfrom a large experimentaldatabaseof
uniaxialtestson bulk smoothspecimens.
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2 Presenation of a crystallographic model

Dueto the cubicsymmetryof the FCC materialthe relationbetweerthe stresgensor g,
andthe elasticstraintensor €%, is determinedby threeindependentonstant<,,,;, C,,,
andC,,,, of the elasticitytensorg

£° 1)
with the partitionof the mechanicastraininto anelasticanda plasticpart

Q
20)

e=¢"+¢l. )

14s2)

For single crystalsthe viscophstic deformationresultsfrom the effects of dislocation
motion on crystallogaphicplanesby slip processes:

=3y (Pon+rol) @

g=1

wherel? and n?® respectiely are the slip direction and the normalto the slip plane of
slip systemg which definethe symnmnetric secondordertensor As at roomtemperature
[Hanriotetal., 1991, [Forestetal., 1994, we considerbothoctahedra(12 {111}(110))
andcubic (6 {100} (011)) slip systemsat hightemperaturgWalker andJordan,1989].
Theflow ruleis

o= (200 signe ), @

theisotropichardeninguleis givenby
rg:ro—i-qZHgf(l—e*b‘/) with v = |y, (5)

andthe kinematichardenings governedby the equation,valid with the isothermalas-
sumpion:
X

56 = o] (c sign(ye) — d ) — (v) Signoe). ©)

We calltotal cumulatedslip in aslip family G thequantiy Y v, wherev isthecumulated

gEeG

slip of theslip systenyg.
Theresohedshearstresss obtainedfor eachsystemg by theclassicalSchmidlaw

1
v=sPen+n’el):g. (7)

The materialhasan elasticbehaiour with cubic symmetryuntil the differencebetween
the resoled shearstresst® andthe kinematc hardeningvariablex® reacheshe critical
shearstress® of the slip systemg. Theinteractionmatrix H9" allows to take into account
the self hardeningandthe crosshardeningoetweenhe differentsystems An additioral
termhasbeenintroducedn thekinematichardenindaw in orderto accounfor the effect
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of the staticrecovery presentat high temperature.This term dependson two material
parameter$! andn.

Themodelis implemenedin thefinite elemenfprogramZéBuLoN[M éricetal., 19914,
[Bessoretal., 1999, [BessonandFoerch,1999.
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3 Identifi cation of the model for SC16at different tem-
peratures

3.1 Presentationof the material

The efficiengy of gasturbinesfor power generatiorreliesin part on temperatureesis-
tanceof turbine bladeandvanematerials. The composigé structureandthe absenceof
grain boundariesallow the single crystalto have bettercreep-atigueresistancehanits
conventionally castpolycrystallne counterparts.

Fig. 1 shavs a typical morpholoy of SC16Y precipitates.The non homogeneousi-
crostructurds obtainedafter heattreatmentseetable 6, and consiss of 35 % cuboidal
Y particleswith a meanedgelengthof 450 nm andabout5 % sphericalparticleswith a
meandiameterof 80 nm[Jiaoetal., 1994.

The chemicalcomposiion of thealloy is givenin table7. The singlecrystaldevelopsa
simple unidirectioral dendriticstructureandalsoexhibits significantinterdendriic poros-
ity. The initial orientationof eachspecimenwas checled by the Laue back-reflection
X-ray technigueandare givenin the standardriangle of the stereographicgbrojection
in the appendixA (Figs. 98, 99 and100)in the standardriangle of the stereographical
projection.

Figure 1. Microstructureof SC16afterheattreatmentat 950°C.
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3.2 Methodologyand results
3.2.1 Elasticity constants

Two techniquesanbeusedo determingheelasticconstant®f singlecrystallinesuperal-
loys [Olschewvski, 1997. A methodbasedon resonanceneasurementsllows to identify

dynamc or adiabaticelasticites[Han,1995. The alternatve methodis to obtainwith

tensik andtorsionteststhe staticor isothermalelasticparametersHowever it hasbeen
assessethatthe differencesetweerboth setof constantsare neggligible if onestaysin

the framework of engineeringapplications [Olschevski, 1998 hasshavn how experi-
mentalerrorsandthe specimerorientationusedin the tensileandtorsiontestsinfluence
theaccurag of the cubicelasticconstants.

For a given temperaturédwo monotaic tensiontestsin differentdirectionsandone
torsian testarerequiredto obtainthreelinearindependenéquationsn which the elastic
constantsarethe unknavns. At 650 and 950°C we followed the static methodbecause
onetorsionteston tubular specimenwas available. Unfortunatelyit was not the case
for 850°C andanapproximatesolution hasbeenfoundat thistemperaturdrom aninitial
setof constantgivenin the literature[Han, 1995] for anothemickel basesingle crystal
superally SRR99.At roomtemperatureve have takenthe parameteralreadygiven by
[Forest, 1999 for the samematerial. Table 1 summarizeshe valuesof elasticconstants
atvarioustemperaturesisedin thiswork.

3.2.2 Calibration of the viscoplastt constantsat low and high temperature

From a large experimentaldatabase(testsperformedat the BAM for differentorienta-
tions strainratesandstrainrangesye calibratedheviscosiy (k, n), thehardeningparam-
etergq(c,d, r,, g, b) andtheconstant®f thestaticrecovery (M, n) for eachslip systenfamily
with aclassicatechniqueof numericaloptimizationprocesgCailletaudandPilvin, 1993
appliedto avolumeelementf the crystallinematerial.

Theidentificationis first performedon onehandon [001] specimenspn the otherhand
on[111] specimenssincethey respectiely producepureoctahedrahndpredominantu-
bic slip. The materialparametergsanbe determinedndependenthfor eachfamily. The
othertestsarethenintroduced,andfinally the whole databaseis includedfor polishirg
theidentificationprocedure.

Previousstudie§Poubannel1989]have shavn thatthe mostpertinentinteractionma-
trix is adiagonal Anyway, only alow cyclic softenings generallypresenin thematerial,
sothatthe correspondingermsgenerallyremainsnegligible. The comparisorbetween
experimenal resultsandthe correspondingrumericalsimuationsis given Figs. 2 to 10.
For the Low-Cycle Fatiguetestswe have plottedthe experimentaland simulatedvalues
for theinitial andthe stabilizedloops.

For 20°C, only monotorc tensiontestswereavailable. At thesdow temperaturethe
influenceof strainrateis negligible, seefor examplethetestsfor 1072 s~ and10-3s?!
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of a (001) specimerin Fig. 2. Thusthe parametesetof eachslip systemfamily canbe
identifiedindependenyl from the testsperformedwith a strainrateof 10~2 s~1 andwith
specimensvhich are (001) and (111) oriented. At 20°Ctheidentificationis satisfying
seeFig. 2, whereasat650°C theinitial isotrop hardeningpf thecubicslip systermfamily
is alittle toolow to describeaccuratelythe experimenal values seeFig. 3 (right). Indeed
we cannotincreasethis radiusif we wanta good descriptionof the global curve shear
stress-sheastrain of a monotoric torsionteston a (001) tubular specimenseeFig. 4.
Theaxisof the specimercoincidesapproximagly with the crystallographi@xis[001] of
the crystal. Only cubicslip systemsareactivatedaccordingto the modelandfour zones
of concentratiorof the equialentinelasticstrainare expectedalongthe circumference
andoppositeto the secondarycrystallographidirections[100] and[010]. The contour
plot of thetotal cumulatedslip of the cubicslip systemin the crosssectionof thetubular
specimershaws thatthe soft zonesthe blackoneson the Fig. 4, arealittle rotatedfrom
the ideal position sincethe deviation of the single crystalhasbeentakeninto account.
Localmeasurementsf similar testsatroomtemperaturéave confirmedsuchinhonoge-
neousstrainandstresddistribution alongthe circumferenceof the tubefor singlecrystal
superally [Forestetal., 1994.

An analysisof themonobnicandcyclic behaiour of SC16smoothspecimensthigh
temperaturesuchas850and950°C, shaws the necessityto take into accountthe local
kinematc hardeningandtheviscosiy. Theseobsenatiors confirmthe onesalreadydone
for othersinglecrystalnickel basesuperallgs [M éric etal., 1991a],[Hanriot, 1993.

At 850°Ctwo cyclic testsfor the orientation(001), the samestrainrate 10 3 s ! but a
differentstrainrange,allow usto determinethe kinematichardeningfor the octahedral
slip system,seeFig. 6. The calibrationis goodfor the small strainrange(1.2%) and
acceptabldor alarger strainrange(2%). The agreemenbetweerthe simuation andthe
experimentof thetensiontestsis notasgoodasfor 20°C dueto thelargernumberof tests,
seeFig. 5. Notetheimportantviscosiy of the materialat thistemperature.

At 950°C we have extendedthe experimentaldatabaseto creeptests.Thereforewe have
thelargestexperimenal databasewith 18tests.Five tensiontestsfor differentstrainrates
have allowedto proposean acceptablgparametersetfor the viscosiy of the octahedral
slip systemfamily, seeFig. 7. In additionto the isotrgpic andkinematichardeningpa-
rameterof thecubicone,the parametersharacterizingiscosiy areobtainedrom three
LCF tests,givenFig. 8, with specimensvhich are (011) and(111) oriented.The agree-
mentis goodfor theorientation(001) andthe simulationis notfar from the experimenal
valuesfor (011) and(111). Fromthe creepteststestsgivenFig. 9, 10 the constantf
the staticrecovery have beencalibratedfor bothslip systemfamily. Only onecreeptest
(R1604113rom Fig. 10) for the orientation(111) is not correctlysimulated.

The viscoplastt constantof SC16at differenttemperaturegare givenin tables2, 3, 4
and5. Dueto the ngyligible viscosty at low temperaturehe constank (respect.n) is
relatively low (respect.high) for 20 and650°C whereasn contrarya high (respectlow)
valueof k (respectn) characterizéheimportantviscosiy of the materialabove 850°C.
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4 Conclusion

From a large experimentaldatabaseof nickel basesuperally SC16we have calibrated
a crystallographs viscophstic modelat four characteristidcemperatureslnfortunately
becausef thelack of cyclic testsatlow temperatureve do nothave the parametersetof
the materialto simulatecyclic loadingat roomtemperatureOn the otherhandthe great
numtler of tension cyclic andcreeptestsidentifiedat 950°C provide arealisticsetof con-
stantdfor typical loadingconditians,suchasafull power operatioormodefor instancejn
anindugdrial gasturbine.

As far aswe are concernedwve only considerin the following the cyclic operating
modeof theturbineat this temperatureMoreover we will invegigatein the next section
how stresgaiserscouldaffectthelife of bladesunderisothermalloading.
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T C1111 C1212 C1122 E[001] G[001]
°C GPa GPa GPa GPa GPa

20 272 184 118 124 118
650 253 185 95 97 95
850 222 160 91 88 91
950 208 153 86 78 86

Table 1: Elasticity constant®f SC16.

Slip system k n ro Slip system Kk n ro
Family — MPal/" MPa Family — Mpal/" MPa

Octahedral 90 20 280 Octahedral 90 5.0 300
Cubic 50 15 400 Cubic 70 18 225

Table 2: Material constantsof SC16 at Table 3: Material constantsof SC16 at

20°C. 65C°C.
Slip system Kk n ro c d
Family  MPal/" MPa  MPa

Octahedral 889 5.0 8.8 200000 1536
Cubic 541 2.7 160 96660 4553

Table 4: Viscoplasticconstant®f SC16at850°C.

Slip system k n ro q b c d M m
Family ~ MPa'/" MPa MPa MPa (Mpa™1g) Y™

Octahedral 700 4.7 4.6 3.9 3.7 96536 1050 3.0107 4.9
Cubic 1172 24 173 -4.4 2.7 77081 1056 1.210’ 9.9

Table 5: Viscoplasticconstant®f SC16at 950°C.
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Figure 6: Simulatedand experimenal Low-Cycle Fatiguetestson SC16 smooh bulk

specimenst850°C (e exp, — sim).

Time(h) T(°C) Environment

3 1260 vacuum
4 1100 vacuum
24 850 air

Table 6: Heattreatmenbf SC16.

Cr Al Ti Ta Mo Fe C Ni
MassFraction(%) 154 3.5 35 3.6 2.8 0.3 <0.005 balance

Table 7: Chemicalcompogion of SC16.
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Part Il

Analysis of Low-Cycle Fatigue at
notchesin a singlecrystal superalloy at
high temperature

1 Intr odudion

The aim of the work coveredby this chapteris to develop assessmentsolsfor the life
predictionof uncoatedingle crystalsuperally structuralicomponentsuchasgasturbine
bladesoperatingunderfatigueloadingconditions.

In particulargasturbinebladesare subjectedo severeandcomplex thermalloading
conditions which have beenincreasedheselast yearsin orderto raisethe turbineinlet
temperatureThusit wasnecessargn onehandto introduce advancedmaterialwith high
temperaturecapabilityandin the otherhandto designefficient cooling air channelso
reducethe effectsof thermalgradienttowardthewall of the blade,seeFig. 11. Unfortu-
natelythesechannelxreatestressraisersandespeciallytheir intersectionwith the outer
or innersurfacesof the componentindeedsuchregionsleadoftento fatiguecrackiniti-
atingdueto highlocalizationof cyclic plasticity Moreover thepresenc®f notchesn the
componenteadsto threeprincipaleffects:

e A highstressconcentration.
e A stresgyradientbehindthe notch.

e A tridimensioal stateof stress.

From engineeringdesign practice point of view lifetime prediction of gas tur-
bine hot sectioncomponentsare still basedon thermo-elasticfinite elementanalysis
[Satoetal., 1985],[GuédouandHonnorat,1993. Inelasticcalculationsof hightempera-
turecomponentsirevery exceptionabecaus®f highcomputatbnalcostsanddifficulties
relatedto the identificationof viscoelasticconstititive models. A life predictionproce-
durebasedntheNeubersrule hasbeensuccessfulljusedfor isotropichigh-temperature
alloys [ChaudonnereandChabochel986. The local inelasticbehaiour of the most
critical part of the structureis assessettom the elasticstress-straistateby usingNeu-
ber’s hyperbolaNeuber 1961. Thenthermalfatigueis predictedby usingthe assessed
localinelasticstrainandcorrespondinghermalfatiguedata.Finally thepredictionis con-
firmedthrougha comparisorwith experimenal data.

For multiaxial stateof stresgheresultsarestill acceptablé oneuseghesecondnvariant
of the stressandstraintensordeviator [Chaudonneret1994. A similar methodbasedon
anenepetic approachyivesan acceptablepproximatesoluion for cyclic aswell asfor
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creeploading[MoftakharandGlinka, 1992].

The samelifetime assessmemtile basedon the classicalNeubers law hasbeenap-
plied for low cycle fatigueon nickel baseSC16single crystal superally at high tem-
perature[Bischoff-Beiermann200d. Unfortunatelythe crackinitiation life of sucha
structuralengineeringnaterialis very conserative.

As faraswe areconcernedve only try to assesshe crackinitiation life in theframeawvork
of low cyclesfatigueloadingat a relatively high strainrateandhigh temperaturdor the
samealloy [Boubidi andSievert,200J. Thusoxidation, corrosionanderosionphenom-
enahave beennegglectedn thiswork, but they have to betakeninto accountatlower strain
rates[Gallerneau,1995 Fleury, 1991].

| will proposen the next sectiongwo methoddor the lifetime modeling. Thefirst one
is basedon the anisotrgic behaior of single crystalwhich shouldinfluencethe crack
initiation mechanismThe secondoneintroducesa statistcal approactdependingnthe
defectddistribution responsibldor thefailure.

This analysisof low cycle fatigueat notchesin single crystalsis experimentaland
numerical. In additionto a considerabladatabaseavailablein a previous gasturbine
projectat the BAM [Wedelletal., 1999 for the single crystallinemodelmaterial SC16
especiallyat 950°C, severaltestson notchedspecimensave beencarriedout.

The results,presentedn the next section,confirm the physicalbasesassumedn our
lifetime assessmemtilesandallow to valid thesenumericattools.

2 Low-Cycle Fatiguetestson SC16notched specinens

2.1 Material and experimental procedue

Threecastrodssamplesn SC16(seethe Section3.1in the previous partfor the charac-
teristicsof thealloy) wereprovidedby ThyssenGussAG (testsl, 2 and3, seein table8),

whereaghe otherswerecastby HowmetLtd. In orderto checkif thetwo alloys have the
samebehaior, at leastin Low-cycle Fatigue,we have performedseveral uniaxial LCF

testswith zeromeanstrainon SC16(provided by Howme? bulk smoothspecimengor

the orientations001), (011) and(111). Thenwe have putthe experimentalaluesin the
fatiguediagramobtainedfrom the materialof Thyssenn the sameconditiors of testirg,

seeFig. 12. Finally we have obsered no differencebetweenthe LCF behaior of the
single crystalSC160f eachsuppler.

Theexactorientationof therodsgivenby the manugcturersvaschecledby standard
X-ray diffraction techniqueafter machiningandelectropolishmg the specimens Figure
in AppendixB shaws thattherealorientationof eachspecimenss notfar from theideal
one,exceptfor one“(011)” orientedspecimen.Thedeviationis never higherthan5° for
the specimensrientednear(001).
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In orderto studythe effect of the stressconcentratioron low cycle fatiguefor single
crystalswe chosehegeometryof thenotchedspecimergivenFig. 13in accordancevith
the ASTM norm.

Theroot of the V-shapecdhotchhadthreedifferentradii, 0.2 mm, 0.5 mmandl1l mm, see
Fig. 13. They allow usto estimag theinfluenceof multiaxial proportionalloadingon fa-
tigue behaiour. Moreover thelastoneis of the orderof magnitule of the notchedradius
of theturbinebladeair cooling channeldBischoff-BeiermanmB., 1999. This geometry
allows usto have a stress-concentratidiactorbetweer?.1and2.6.

A prior measureat roomtemperaturef the neggligible bendingtorqueallows to en-
surethat the axis of loading coincideswith the centerline of the specimen.A picture
of thetestingequipmenis given in Fig. 14. A threezoneAC furnacehasbeenusedto
controlthe homayeneougemperaturalongthe axis of the specimen.At 950°C, in air,
constantstrainamplitude fatiguetestswith zeromeanstrainwere performed. The dis-
placementeasuredy the extensoneterwith a 21.5mm gaugelengthover the notches
was +0.3225 mm, which correspondgo a “global strainampliude” of +£0.15%. The
strainratewas10 3 s 1 for all thetests.

Usually we definethe fatiguelife N asthe numberof cyclesshaving a 5% stress
dropin load with respecto decreasingegressionstraight-inesincluding pointsbehind
saturation(seetable8).

Exceptfor the test2, which was performeduntil ruptureand an interruptedone, test5,
we stoppedthe testsafter 10% stressdrop in tension. Somephotomcrographsof the
surfaceof thesespecimensveretaken. Thenthespecimensestedagainto failureatroom
temperature.

Somemicrograph<f their rupturesurfaceweretakenin orderto characterizehe crack
initiation and crack gronth mechanisms.The test5 was interruptedafter successiely
54, 236 and 406 cycles. We examinedthe surfaceof the notchwith scanningelectron
microscopeaftereachinterruptionto detecta crack. Thistestis particularlyinterestirg to
quantifythe cracklengthanddepthat the notchwhich produceghe stressdrop.

2.2 Experimental results
2.2.1 Metallographic obsewations

Thefractographimbsenationsof near(001) notchedspecimengFigs. 15,16,17)with a
scanningelectronmicroscopd SEM) showv two maincracks perpendiculato the external
load, but indeedthey arosenot directly at the notchroot, insteadthey areshifteda little
away from there.Figure16 shonvsthateachmaincrackonthesurfacegrows notperfectly
straight. Thusit is reasonabléo assumehatcracksinitiateor growth in a scattetbandof
about400um accordingto Fig. 24 which is the larger value afterthe investgationof the
wholecircumference.

For near(011) orientedspecimerthe main crackseemgo be concentratedt the notch
root, seeFig. 19. On onefaceof the (111) orientedspecimenseeFig. 20 above, the
main crackis perfectlyat the notchroot. On the otherhanda crackoccursa little above
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this one,seeFig. 20 belonv. Onecanobsenre, especiallyin the caseof the tests3 and4

an oxidisedlayer which is commony metfor singlecrystalsat high temperatureon air

[DefresneandRémy, 1990],[M tick, 1997.

The “squareshape”of the crackfront (Figs. 21, 22) allows usto assumehatthe cracks
do not grow isotropicallyin the depth. Moreover the maximun crackdepthseemso be

closeto thesecondargrystallographi@xis[010].

Theinterruptedtest5 gives moreinformatian aboutthe crackingmechanisnandthe
crackdepthwhich correspondso the numberof cyclesto failure of our criterion of the
(001) notchedspecimensFig. 25 shavs thattheinterruptiors do notinfluencetoo much
the evolution of the maximum axial forcein comparisorwith thereference.
Onecanclearlyseein Fig. 26 thedarkzonesnearthe surfacerupturewhich arethecrack
depthsafter eachinterruption. Moreover we have dravn the secondarycrystallographic
axison the micrographof the surfacerupture.Unfortunatelyno preciseconclusioncould
be dravn aboutthe correlationbetweerthe positionof the crackinitiationalongthe cir-
cumferencef the specimerandthe orientationof the crystal.

Accordingto Figs. 23, 27, 18, 28 and 29 andas alreadyobsenred for suchsinglecrys-
tal nickel basesuperallys which containsa low quantity of carbonand for this rela-
tively low strainrate, the cracksstartfrom the castingporeslocalisednearthe surface
([DefresneandRémy; 1990],[Defresne 1989, [Fleury, 1997).

In Fig. 29 we obsenre a hole nearthe surfacebut it is not possibleto know if it is really
aninitiationsite. Notethe smallporewith approximatelya meandiameterequalto 10pm
left to this holeandnearthe surface.Thesituatio is clearerwith thelocal obsenation of
thevicinity of the surfacein the caseof the interruptedtest,seeFig. 27. We have in this
zonethreecrackinitiationsitesnearthe surface.Moreover we canmeasurdrom this pic-
tureacrackdepthof about0.4mmwhichis our characteristicrackdepthfor thelifetime
becausehe testhasbeenstoppednot far from the numberof cyclesto failure assessed
with the testL1610609,seetable 8. If we obsenre more preciselyeachcrackinitiation
site,seeFigs. 18,28 and29, it is reasonabl¢éo assumehatthe hole nearthe surfacewas
initially a poresinceits meansizeis about20um.

2.2.2 Fatiguelife results

A lot of axial straincontrolled LCF testsat hightemperaturesverealreadycarriedout at
the BAM on SC16smooh specimengWedelletal., 1996]. Despitethe relatively large
scatterthe fatiguediagramat 950°Cand10 2 s 1 strainrate,Fig. 46, shavs essentiajl

no dependencef the lifetime on the orientationof the single crystal at the sametotal
stresgange.Betweenthe dotedlinesthe numberof cyclesto failure areunderafactor3
in comparisorwith the correspondingalueof the line obtainedafter fitting. Of course,
the stressedtself arisein dependencen the crystalorientation. The sameobsenatiorns
have beenmadefor AM1 singlecrystalsuperally by [Fleury, 1991]. For exampk, atthe
sameotalstrainrange thelifetime is lowerfor near(011) orientationthanfor near(001)

orientatian, but the stressrangeis higherat (011), seeFig. 8. Thus,we obtainwithin a
scattetbanda very simple assessmenntile, seeFig. 46. It is notevorthy thattheinelastic
strainrangeincrease$oo, at (011) orientationdueto the higherelasticstiffness(Young's
moduus) in this direction.
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Thenumberof cyclesto failure of the notchedspecimensregivenin table8. The maxi-

mum equiaent Misesstresgangeat the notchis calculatedoy FE methodfor the stabi-
lized cycle.
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Figure 11: Notcheffectsdueto the presencef thecoolingair channelsn turbineblades.
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Figure 12: Fatiguediagramof SC160n bulk smoothspecimengor differentorientations
at950°C. Theline is fitted to the dataof the materialprovided by Thys®n,
whereaghe symbosk arethe valuesobtainedfrom the single crystal castby
Howmet.

Spec. Test Notchedradius(mm) Orientation AO0O.s(MPa) Nj

1 L1604424 0.2 (001) 1508 120
2 11604423 0.2 (001) 1508 127
3 L16018L5 0.2 (001) 1508 131
4 11610609 1.0 (001) 966 583
5  L1610617 1.0 (001) 966 o

6  L1610603 1.0 (011) 1286 120
7 L1610604 1.0 (011) 1286 120
8 11610623 1.0 (111) 1154 80
9  L1610624 1.0 (111) 1154 75

Table 8: LCFtestson SC16circumferentiallynotchedoundspecimenat950°C. AOCy s
denoteghe maximum Misesstresgangein thenotchfor thestabilzedcycle. ®
interruptedest.
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Figure 14: Testingequipmenbf the LCF testsat hightemperature.
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I« 500 Cm >l

200 Cm -

Figure 15: Notchof the (001) SC16specimer8 with 0.2 mm notchradiusafterN = 250
cyclesat950°C.
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Figure 16: Notch of the (001) SC16specimer4 with 1 mm notchradiusafterN = 810
cyclesat950°C.
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Figure 17: Notch of the (001) SC16specimerb with 1 mm notchradiusafter N = 560
cyclesat950°C.
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Figure 18: Notch of the (001) SC16specimerb with 1 mm notchradiusafter N = 560
cyclesat950°C.
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Figure 19: Notch of the (011) SC16specimert with 1 mm notchradiusafter N = 165
cyclesat950°C. Theviews correspondo two differentposiions.
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Figure 20: Two oppositefacesof the (111) SC16notchedspecimer8 with 1 mm notch
radiusafterN = 128cyclesat 950°C.
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[100]

[010]

Figure 21: Fracturesurfaceof the (001) SC16specimeri with 0.2mmnotchradiusafter
N = 275cyclesat 950°C

[010]

[100]

Figure 22: Fracturesurfaceof the (001) SC16specimerd with 1 mm notchradiusafter
N =810cyclesat950°C.
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Figure 23: Fracturesurfaceof the (001) SC16specimeri with 0.2mm notchradiusafter
N = 275cyclesat 950°C.
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Figure 24: Notch of the (001) SC16specimer4 with 1 mm notchradiusafter N = 810
cyclesat950°C.
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Figure 25: Maximum axial force versusthe numberof cyclesof LCF testson notched
(001) orientedspecimens.
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Figure 26: Fracturesurfaceof the (001) SC16specimerb with 1 mm notchradiusafter
N =560cyclesat 950°C.
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Figure 27: Fracturesurfaceof the (001) SC16specimerb with 1 mm notchradiusafter
N =560cyclesat 950°C.
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Figure 28: Fracturesurfaceof the (001) SC16specimerb with 1 mm notchradiusafter
N =560cyclesat 950°C.

Figure 29: Fracturesurfaceof the (001) SC16specimerb with 1 mm notchradiusafter
N =560cyclesat 950°C.
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3 Model predictions and comparison with the experi-
mental results

In this sectionwe will proposea physcally relevant variable for the damageof our

anisotropt materialunderlow-cycle fatigueat high temperaturesThe previous exper

imental obsenationsconcerningthe crack location at the notchlead to choosea local

approacHor thecrackinitiation. Moreover it is absolutelynecessaryo take into account
theanisotropidbehaior of thesinglecrystaltoo.

Thusnumericalsimulationswith the crystallinemodelof thesel CF testson notched
specimensvill bepresentedirstin orderto confirmsuchexpectednhomogeneoustrain
andstresddistribution at the notch. Thenwe will proposea simgde lifetime assessment
rule for nickel basesingle crystalsuperally basedon a deterministt approach.Finally
analternatve methodbasedon a statisticalapproactwill be explainedin thethird part.

3.1 Viscoplasticstrain-stressbehaviour at notches
3.1.1 Conditions of the FE analysis

We givein this sectionthe resultsof the calculationdor two geometriesandthreeorien-
tationsof the specimen:(001), (011) and(111). In orderto investgatethe influenceof
sucha geometryon the stress-strairstateandon the fatiguelife of the singlecrystalwe
have computeda notchedspecimerwith two radii: 0.2mmandl mm.

Finite elementcalculationshave beenperformedfor the singlecrystalideally orientedto
reducethe size of the problem. It is particularly the casefor our LCF testsspecimens
which deviatesfrom the [001] crystallographiaxis of about5°, seeappendixB. More-
over, dueto the cubicsymnetry, we only needto meshoneeighthof the structurewhich
is the length of the extensoneter seeFig. 30. The meshof the 0.2 mm notchedradius
specimerhas642isoparametri@andquadraticelements.The numberof degreesof free-
domis 9384 with the appropriatedboundaryconditiors. The meshof the 1 mm notched
radius specimenhas 690 quadraticelementsand the numberof degreesof freedomis
9816.

The LCF testshave beencarriedout with displacementontrolandwe prescribedn the
calculationghedisplacemenattheendof thestructuren orderto accounfor theexperi-
mentalvalueatthelocationof theextensometera displacemenamplitudeof +£0.016125
mm for thegaugelength,andaloadingrateof 10 3 s 1.

The materialconstantof SCl16at 950°C previously calibratedin the first part (section
3.2.2)hasbeenusedin thisfinite elementanalysis seetableb.

3.1.2 Results

Calculationsof torsionaly loadedtubular specimensave shovn the inhomogeneity of
theviscoplasticstrainalongthecircumferencgM éric etal., 19911. Morerecentlyatthe
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BAM it was confirmedwith experimentalresultsand even for tension-torsin teststhe
goodagreemenbetweerthe FE modelandthe local measurementat roomtemperature
[Forestetal., 1994.

Dueto the comple stateof stresdn thenotcha similar inhomogeneityof the strainfield
is expectedat the notchaccordingto the model.

Unfortunatelyit is impossible to use the samelocal measurementlue to the high
temperatureand the geometry However we have comparedthe position of the crack
locationin the notchwith the oneof thetotal cumulatedslip distribution.

From that point of view the (001) orientednotchedspecimens distinguishedfrom the
others.

Specimer{001) oriented:

Contraryto the resultsof a tensiontestof a (001) single crystalsmoothspecimenthe
presencef the notchactivatesbothslip systemfamilies,seeFigs. 31 and32. Thetotal
cumulatedslip computedrom cubicslip is higherthanthe onecomingfrom the octahe-
dralslip.

Moreover cubicslipis notlocatedexactly atthenotchrootinsteadt is shiftedalittle awvay
from there. The total cumulatedcubic slip is maximumin the plane{010} but a precise
evaluationof its variationalongthecircumferences not possilbe from this contourplot. |
have plottedthe cumulatedslip alongtwo differentlinesonthesurface,seeFig. 35. Thus
we deducefrom thesecurvesthe weakvariation of the total cumulatedslip for the cubic
slip systemsalongthe circumference.

Fromtheanalysiof themicrographatthenotchesascattebandfor eachmaincracks
on the surfacecan be definedfor two geometriesseeFigs. 38 and 39, exceptfor the
specimerof theinterruptedest. We have assessednaverageof thedistancebetweerthe
main cracksdespitetherelative precisionof sucha measurementMoreover the distance
betweerthe maximum cubiccumulatedslip locatedatthe notchhasbeencalculated.The
agreemenbetweerthemaincrackslocationandtheposiion of themaximumtotalslip is
acceptabléf we take into accountheinaccurag of themeasurements.

Specimer{011) oriented:

Fig. 33 shavsthatbothslip systenfamiliesareactivatedin thenotch.

The highervalueis reachedy the cubic slip systemfamily. In orderto know whereits
maximum alongthe circumferencaes, which is not clearfrom the contourplots we have
plotted the total cumulatedcubic slip alongthreecharacteristidines, seeFig. 36. The
maximum is reachedat the notchedrootin the crystallographiglane{100}. Note how-
everthatthecubicslipis high (1 %) in the {011} planetoo.

Figs. 41 and42 show thatthe locationsof the cracksis consistentwvith the zoneof
high total cumulatectubicslip atthe notchedroot.

Specimer{111) oriented:
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The octahedraklip is negligible in comparisorwith the cubic onein the notch,see
Fig. 34. Moreover thecubicslip is moreconcentrateat the notchroot thanfor the (011)
notchedspecimenThecurvesplottedin Fig. 34 confirmthis situation.

Figs. 43 and44 illustratethat the total maximumcumulatedslip andthe main crack
arelocatedatthesamearea.

Summary:

If we considerthe maximumtotal slip asarelevantvariablefor the crackinitiationat
thesurfacein thenotchandif wetake into accounthescatteattachedo theexperimenal
definitionof thelocationof thecrack,theexperimentaresultsarein goodagreementvith
theFE analyses.

For the (001) notchedspecimentwo symrmetric main crackscanbe obsened. They are
not locatedat the notchroot, whereascracksinitiate at the notchroot for the orientation
(011) and(111).

For the(001) orientedspecimenthetotal cumulatedslip of thecubicslip systensis quasi-
homogeneasialongthe circumferenceThusthecrackinitiationshouldbedeterminedy
the statistcal distribution of the poresalongthe circumferencen the areaof maximum
total cumulatedslip.
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Y = [010]

Z= [OOIJ\L
X =[100]
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Z= [OOQ
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Figure 30: Meshesof one eighth of the notchedspecimendor 0.2 mm (above) and 1
mm (below) notchradius. The axes(X;Y;Z) correspondo a (001) oriented
specimen.
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In % In %
max value =1.14 % max value =0.25 %

Figure 31: Total cumulatedslip for the octahedraklip systemdor two notchradii (0.2
mm (left) and1 mm (right)) of a (001) specimen.

0.1 0.6 1.1 1.6 0.1 0.2 0.3 0.5
In% In %
max value =1.7 % max value = 0.6 %

Figure 32: Total cumulatedslip for the cubic slip systemdor two notchradii (0.2 mm
(left) and1 mm (right)) of a (001) specimen.
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0.10 0.20 0.30 0.50 0.10 0.30 0.60 0.90
n % in %
max value =0.52 % max value =1.97 %

Figure 33: Total cumulatedslipsof a (011) orientedspecimerandfor 1 mmnotchradius
(octahedra(left) andcubic(right)).

0.10 0.20 0.30 0.40 0.10 0.60 1.10 1.60
n % n %
max value =0.52 % max value =1.93 %

Figure 34: Total cumulatedslipsof a(111) orientedspecimerandfor Immnotchradius
(octahedra(left) andcubic(right)).
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Figure 35: Total cumulatedslip for eachslip systemfamily of the (001) orientedspec-
imenon two lines on the surfaceof the notch (radiusl mm). “[100] cubic”
denoteghetotal cumulatedslip of the cubicslip systens onthetheline, the
redone,in theplane{010}.
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Figure 36: Total cumulatedslip for eachslip systemfamily for the (011) specimerfor
the lines on the surfaceof the notch(radius1l mm)in threecrystallographic
planes {011}, {211} and{100}. For example thecurve “{011) Cubic” cor
respondgo the cubicslip ontheredline in theplane{011}. Thebluelineis
onthecrystallographigplane{211}.
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Figure 37: Total cumulatedslip for eachslip systemfamily for the (111) specimerfor
the lines on the surfaceof the notch(radius1 mm) in threecrystallogaphic
planes {121}, {211} and{101}. For example thecurve “(121) Cubic” cor-
respondgo the cubicslip ontheredline in theplane{121}. Theblueline is
onthecrystallographt plane{211}.
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Equivalent viscoplastic slip (cubic)
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Figure 38: Correlationbetweenthe locationof the maximumcumulatedslip and notch
cracking.(001) orientedspecimeri with 0.2mm notchradius.
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Figure 39: Correlationbetweerthe locationof the maximumcumulatedslip and notch
cracking.{(001) orientedspecimerd with 1 mm notchradius.
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Figure 40: Correlationbetweenthe locationof the maximum cumulatedslip andnotch
cracking.(001) orientedspecimerb with 1 mm notchradius.
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Figure 41: Correlationbetweernthe locationof the maximum cumulatedslip andnotch
cracking.(011) orientedspecimer6 with 1 mm notchradius.
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Figure 42: Correlationbetweernthe locationof the maximumcumulatedslip and notch
cracking.(011) orientedspecimer6 with 1 mm notchradius.
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Figure 43: Correlationbetweenthe locationof the maximumcumulatedslip and notch
cracking.(111) orientedspecimer8 with 1 mm notchradius.
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Figure 44: Correlationbetweernthe locationof the maximum cumulatedslip andnotch
cracking.(111) orientedspecimer8 with 1 mm notchradius.
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Figure 45: Resoledshearstressesalongthecircumferencef thel mmnotchradiusand
(001) orientedspecimenat the axial heightof maximuminelasticstrain of
oneslip family, i.e. of cubicslip. The angleof 0° correspondso the [100]
secondaryrystallographi@xis.
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3.2 A deterministic approachfor LCF at notches
3.2.1 Definition of a critical variable

The damageof crystalline materialsis influencedby intersectingslip systemsat the sur
face(Cottrell-Hull mechanisnCottrell andHull, 1957). Theresolvedshearstresseon
suchslip systemswhichrepresennotthefull stressstatebut arephysicalcomponentsf
it, arethemoreadequatéoadingquantitesfor a singlecrystal.

Thus,a possilthe choiceof critical variablefor damagas to take at the point of maximum
total cumulatedslip on the surface the value of the maximunresolvedshearstressfor
this slip family.

3.2.2 A 1-N fatigue diagram

In orderto designa fatiguediagramfor the resoled shearstresswe have simulatedall
the LCF testsgiven in Fig. 46 for a homogeneasivolume element. The calculations
give theirmaximumresohedshearstresgangestakenfrom the 18 valuesof thetwo slip
families(cubicandoctahedral)yersusthe numberof cyclesto failure,seeFig. 47. Thus
it is possble to draw a straigthline in this log-log representationlf we assumehatthe
scatterincludedin the “factor3” scatterbandlimited by the dottedlines, is acceptable,
this diagramis suitabk to assesshe lifetime of the point on the surfacewhich hasthe
highesttotal cumulatedslip.

For exampk, Fig. 45 shavs thatthe distribution of theresolhed shearstressor cubic
slip alongthe circumferenceof the 1 mm notchradius(001) orientedspecimerat the
loadingamplitudeof the first cycle whereSC16at 950°C is alreadycyclic saturatedes-
sentially The origin of the anglecorrespondso the point of the plane(100) andwhich
presentdhe maximumtotal cumulatedslip for cubicslip systemgFig. 35). The max-
imum resolhed shearstressrangeis 320 MPa in this area. It is not the highestresolhed
shearstressn thevicinity of thenotch. It is stronglydeterminedy the anisotropy of the
material.If weinsertthisvalueof thecritical variableandthe valueof thelifetime (id est
583cyclesfor thetest4, seetable8) in thisfatiguediagram the pointis within the scatter
band(seethesymbols in Fig. 47).

The assesselifetime at 0.2 mm notchradiusis lower thanthe experimentalbnewithin a
factorof 3 too, seethesyminl @ in Fig. 47.

Notethatthe simplemethodbasedon the Misesstressdoesnot work for thesetests:the
symbds areout of thescatterbandin Fig. 46.

As a result,the numberof cyclesto failure of the performedLCF testson notched
specimensare comparableo the lifetimes of smodh specimensat the samemaximum
resohedshearstresssalueat maximumtotal cumulatedslip.
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Figure 46: Experimentalfatigue life for different orientatiors dependingon the axial
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menwith 0.2and1 mm notchradiusareinserted.



Analysisof Low-Cycle Fatigueat notchesn a singlecrystal 71

T T T T T
00O e @O > D
ot Yol ol ol « il o
EENNNNI\N
Scg228 o
B R ixxszx 18
S B T 1 S
[~ = 2 2 2 23 1 —
g S8 =223 8 ]
B = 1
‘g.§§§§§§g '
R '
O ez 3oz y
%Béaaa
RS Z
S8 °
i S 8
= 13 =
- - . r—
: ] &
i | o
+=
L 1 n
b}
- ]
i ] | =
g >~
i - | @)
.'® . S
C w1 —
- QP_
i | ]
%O.gg
- 755 E
- om = g |
— o o 2
= .=
i Il ”oé—
wH g 3
| | | | | | | 2
— o o o o o o o o
< S S O S S o S Ye)
ol o0 N Yo <A ™M N N —
=
3

Figure 47: Experimentalfatiguelife for differentorientationsdependingon the maxi-
mum resohed shearstressrangesimulatedfor the single crystal superally
SC16 at uniaxial loading for differentchages (X,VM). The maximumre-
solvedshearstresgangeat maximum total cumulatedslip in the (001) speci-
menwith 0.2and1 mm notchradiusareinserted.
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3.3 A multiscale probabilistic failur e model

3.3.1 Intr oduction

For mary materials the failure processstartsdueto local defectsintroducingperturba-
tionsin the stress/strairiields, and giving rise to stresdevels unexpectedat the macro-
scopicscale.Thisis the casewhendefectsor poresarecreatedoy the materialprocessing
(ceramic,castmaterials)[Dennis,2000]. On the otherhand,the effect of thesedefects
differsaccordingto their relative posiion with respecto thefree surfaceof the material.
Thepresenmodelis designedo accountfor boththerealdistribution andlocationof the
defectan the specimenandfor theresultingstatisical aspect.The methodproposedan
be appliedto varioustypesof transformatiorfrom the macroscopicstressstateandthe
stresausedfor deriving the criterionandwith variousinitiation criteria.

3.3.2 General schemeof the method

The modelcanbe appliedin a post-processingafter a structuralcomputaton, if we ne-
glectthe coupling betweenstress-straimehaiour anddamage.For the versionsshovn

in the following, the input datais the macroscopicstresshistory Macroscopicstrainor

ary kind of macroscopiwariablemight alsobe used,dependingon the critical variables
of thelocal model.

(1) Thefirst stepis the evaluation of the transformedstresstensorg, trying to ap-
proacha variablebeingmorerepresentatie for the real physcal phenomenonknowing
the history of themacroscopistresa anda functiondescribingthe defectdistribution.

Defectsact as stressconcentratorsespeciallyin the vicinity of the surface,andthe
relationbetweerthe microscopicstressg arounda castingdefector poreandthe macro-
scopica obtainedby a classicalstructuralcalculationon anassumedlawlesscomponent
canbewritten:

r
o=A(5)m ®)
In the caseof classicalcontinwum mechanicsthe operatorA depend®ntheratior/d

(r=defectradius,d=distanceof the centreof the defectto thefree surface).Characteriza-
tion of suchanoperatorby Finite Elementcomputatbnswasthe objectie of a studyof
Pore-SurdcelnteractiondCailletaudandQuilici, 200Q.

(2) the stresso is thenusedin a local criterion, predictingeither abruptfailure or
initiation.
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In thefollowing, a simgde initiation modelof theform givenwill be considered:

Ao\ ™
M:(m) ©)

(3) It is now possibé to evaluatethetimetto failure (or initiation), allowing theuserto
estimateeitherthefailure probabilty of thecomponentor theprobabilityto reacha given
numberof cyclesto initiation during a fatigueloading (respectrely Pt or Ps(N;)). The
function usedfor that purposeinvolvesan integral on the volumeV of the component
andanintegral on the defectradiusr, measuringhe probabilty of having a critical size
(r > r¢) at the currentpoint, the volumefraction f(r) of defectof sizer beingknown
from experiment:

P = 1-e - [ ([7 i) avix] (10)

Using this equationis fully justfied whenthe wealestlink assumpbn is verified.
Thisis truefor brittle failure,andit will besupposedhatit remainsacceptablén thecase
of fatiguestartingfrom preeisting defects,whenthe defectvolume fractionis low, so
thatthereis no significantinteractionbetweerthe variousdefects.

Z(x)
T F
7 Free surface

Defect

2

macro
X
z
4% Y

Macroscopic scale Mesoscopic scale

Figure 48: Applicationof the multiscalemodelon a structuralcomponent.
Theinitiationmodel,Eq. (9), definingthemicroscopicstresdevel g _ giving initiation

in N; cycles,thedefectcritical sizer¢(N;, x) atapointwith coordinatex neededo perform
theintegrationin (10) canbederivedfrom equation(8):

%:§<i%>*“) (11)

whered(x) is thedistanceo the surfaceat coordinatex (seeFig. 48).
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3.3.3 Calibration of the material parameters

Thedefectvolume fraction:

Thedefectvolumefraction f,(r) integratedin equation(10) canbe obtainedrom exper
imentl dataof densitieof defectswith a given size(Fig. 49).

A Gaussiandistribution has beenchosento fit those microstructuralobsenratiors
(equation12, where\j is a reference volume, typically chosenequalto 1 mm?3, B, p

ando threefitting parameters).
2
r—g
( - ) ] 12)

Resultsof the parameterdentificationaresummarizedn Fig. 50.

B
fy(r) = \TOexp

Density
(um™)

Defect radius rim)

Figure 49: Densityof defectsexperimentaldata.

Themacro-micrarelationshp:

The Finite Elementcalculationsperformedin [CailletaudandQuilici, 2000] to study
porosit/-surfaceinteractionsaresummarizedn table9.

Theresultsaregivenfor traction/compresen loadings(loadingfactor(R=-1) applied
ondefectgeometriesvith severald/r ratios,atthepointsituatedcloseto the defectatthe
free surfacesidewheremaximumstresdevels areobtained.

The calculationgerformedunderrepeatedoadings (loadingfactorR=0) have shavn
thatafteranadequat@umberof cycles,meanstresgisappears themostcritical regions
undertheeffect of plasticflow, andthatthesamdocal stressamplituce is finally obtained
under(0,+Z%) and(-¢,+€) loadings

Thereforehe macro-micracalibrationrelationshp canbe expressedn termsof stress
amplitude:

") az 13
) 63

In the caseof multiaxial loadings A% canbereplacedoy a stressrange calculatedas
thediameterof the smallestspherencluding theloadingpath,avon Misestypeinvariant
being usedto calculatea distancein the 6-dimensionstressspace. Sucha methodis

Ac:A(
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Volume fraction
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numerical identification
experimental data —&—
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Defect radius (mm)

B=4.5910?mm *,d= 4.26um u= 7.6umVp = 1mm
Figure 50: Defectvolumefractionidentification.

alreadyimplementedin the FE codeZéBuLoN to evaluatefatiguelife undermultiaxial
loadings

Maxima situatedat the free surfaceside

9=0.[9=11[9=14|9=2 [ 9=4.| 9= o (macro)
siggs (MPa) | 543. | 638. | 578. | 551. | 528. 345.
eing3 (%) | 029 | 2.08 | 0.64 | 0.42 | 0.32 0.077
etogz (%) | 112 | 299 | 144 | 1.19 | 1.07 0.64

Table 9: Maximum stressn the tensileloadingdirectionfor differentdefectgeometries
of singlecrystalsuperally CMSX2.

Table 9 alsoshaws that significantoverstessis mainly obtainedfor defectscloseto
thesurface(d/r < 1.4) andthataroundopendefects(d/r = 0) stresdevels arethe same
asfor defectssituatedrar from the surface.This allows usto negglecttheinfluenceof open
defectsandto replacetheintegration in (10) by anintegration fromr to d:

Pr(Nf) = 1— exp [—/V (/rd(x) fv(r)dr> dV(x)] (14)

C(Nfax)

In orderto getaclosedform analyticalsolution,amacro-micracalibrationrelationship
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of the form given by equation(15) is assumed.However, sucha simple relationshp
is unableto predict correctly the results,and a direct numericinterpolationshouldbe
preferredfor theimplemenation of a FE post-processor

AG = A(AZ)P exp (aé) (15)

Thevaluesof the parameter#, b anda identifiedto fit the FE resultsaresummarized
onFig. 51.

AY/2 (Mpa)
700 T T T T T
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r—=t.
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d/r=4
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d/r=1.4 FE
d/r=2 FE
d/r=4 FE

400

300

200

A

100 | | | | |
50 100 150 200 250 300 350

Ao /2 (Mpa)

A=455b=76710"'a=57710"

Figure 51: Identificationof the macro-microrelationshp.

Theinitiation modelby inverseproblem:

Ananalyticalapplication:

In orderto illustrate the capabilitiesof the model,a simple analyticalexamplecon-
cerninga cylindric bar(seeFig. 52) is presentedn thefollowing.
Onthis simplegeometrythe expressiorof the probability of failure canbe written:

Pr(Nf,A5) = 1— exp [—/V (/rd fv(r)dr) dv] (16)
Ps(Nf,AZ) = 1—exp [—Znh/oRp (/ri:;) fv(r)dr) dp] (17)

with d(p) = R—p and r¢(p) = Cod(p)
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/Z

)

Figure 52: Applicationof the multiscalemodelon a cylindric bar of lengthh andradius
R.

CoeficientC; is derivedfrom theinitiation model(equation(9)) andthe macro-micro
relationshp (equation(15)):
1
MN; ™
A(LS)P

Using the analytical expressionidentified for the defectvolume fraction (equation
(12)), theintegrationover radiusp canbe explicitly calculatedas:

[ = B (B8] (S

c(p)

C>,=-log

Identificaton for SC16:

The Zékulon Optimizeris usedto find a valueof parameter$! andm thatbestfit the
BAM fatigueresultson smooh specimenThe previousanalyticalexpressionfiave been
usedto identify a setof theseinitiationparameterfor SC16at 950°C.

For eachsetof trial M andmvaluescalculatedby the Optimizer theanalyticalapplication
presentegbreviously is usedto derive numberof cyclesto failure (probability of 0.5) for
acylinderwhosedimensios correspondo BAM fatiguetestsmoothspecimen:

e radiusR=4.5mm

e lengthh=26mm

Resultsof theidentificationaresummnarizedon Fig. 53.
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Figure 53: Identificationof microinitiation parametergor SC16at 950°C:

M=1550MPa, m=8.1
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Figure 54: Failure probabilty versusnumberof cycles
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Summarize:

Equationsandmaterialcoeficientsaresumnarizedin table10.

Defectvolume fraction
B r—u 2
fu(r) = — — — 1
Parameter®, |, o identifiedby microstructwal obsenations
Macro-micro relationship
AG = A(AZ)P exp (aé) (19)
Parameters\, b, a identifiedby FE calibrationon representatie
defectgeometries
Micr oscopicinitiation model:
—-m
Nt = (E
M
Parameter®!, midentifiedby inverseproblem
whenapplyingthe multiscalemodelon fatiguetestresults

(20)

Table 10: Summaryof the multiscalemodelequations.

Material coeficientssuchasvolume fraction of defectsand macro-microtransitionrule
areassumedo be the sameasthosecalibratedfor CMSX2. The whole materialcoefi-
cientssetis givenin table11.

B(mMm™*) p(um) d(um) A b a M (MPa) m

459102 7.26 426 455 7.67110°! 57711001 1550 8.1

Table 11: Parameter$or SC16at950CC.

3.3.4 Application to the notched specimen

The differentstepsneededo obtain probabilties of failure (or more exactly initiation)
with themultiscalemodelpresentedbore aresummarizedhereafter

e Stepl: FE elementalculationof severalloadingcyclesupto astabilzedresponse,

e Step2: Post-processintp evaluatethe multi-axial stresgangeAZ of the stabilzed
cycle,
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e Step3: Generatiorof a 2D surfacemeshandtransferof resultsfrom the 3D analy-
sis,

e Step4: Application of the multiscalepost-processasn the surfacemesh.

This methodolgy hasbeenappliedto the notchedfatigue specimen(notch radius
1mm, seeFig. 13for thegeometry)andfor thesingle crystalSC16whichis orientednear

(001).
Step 1. FE calculation up to the stabilized cycle.

The finite elementresultscomefrom section3. The analysisof two cycles(loading
factorR=-1) wasperformedwith Zéhulon andthe single crystalconstitutve modeliden-
tified in thefirst partsection3. Isocontourof von Misesstressquialentat the point of
maximum tensileload during the second(stabilized)cycle are plottedon Fig. 55. Note
thatthe maximum valueis notlocatedat the notchedroot.

100.0 200.0 300.0 400.0 500.0 600.0 700.0
150.0 250.0 350.0 450.0 550.0 650.0

50.0

sigmises map:6.000000 time:13.5 min:41.618084 max:581.768049

Figure 55: Isocontourof Misesstresequialent.



Analysisof Low-Cycle Fatigueat notchesn a singlecrystal 81

Step2-3: Multiaxial AZ calculation and transfer of resultson the surfacemesh.

Themultiaxial stressamplitudeduringthe seconccycle is calculatedusingtherange
post-processoavailablein Zpost. Resultsare then transferredto the surface meshas
shovn on Fig. 56.

225. 375.0 525.0 675.0 825.0 975.0 1125.0
150.0 300.0 450.0 600.0 750.0 900.0 1050.0

Dsig map:1.000000 time:0.075 min:83.220520 max:966.830200

Figure 56: Isocontourof multiaxial A~ onthesurfacemesh
Step4: Application of the multiscale model on the surface mesh.

Becausef theaxial symmetryonly oneeigthof the structurehasbeenmodelled,and
a correspondingnultiplicative factormustbe appliedwhencalculatingthe probability of
failure by integration over the surfaceof the specimenThe modelgives curvesof proba-
bility of failure versusnumberof cycles. Sucha curne is dravn on Fig. 54, whereit can
beseernthattheprobability of failureonly becomesignificantafterabout100cycles. The
experimenél numberof cyclesto failureis 583,seetable8. Thusthe multiscalemodelis
too conserative for thiscomponent.
Isocontourf failure probabilitiesin agivennumberofcyclescanalsobeobtained.Such
plots for numberof cyclesN equalrespectiely to 90, 100 and 110 and 120 are repre-
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sentedn Figs.57to 60.

This resultrevealsthelimit of the corventionalcriterion. The analysisof the surface
ruptureof a bulk smoothSC16specimerafter LCF testat 950°C shows that the crack
depthcorrespondingo 7.6% stressdropin tensionis equalto 3 mm. On the otherhand
Figs. 21 and 22 show thatonly 1 mm crackdepthleadsto a stressdrop of 10% for the
notchedspecimenln consequencenehasto comparehe numberof cyclescorrespond-
ing to thesamecrackdepthor length. Unfortunatelythe maximumcrackdepthin thebulk
smodh specimercorrespondingo 5% stressdropis not availablefor SC16.
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Figure 57: Isocontoursof failure probability in 90 cycles
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Figure 58: Isocontoursf failure probability in 100cycles
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Figure 59: Isocontoursf failure probability in 110cycles
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Figure 60: Isocontoursf failure probability in 120cycles
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3.4 Discussion

Two stepsshoutl be consideredo predictthe lifetime of notchedcomponers, first the
computatbn of the viscoplasitc strain-stresstateat the notch,thenthe failure criterion.
The proceduremustalsosase CPU time in orderto stayin the frameawvork of industral
applications ChaudonnerdgiChaudonnereandChaboche1986 usedsucha methodfor
isotropt materials.An adapted\eubers rule anda non linear cumulatve fatiguedam-
ageled to accurateresultsfor differentloadings(purefatigue,hold time andcreep).For
axisymnetrical structuressuchasa cylindrical notchedspecimerthe loadingis strongly
multiaxial. Thusthe crucialpoint, to applythe sameapproachyould be the choiceof an
equvaent stresdor our anisotropt material.

Thanksto the developmentof the numericalalgorithmsandof the power of comput-
ers,it is now reasonabléo computerealcomponentsn 3D with therealisticconstitutve
equationsdentifiedin thiswork. Thetwo successie stepsarethefinite elementomputa-
tion (no simplificationto be madeat this level), thena damagepost-processing/NVe have
built a lifetime assessmenmntile for pure fatiguebasedon the maximumresohed shear
stressa possibe critical variablefor thedamage.

Anotherdifficulty is a pertinentdefinition of the initiation criterion. The problemre-
mainsthecharacteristisizeof themacrocrackassociateavith thecorventianal lifetime.
Traditionally onedefinesthe macro-cracknitiation at the “engineeringevel” which cor-
responddo a surfacecrack0.5 or 1 mm in depth[ChaudonnereandChaboche1984,
[DefresneandRémy, 1990. [DefresneandRémy, 1990] have checledthisinitiation cri-
terion (i.e. a surfacecrack0.12mm in depth)with obsenationsof fracturesurfacesof
interruptedtestspecimensThey foundthatthe periodof crackgrowth betweennitiation
andtheformationof a macrocrackis no morenegligible for alife durationlessthan10*
cycles.

Our interruptedtestof a (001) orientedspecimerprovides suchan information for
our criterion. Somecrackswere obsened betweer236and560cycles. Our lifetime cri-
terion correspondso the crackdepthat 5% load drop. This load dropis reachedor the
notchedspecimerwith 1 mm notchradiusat 583 cycles,Figs. 27,28 and29 showv 0.32
mm maximumcrackdepthat thatload drop. The diameterof the smallestcross-section
of this specimens approximately half of the diameterof the smodh specimens.Thus,
maybethe crackdepthof the smoothspecimenst 5% stressdrop could be twice of 0.32
mm: this givesanassessmertf 0.7 mmor moreroughly 1 mmfor thecrackdepthof the
smooh specimenstthe numberof cyclesto failure,i.e. at 5% stresdrop. Accordingto
Figs. 22 and27, the maximumcrackdepthcangrow from 5% to 10% stressdrop, 0.32
mmto 1 mm,respectiely, by afactor3.

Concerninghesite of the crackfront relative to the crystalaxes,the analysisof thefrac-
turesurfacesFigs. 21, 22, is adifficult task. The crackinitiation dependslsoon the de-
fect (e.g. castingpore)locationon the circumference Neverthelesthe fracturesurfaces
illustratethe stronganisotropy of plasticity, the crackfront seemso be well defined but
we cannotidentify the fractureplanewith a sufficientaccurag.
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[Neumann 1974 hasalreadysuggestethatsuchcircumferentiallynotchedcrystalis
not pertinentto producemacroscopicallyplanefracturesurfaces.He shaved how some
well definedfatiguetestswith bendingspecimen®f orientedcoppersinglecrystalscould
verify a modelbasedon slip processesat propagatig fatiguecracks. At the BAM other
experimens on SC16orientednotchedspecimengevealedmacroscopicallyplanefrac-
ture surfaces[ZiebsandFrenz,1997. Neverthelesghe problemof the definition of a
pertinentcrack driving forcesremains. [TelesmarandGhosn, 1993 proposedo relate
themwith theresohedshearstressesvhich controlthe octahedratrackgrowth in single
crystalalloys at high temperature.They invoked the importantrole of the frequeng in
thetypesfailure processindeedat hightemperatur@xidationshouldinfluencethe crack
growth mechanismat low frequenciegDefresneandRémy, 19970. We assuman this
studythatsuchervironmentaleffectsarenegligible for aglobalstrainrateof 10~3 s1.

Besidegheinhomogeneit of resohedshearstresseandslip onthesurface,decreas-
ing stressedehindthe notchroot are presentwithin a critical volumefor crack initia-
tion. [ChaudonnereandChabochel98q hasalreadysuggestethatsuchstresggradient
shoutl betakeninto account.A gradientdependentriterion for high-gycle fatiguewas
developedin [PapadopouloandPanoskalts, 199. So, onecanput forward the same
ideato low-cycle fatigueandsinglecrystalsin orderto includein lifetime assessmenhe
influenceof thesmallsizeof the highly loadedvolumeat sharpnotcheson thelifetime.

As classicallyobsenedfor polycrystaline materialghetestechotchedspecimensive

significantly longerthanthe smoothonesat the samemaximun Misesstressatthe notch.
Comparefor example thelifetime atmaximumMisesstresgangein the (001) specimen
with 1 mm notchradius,Fig. 46, with the experimentdly obtainedifetime for thatspec-
imen (test4) givenin table8. Thatmeansat leastthatthe fatiguelife at notchess not
determinedy the maximum valueof this equivadent stressalone.
The physical mechanisnof the crackinitiationin SC16atthis strainrateleadsusto take
into accountthe size of the materialto comparethe lifetime betweenthe bulk andthe
notchedspecimensindeedfor the samestateof stressthe volume in the notchedspec-
imenis smallerthanthe onein the bulk specimen.Thusthe probability of failurein the
notchis the lowest Finally the agumentof the size effect givesa goodexplanaton for
thetoo conserative approaches.

4 Conclusion

Fractographimbsenationson (001) orientednotchedspecimenshaved thatthe main
cracksarelocatednotdirectly atthe notchroot, insteadthey areshiftedallittle away from
thesesymmetryplanes.This correspondso the similarly shiftedmaximumtotal cumu-
latedslip thatis cumulatedon cubicslip systens accordingio the numericalanalysis.
For the other orientatios (011) and (111) the main crackis more concentratedt the
notchedroot.
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In strain-controlled.CF testson SC16smooh specimensat differentorientations
950°Cand10-2 s~! strainrate,essentiallyno dependencef the fatiguelifetime on the
orientationwasfoundatthe sameaxial stresgange.

Thelifetimesof the performedLCF testson notchedsinglecrystalspecimenganbe
assesseftom the cyclesto failure of the smooh specimengaking aslifetime parameter
the maxinum resoled shearstresspresentat the locationof maximum total cumulated
slip in the notch. This determinisic approackcanbe usedin the framewvork of industral
applicationgdueto its simplicity.

The size effect phenomenorshould play an importantrole for SC16single crystal
superally sincethe cracksinitiate from castingporesat high strainrates. Thuswe have
designedprobabiligic failuremodelling, complenentaryto thepreviousone,takinginto
accounthe statistcal distribution of the defectgCailletaudandQuilici, 2000].

Both modelswill be appliedin the following on a componentepresentatie of the
turbinebladeair coolingchannels.
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Part IV
Application of the rules to a component

1 Intr odudion

The aim of this chapteris to simulate the influenceof film cooling holeson low cycle
fatigueof gasturbineblades.SiemengKWU) hasproposedo checkour lifetime assess-
mentruleswith anothercomponenivhich wasespeciallydesignedo modelsuchstress
raisersand stressstatesat the leadingedgeof a bladewith shaver headcooling This
specimerwith holesis really suitedto obsene the initiation andthe propagatiorof the
damageaunderrepresentatie loadingconditians.

In thenext sectionexperimentaldetailsof two LCF testscarriedout by themanufcturer
onSC16at950°Cwill bepresentedThen,in comparisomwith theseresultswe will shav
how thelifetime andthe cracklocationassessmernbolsintroducedin the previous part
couldimprove theclassicabne.

2 Experimental results

The geometryof the LCF sampleis givenin Fig. 61. Holeshave beendrilled by a laser
drilling machineusingtheoperatingparametertakenfor blademanufcturing.Thethick-
nessof the sampleis similar to the wall thicknessof the blade. The holeshave a pattern
with hole density diameterand angleto surfaceasfound in the leadingedge,wherea
shaver headcoolingis applied,giving the highestcoolinghole density seeFig. 61.

The LCF testswere performedon a senohydrauic testmachinewith inductive heating
undertotal straincontrolin air. The overall strainon the 11 mm gaugelengthwastaken
asthecontrolsignal.

The experimenal testshasbeeninvestigatedat 950°C. The maximum strainin theload-
ing cycleswasplanedto be zeroandthe minimum strainequalto —0.52%,with 10~3s~1
asstrainrate.

The surfaceof the samplesvascontinwously obsenedduringthe testsby a systemcom-
posedof two CCD-caneraswith a speciallydevelopedcontrol program,so that crack
initiationandgrowth is recordedautomattally by computer

Thedefinitionof thelifetime, N¢, is corventionnalydefinedin LCF testsasthe num-
ber of cyclescorrespondingo a load amplitude drop of 5%. Moreover the numberof
cyclescorrespondindo a cracklengthof 0.15mm definesthe crackinitiation cycle N;.
Table13 shaw thelifetime andthestrainrangefor all thetests.Thetotalnumberof cycles
is denotedby N. Note the differencebetweerthe numberof cyclesof initiationfor both
tests.

Fig. 64 shavs the maximumstressduringaloadingcycle asafunctionof thenumber
of cycles. We definethe stressasthe force divided by the effective crosssectionalarea.
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Onecanobsenre arelatively fastmeanstressrelaxation. Moreover the stressamplitude
decreaseatthe endof thetestwhenlargercrackcouldbe obseredonthespecimen.

The crackpatternon the front andrearsurfaceof the specimerat the endof the test
is givenin Fig. 65. After coolingdown the specimerat the endof thetesttheloadof the
testmachinewasincreasedintil final fracture.On canobsene (in darkgrey on Figs. 66,
68) the surfacesof the crackcreatedby the cyclic loading. Black lineswithin theseareas
arestepsn thecracksurfacewheresinglecrackswhich areinitiatedatdifferentpositiors
alongthe hole, arelinked togethey seeFig. 62. The cracksare nearly perpendiculato
theloadingdirection. Thereis a smalltilt towardsthe axisof the coolinghole. Notethat
sucharesulthasalreadybeenobseredby [Panetal., 1999 with anisotropc cobaltbase
alloy.

Thelocationsof the crackshave beendeterminedor the specimerof thetest3651-001.
Thecrackstartingpositionsaregiven in table12 astherelative heighta/a, measuredrom
the centerof the coolinghole,seeFig. 63. We only considersevencrackinitiationareas
of onehalf of thespecimerandindicatedn Fig. 63 since,dueto thesymmetrytheothers
arefoundon theright sideandthe rearsurfaceof the sampletoo. For thetest3651-002,
thedistribution of the crackinitiation locationsfor theright andleft row of holesdoesnot
respecthe symmetryof the specimenseeFig. 67. Actually, dueto manufcturingerror,
the patternof the holesis not properlyalignedwith the centerto the specimerandcould
be anexplanationof thisphenomenon.

3 Application of the assessmantrules

3.1 Conditions of the FE analysis

In orderto checkour cracklocationassessmerfor this componentseveral cycleshave
beencalculatedoy finite elementwith the crystallographe modelfor SC16at950°C.
Only the partof thetestspecimerbetweerthe extensometehasbeenmodelled.Despite
thesmalldeviationof theorientationof thecrystal,seeFig. 61, we assumehattheaxisof
the holescoincideswith the secondaryrystallographiaxis[010]. Therefore dueto the
cubicsymmetryof the singlecrystalandto the geometricasymnetriesof the specimen,
only onequarterof componenhasbeenmodelled. The meshof the componentindthe
boundaryconditionsaregivenin Fig. 69. Theapplieddisplacemenis calibratedto get
thenominalstrainandstrainrateover the gaugdengthof the experiment seeFig. 70.
The simuatedrelaxationof theforceis in goodagreementvith the measuredalue,see
Fig. 71.

3.2 Crack location assessmientand comparisonwith experimentalev-
idence

Thetotal cumulatednelasticstrainfor eachslip systemfamily at the maxinum loading
of thefirst cycle hasbeenplottedin Figs. 73, 74 andgive anideaof theviscoplasic strain
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at the holes. Theseresultsshav thatthe total cumulatedslip is not locatedat the notch
rootsasin the caseof the notchedspecimensandin accordancevith the positionof the
cracksaroundthe notchesobtainedon the specimerafterthe LCF test,seeFig. 65.

The cracklocationassessmenmtroducedfor the roundbulk LCF notchedspecimensn

the secondpart (Sedion 3) is basedon the determinationof the position of the max-
imum total cumulatedslip at the notch for the stabiized cycle. But the global curve

plottedin Fig. 71 andthe experimentalone point out the necessityto take into account
thestress/sain redistrilution. Thuswe have to determineheslip locationatthe notches
till a stabiizedoneis obtained.

Moreover to simgify the applicationof our methodthe hole 6 of the rearsurfaceof
thesamplerepresenteth Fig. 63 hasbeenchosenThecontourof theinelasticcumulated
strainof eachslip family which areconcentratedh this hole have beenplottedin Fig. 72
for anassumedepresentate cycle. Theratioa/a,, whichis characterizety theposition
of the crackat theintersectiorcurve coolinghole- outersurface,hasbeencalculatedor
the maximumslip at the hole accordingto the definition given in Fig. 72. We have
obtainedfor thatparticularcasea locationratio equalto 0.61. Accordingto thetable12
theassociatedracklocationratiois betweerD.5and0.65.

Finally theagreemenbetweertheposition of thecrackaroundthatholeandthemaximum
total cumulatednelasticstrainlocationis satisfying.

3.3 Application of the deterministic methodfor lifetime

We applyin this sectionthe methodexplainedin the previous part (Section3.2) for the
samehole6 ontherearsurface.In orderto assesthelifetime of thispartof thecomponent
we have to calculatethe maxinum resoled shearstressrangeover the stabilzed cycle
at the point wherethe equialent inelasticstrainis maximum Over the first cycle the
maximum resohed shearstresgangeat this pointandof the sameslip family is equalto
307 MPa. Fromthe diagramof Fig. 47 we obtain1300asnumberof cyclesto failure
for this value of the critical variable. Our lifetime criterionis basedon 5% stressdrop
on smooh specimenscorrespondindo a crackdepthof about0.7-1 mm (comparethe
discussn in Section3.4 of Part 3). Accordingto the experimenal results,suchcrack
lengthsarereachedetweer®10cyclesattheevaluatecholein themidde and3528cycles
at latest,seeFig. 65. Thereforethis approachallows usto assess realisticlifetime, at
leastwithin afactorof 3.

3.4 Application of the probabilistic failur e model

Thefirst stepof this methoddescribedn Parttwo, Section(3.3)is afinite elemenitcalcu-
lation of thecycledspecimeruntil thestabilzedcycle is reachedat 950°C. Contourplots
of Misesstressequiaent atthe point of maximalloadareplotted on Fig. 75.

Thenthe multiaxial stressamplitude AZ, calculationhasbeenperformedandextrap-
olatedto the surfacemeshasshowvn on Fig. 76. Rigorously only the surfacearoundthe
coolingholesshouldberetainedn thesurfacemesh.For demonstratiopurposesomeof



92

the outsidesurfacesof the specimerhave beenkepthowever. The probability of failure,
beingconsiderabljyower on thoseregionsshoutl notchangethe resultsdramatically

Finally the multiscale model hasbeenappliedto the surface. The probabilties of
failure calculatedwith this modelfor differenthnumbersof cyclesareplottedon Fig. 77,
whereit canbe seenthatthe numberof cyclesto failureis of about1000cycles.Contour
plots of failure probability for N equalrespectrely to 500, 1500 and 2500 cycles are
representednFigs. 78to0 80. Theseaesultsarein agoodagreementvith theexperimenal
valuesof the numberof cyclesto initiation given in Fig. 65.

4 Conclusion

Theexperimentalesultsof low-cycle fatigueat 950°C on SC16specimerwith holescon-
firm the goodcapabilitiesof the crystalline modelconcerninghe crackinitiation. Indeed
themaximunequvalentinelasticstrainis a pertinentvariablefor theinitiation of thedam-
ageatsuchstresgaisers.

Two differentlifetime assessmentles have beenappliedand give comparablere-

sultsasthe experimentalone which have beenobtainedwith sophsticatedmeasure®f
thecracklengthduringthetestsat hightemperature.
Thefirst approachbasedn the calculationof theresohedshearstressatthe point of the
componenwherethe equivalentviscoelasticstrainis higherover bothoctahedrahndcu-
bic slip systemfamilies,constituesa simplemethodfor SC16underrepeatedsymmetric
tensioncompressiofoading. Thesecondnetakesinto accounthestatisical distribution
of the castingporesin the componentindthusthe real physicalmechanisnof the crack
initiation. However thesemethodsarestill conserative evenif theassesselifetime is by
afactorof 3 smalkerthanthe experimentabne.
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Figure 61: Geometryof the LCF specimerwith holes;orientatio of the rodswithin the
SCl16slab(after SiemengKWU)).
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relative height a/a, Crack initiation areas (fig.1b)

of crack start ] 2 3 4 5 6 7
Front Left 0.55 0.75 035 0.6 - 0.5 -
surface  Right 0.3 0 0.5 0.25 - 0.6 -
Rear Left |03 0.5 0.7 0.6 - 0.65
surface  Right 0.3 0.45 0.45 0.45 - 0.5 0.2

Table 12: Crad startingpositiors at eachhole givenFig. 63 for thetest3651-001(after
SiemengKWU)).

Testnumber Ag(%) N Ns N

3651-001 0.494 920 3100 3528
3651-002 0.506 1600 3500 6380

Table 13: Resultsof LCF testsat950°C onspecimensvith holes(afterSiemengKWU)).
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Rear surface after the test, N=3528 cycles

.f F = e - TS T 5
~ ! £ § 5t
s1=] VE T
£: ’ 5 B 15
- L ¥ 2 e
¥ A TN [y

*

_L
5 d
C3 :
tr; _': i -4 4 %
1799 || N,=1649 :
S T ETE N,=2024
i 23 § 7
. B i |
: N,=2049 N=2724
& 7 N,=2549 2] N=2874
:
N,=2949

"

YT A

Front surface after the test, N=3528 cycles

Figure 65: Surfaces of the SC16specimensvith cooling holesafter N = 3528 cyclesat
950°C. Test3651-001(after SiemengKWU)).
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Figure 66: Surfaceruptureof the SC16 specimenswith cooling holesafter N = 3528
cyclesat950°C. Test3651-001(after SiemengKWU)).
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Front surface after the test, N=6380 cycles

Figure 67: Surfaces of the SC16specimensvith cooling holesafter N = 6380cyclesat
950°C. Test3651-002after SiemengKWU)).
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Figure 68: Surfacerupture of the SC16 specimenswith cooling holesafter N = 6380
cyclesat950°C. Test3651-002after SiemengKWU)).
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Figure 69: Boundaryconditions of thespecimerwith holesof SiemengKWU).
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Figure 70: Loadingappliedon the specimerwith holes.
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Figure 71: Globalcurve Forceversusghe nominalStrain.
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£ | Cumulated Slip (Octahedral)
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Figure 72: Total cumulatedslip on the rear surfaceof the hole 6 at the end of the first
cycle (octahedra(left) andcubic(right)).
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104

N/

o

</
A
N

X
X
a

NZi

N

=71
0

VR S

=N

R

ng

i
‘

Figure 74: Total cumulatectubicslip of thespecimerwith holesatthemaximunloading
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Application of theassessmemtilesto a component
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min:43.548962 max:688.107740

Figure 75: Isocontourof Misesstressequivalent.
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150.0

. 250.0 350.0 450.0 550.0 650.0 750.0
100.0 200.0 300.0 400.0 500.0 600.0 700.0

gpDsig map:1.000000 time:0.9125 min:58.574867 max:673.967712

Figure 76: Isocontourof multiaxial A~ onthe surfacemeshof the specimerwith holes.
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Probability of initiation
1
T

0.9 -

0.8 -

0.7 -

0.6 -

0.5

0 L L L L L L
0 1000 2000 3000 4000 5000 6000 7000 8000

Number of cycles to initiation

Figure 77: Failure probability versusnumberof cyclesfor the specimerwith holes.
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Figure 78: Isocontous of failure probabilityin 500cycles.
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P1500.000000 map:1.000000 time:0.9125  min:0.000000 max:1.000000

Figure 79: Isocontoursof failure probability in 1500cycles.
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P2500.000000 map:1.000000 time:0.9125  min:0.000000 max:1.000000

Figure 80: Isocontoursof failure probability in 2500cycles.
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Part V
Strain localization phenomenaat a
crack tip in single crystals

1 Intr odudion

In the previoussectioncrackinitiationandmacroscopienodellingof thelifetime for sin-
gle crystalsuperally at hightemperaturénave beenstudied.

The next stepis thenthe investigation of large cracksgrowth in suchananisotropicma-
terial. The high straingradientsat the cracktip lead usto usea generalizeccontinuum
theoryonthelocalizeddeformatiornpatternsn f.c.c. singlecrystals[Forestetal., 2000.

| investgatein this partthe stress-strairfield at a given cracktip in a singlecrystal.
First we will give a review of recentpublicatonsaboutlarge cracksin monocrystaline
materials. Thenwe will recall briefly the main constititive equationsof the extended
model. From numericalanalysesof somerepresentatie crack configurationswe will
characterizeéhe modificationof the strainlocalizationbandsdistribution with the gener
alizedcontinuummodel.Importantconsequencesmeexpectedegardirg crackbranching
after stablecrackgrowth. Finally in the last sectionwe reportsomeencouragingexperi-
mentalevidence.

2 Largecracksin singlecrystals

The asymptac stress-strairfield at a stationarycrack tip in elastic-ideally plastic
f.c.c. andb.c.c. single crystals, as determinedby Rice [Rice,1973], [Rice, 1984,
[Rice andNicolic, 1985],[Rice, 1987],[Rice etal., 199(Q, turnsoutto belocally constant
within angularsectorslt involvessheardisplacementiscontnuitiesatsectorboundaries,
thatcanbeinterpretecasstrainlocalizationbands Whenthe crackorientationshave high
symnetry relative to the crystal, at leasttwo kinds of bandscanoccurat the cracktip:
slip banddlying in the slip planeof thelocally actvated slip systemor kinking modeof
shearwhich correspondso the discontnuity surfacesperpendiculato active slip plane,
seeFigs.81,82.

The numerical analysisof the same problem using finite strain crystal plasticity in
[Cuitino andOrtiz, 1993, [Mohanetal., 1997 reveals that the condition of constant
stressstatein eachsectormustbe relieved dueto possibé local elasticunloadiry, but
alsothatthe strainlocalizationpatterngpertain. Theseauthorsfoundin the outersection
of the plastic zonethe samesoluion as Rice in the caseof a perfectly plastc beha-
ior and for small strainsand lattice rotation. Using an adaptatre meshingtechnique,
[Ortiz andQuigley, 1991 obtaineda traceof the radial lines of displacemenandstress
discontnuity (Fig. 83).

Discretemodelsbasedn dislocation dynamcsalsoleadto stronglylocalizeddislocation
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distributionsnearthe cracktip andto the progressie formationof the predictedsectors
[Cleveringaetal., 1999, asonecanseeon Fig. 84.

Experimenal obsenatiors in a b.c.c. singlecrystalin [ShieldandKim, 1994 confirm

the existenceof suchintensedeformationbandsradiatingfrom the cracktip. Moreover,

accordingto theseauthorstherotationof the crystallattice shouldplay a significantrole

in the formationof strainfield structureobsened.

[Mesararic andKysar 1994 have studed the experimentaly obsered directionallyde-

pendentrackingalongthe interfacebetweena copperandaluminacrystals. They tried

to give someexplanationsaboutthe effect of continuum deformationon the competitian

betweerdislocatims nucleationat a cracktip andcleavage.Particularlythey have shovn

how pronouncedhe geometricahardeningandsofteningin ideal plasticily analysisare.
Moreover the natureof thelocalizationof the plasticdeformationchangeswith the crack
tip orientation
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(e} b/ [

Figure 81: (a) Sheain bandlying parallelto theactive slip systens. (b) Sheatby kinking
modein a bandlying perpendicularto the slip direction. (c) Dislocations
generatedtthe cracktip or from internalsourcesslip-plane-parallel shear
band. (d) Dislocationgdipoleloopsnucleatedrom internalsourceskinking
shearband. After [Riceetal., 199Q.
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Figure 82: (a) Deformedmeshfor stationarycrack. (b) Line lengthsproportionalto ac-
cumulateddisplacementd=rom[Rice etal., 1990.
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single crystal, with the crackfront in the [101] direction, and crack growth

Figure 83: Final meshof the neartip region of a crackon the (010) planeof a copper
along[101]. From[Cuitino andOrtiz, 1993.

ai

q
1
E
i
i

Figure 84: Edge dislocatiors interactingwith a propagatingmode | crack. Disloca-

tion distributions for different obstacledensitiesand loading rates. From

[Cleveringaetal., 1999].
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3 Cosseat singlecrystal plasticity

3.1 Motivations

The fact that the strongstraingradientsdeveloping in the vicinity of the cracktip may
affect thelocal mechanicalesponsef a crystallire solid suggestshatgeneralizedon-
tinuumtheoriesjncludingCosseratstraingradientandnonlocalmodels couldbehelpful
for computirg morerealisticlocal stress-straiffields. The straingradientmodelusedin
[Xia andHutchinson 1994, [Wei andHutchinson 1997 resultsin a substarial increase
of thetractionsaheadof thetip of a model crackwithin adomainof characteristisize
describedoy a constittive intrinsic length. This monitoring of the local strainfield en-
ablesoneto improve the predictionof subsequentrackgrowth.

Theuseof ageneralizedontinuummodelalsostronglyaffectsthelocalizeddeforma-
tion modesasdemonstrateth [Forest,1999 in the caseof singlecrystals.In particular
asalreadyseembove, classicakrystalplasticitytheorypredictstwo typesof deformation
bandsin single crystalsundegoing singleslip: slip bandslying in the slip planeof the
locally activated slip system,or kink bandslying in a planenormalto the slip direction
of the slip system[ForestandCailletaud,1995. The formationof a kink bandis asso-
ciatedwith the developrrent of stronglattice rotationgradientsat its boundaryand may
thereforebe precludedif the modelincorporatesadditioral hardeningrelatedto lattice
cunature[Forest,1999.

Onegivesin this sectiona sumnary of the principal constititive equation®f agener
alizedcrystalplasticty modelfor singlecrystalsatfinite deformatior{Forestetal., 1997.

3.2 Kinematics of the Cosseratcontinuum

A materialpointM of bodyB attimetg is describedy its positionX andits inner state,
for an arbitraryinitial placementchosenasthe referenceconfiguration. At timet, its
positonis x(X,t) andits innerstateR (X,t), in agiven referencdrameE. If (d;)i—13 are
threeorthogoral latticevectorsin areleasedtateatt and(gio)i:l,g theirinitial placement
in E, thentherotationR is definedthrough

d = Rdf (21)

with
RRT = 1, R(X,tp) = 1 and DetR = 1. (22)

A rotatingframeE*(M) is attachedo the lattice structureat eachpointM € B andeach
vectorandtensorvariabley consideredvith respecto E* will be denoted?y. Thelink
betweerthevectorfield ¢(X,t) andtherotationfield R(X,t) is given by

R = exp(lx@ = exp(—£9) (23)
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Thedisplacementield is definedby the difference

In theframework of the Cosseratnediumu and@ areregardedasindependenkinematic
variableswhich canbe connectedn the balanceor constitutve level by someconstraint.
Thedeformationgradientclassicallytransformgheinitial infinitesimal materialsegment
dX to its currentposition dx

dx = FdX (25)

sothat
F=u®l = ujg®e€ (26)

Partial dervativesaretakenimplicitly with respecto X;.
In the sameway, we computethevariation dR of microrotaton alonga materialsggment
dX. Definingdgby

(AR)R" = 1x3¢ = £3¢ (27)
We derive [Sievert, 1997

59 = — E(dRRT) =K dx (28)
With L

K =3¢ (R(R ®0). (29)

From(28) onecanseethatd@is notatotal differential. Contraryto F, K generallyis not
alwaysinvertible. With respecto thelocal spaceérameE?,

dx = 'FdX and f5p = ‘K dX, (30)
Where fdx = R" dx and 3¢ = R' 3¢, and

'E=RTE, K =R'K (31)

~ ~

The relative measuresF and K canbe consideredas naturalCosserastrainsfor the
developmentof constiutive equationgdueto their invarianceunderarny Euclideantrans-
formation[KafadarandEringen,1971. They arecalledrespectrely the Cosseratiefor
matian tensorandthewrynesgor bend-twist or torsion-cunature)tensor An alternatve
expressio of thewrynesgensoris then

*K = - (RT (ReD)) (32)

NI =

In orderto computethetime derivatve of the Cosserastrainswe definethe velocity and
thegyrationtensoryv, by

v=U0=Ug and u=RR' (33)

andwhichcanbereplaceddueto its skew-symmetricproperty by theassociatedyration
vector

[2en

1
5 &Y (34)

(=%
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Thusthetime dervative of the Cosserastrainscanbe relatedto the gradientof the latter
guantites:

EIEL =R (v@L° - 1xU)R

~ 7

(35)

K tEL = RT O®°R, (36)

0 . :
whered® = x g = E‘T O (Euclidearrepresentatiorg standgor current).
veO° — v istherelative velocity gradientanddescribeshelocal motionof thematerial

elementwith respecto the microstructure.

3.3 Forcesand stres®es

The introducton of forcesandstressesandthe associate@quilibrium equationsare de-
ducedfrom theapplicationof the methodof virtual power developedin thecaseof micro-
morphicmedia[Germain,1973]. In [Forestetal., 1997 onecanfind how this methodis
adaptedo the caseof a Cosseratontinuum.Thevirtual power of the internalforceshas
beenappliedin theframenork of afirst gradienttheoryandis alinearform of thevirtual
motionsandtheir gradients.The dual quantitesinvolved in this form aredenoteds and
U respectiely andareassumedo be objective tensors.Thusonehasobtainedthe local
équilibrium equations

dvg +f=20 37
divp+ 20 +c¢ =0 (37)
andtheboundaryconditions
gn =1t
{in %)

where the partial derivatives are taken with respectto the current configurationand
f,c,t andm arethe externalforces. g is calledthe Cauchyforce stresstensorandp the
couple-stresgensor They aregenerallynot symmetric.

3.4 Isotropic elasticity

From the equationsobtainedin the framavork of a hyperelastianaterialand with the
assumpbnsthatthe strain,torsioncurvatureandmicrorotatonsremainsmall

R~1+1xe=1-¢0
~1l+ued+ep=1+e (39)
=K

wherex is the torsioncurvaturetensor Furthermore,fg ~ g and fp ~ p. Consequently
for linearelasticity two four rankelasticitytensorsareintroduced

{5e

R D

(40)

& =
20 am
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Thesetensorshave somesymmetrypropertiesdueto the hyperlelastity conditiors and
materialsymmetriesThe form of the Cosseratlasticitytensordor all symnetry classes
hasbeenestablishedby [Kessel1964. In theisotropt caseequation(40) getsthesimple

form {

andthendependsn the two classicalLamé constants\, u complengntedby four addi-
tional parametergWilmanskiandWozniak,1967.

= N1Tre + 2uler + 2y tel
a

1Trk + 2Btk + 2y Ikt 41

= :Q

3.5 Elastoplastic Cosseratsinglecrystal

In the caseof single crystalswe usethe main principal resultsin Cosserattheory at

large strains[Sievert,1997. Elastic and plastc Cosseratleformationsand curvatures
areintroduceddueto the non-homgeneougermanentattice rotations which may be

inducedby non-homogeneousiasticdeformationsn singlecrystals. They aredenoted
by: “F®, *EP, fK®and K P,

We use,asproposedn [Mandel,1971, themultiplicative decompositin for the Cosserat
deformation:

FE=FECPEP (42)
Moreover adecompositia of theentirewrynesstensors [Sievert, 1993:
ﬁ|§ — ﬁKeﬁEp+ ﬁ|§|0 (43)

The plasticdeformationof singlecrystalsis the resultof slip processesn slip systems
For eachslip systems, we define

m®> = b*/||b’| (44)

Where b® is the Burgersvector z° is the unit vector normalto the slip plane. In
consequencthe plasticstrainratetakestheform

EP Pl = S EPS, (45)
Sills Sgs P

V® is theslip ratefor thesystems. fPS is givenby thekinematicsof slip
PP=fmte i (46)

where fz5=RT 2.
[Forestetal., 1997 proposedhefollowing kinematcsfor the plasticwryness

~

: s
IKPIEP-1o ¥ 2 fQs (47)
KB sgs |

The6® areangleghatmeasuré¢heplasticcurvatureandtorsionover acharacteristitength
|. At smallstrainwe imply have

R

+€P
e_i_gp

YR WD

(48)

PR L
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3.6 Explicit integration of the constitutive equations

We give belaw explicit integratedforms of the previous constituive equations.

3.6.1 Kinematic of plastic deformation and curvature

The expressionof QS is derived from the analysisof the dislocaton density tensor
[Forestetal.,1997. This one can be decomposednto the contritutions of edgeand
scrav dislocations. In the following we usethe index (L) asthe lattice curvaturedue
to edgedislocatbnsandthe symbad (®) asthe lattice torsiondueto screv dislocations
Thusthe decomposibn of the plastictorsion-cunature canbe written with the help of
two associate@rientationtensorsQL andQ@

ooy (Bgs, B (49)
~ ~ _SZ]. |J_ ~L I@ ~©
And 1
Q% =8em’, Q =31-m'am? (50)

where§S = n°x m®is theedgedislocatia line vector

3.6.2 GeneralizedSchmid law

The PeachandKoehlers formulagiven by [Kroner 1954 allows the Schmids criterion
to have a physcal meaning.This oneis usedto computethe slip rateon slip systems

e (Max(07|TkS—X = )) sign(t°— x°) (51)

Wheret® = ﬁg . #PS. x® andr* areinternalkinematt andisotropt hardeningvariables.
They representespectrely theback-stresandtheyield thresholdwhicharesupposedo
describewith sufficient accurag the dislocationstructurefor a correctmodeling of the
hardeningoehaiour. Theviscosty propertiesarecharacterizedby the parameterg® and
ne.

For theviscophstictorsion-cunature variablegForest,1994 proposed expressiorsuch
as

. Max(0, | *u: #Q°
Ik
whererg denoteghethresholdandkZ andn? areviscosityparametersThe formulais to

be appliedsuccessigly for edgeandscrev dislocationdelongingto the samesystem.
Theevolution rulesfor thethresholds  andrg usedin thiswork arethen

—Ir3 e
| )) sign( fu: *Q°) (52)

n
F=ro+qy M(L-ep(-bV)+H' |6 with =] (53)
r=1
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S
I’C = I’Co

Thecomponerg h's of theinteractionmatrix accountor self- andlatenthardening.The
thresholdfor plasticcurvatureis taken constantor simplicity. A simplelinear coupling
termH’ is addedto morecornventionalnonlinearcontritutions.
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4 Numerical analysisof near tip fields for different ori-
entations of the crystal

4.1 Conditions of the finite elementcalculations

We will presentn this partsomecalculationswvith two models.Thefirst oneis aclassical
model of single crystalsat large deformationsbasedon the constitutve equationspro-

posedoy Mandel[Mandel,197]. Theseconds a Cosseraplasticity modelwhich takes
explicitly elastoplasc lattice torsion-cunatureinto account. Both areimplementedn

thefinite elementtodeZéBuLoN[Forest,1999.

4.1.1 Generalconditions

Thefinite elemenimeshof theconsidereainglecrystalline CT specimerto becomputed
underplanestrainconditionsis representedn Fig. 85.

2=(abc)

L 1=[ xyz]

Figure 85: Finite elementmeshof the CT specimen(above, the meshof the pin is not
represented)neshof the cracktip zone,the nodesbelongingto theligament
beingrepresentetly blacksquaregbelow).
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A regularmeshwith quadraticelementsandreducedntegration is usedat the cracktip.
Sucha meshhasbeenshawvn in [ForestandCailletaud, 1999 to be ableto captureshear
bandsof arny orientationandthusto minimize the mesh-dependenc theresultsassoci-
atedwith localizationphenomenalt is importantsincethe orientationof thelocalization
bandsmustbe a predictionof the model. Displacemenin direction2, seeFig. 85, is
prescribedo the nodesof theligament. An additionalboundarycondition neededor the
generalizeccontinuumis a vanishng lattice rotation at the ligament for symmetryrea-
sons.Theorientationof the specimenwill be describedy the crackplane((abc)on Fig.
85) andtheinitial crackgrowth direction([xyz] onFig. 85).

4.1.2 Conditions of the analysiswith classicalcrystal plasticity

We use the elastic constantsof the single crystal nickel-base superally SC16
[ZiebsandFrenz,1997]calibratecat650°C with aclassicaprocedurgOlscheavski, 1997.
Octahedraklip only is taken into accountfor simgicity, involving 12 {111}(110) slip

systens. Parametek (resp.n) arechoseriow (resp.large) enoughin orderto geta rate-
independenbehaior. Moreover we introdwce in somecasesa softeningin the isotropic
hardeningwhich hasaninitial radiusof 500 MPa, anda diagonalinteractionmatrix to

amplify thelocalisationphenomena.

4.1.3 Conditions of the analysiswith the Cosseratmodel

For simplicity we only considerthe effects of the local curvaturedueto the accommo-
dationof edge-typelislocations The elasticmodul aresuchthatthe Cosseratlasticity
straine® remainssymnetric andthe bendingmoduliof C areequalto 10-2 MPam?. We

take a very smallthresholdfor plasticcurvature. The pérameterare suchthatthe same
behaiour is obtainedasthe classicalcrystalplasticty for a vanishihg H’. ParameteH’
will varyfrom 0 to 10000MPato investgatetheeffectof lattice curvatureonlocalization.

4.2 Resultsand interpretation of the localization bands

4.2.1 Resultsobtained with the classicalmodel and the Cosseratmodel with van-
ishing H’

A summaryof all investgatedorientationds givenin table14. The structureof thelo-

calizationbandpatterndoundatthetip of (011)[100] and(001)[100] cracksis illustrated
by the equivalentstrainin Fig. 86 for a calculationwith the classicalmodelandFig. 87

(belaw) for a computatio with the modelof Cosseratandvanishng H’. Both models
give almostidenticalresults. Moreover an analysisof the slip systens actvatedin each
bandfor thesecrackorientationsallows usto know, almostfor certainbandsthe motion

of the edgedislocationson planes. Fig. 89 showns a schematiaepresentatiorof such
dislocationmotionswhenthe interpretations possible.In the following we will usethe
bandnumbergyivenin Fig. 89. Fromtheseresultsa characterizationf thebandss given

in the next section.
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4.2.2 Characteristic of the inelastic strain localization bands

Mainly threetypesof strainlocalizationbandshave beenfound.

Slip band:

In theband(2) of the (011)[100 crack(seeFig. 89,above),two slip systemsareactivated
simultaneouslywith the sameamountof slip, the resultbeingan effective macroscopic
(100)[017] slip band,seeFig. 86, abore. Two symmetricslip bandsare found for the
(001)[110 orientedcracktoo, seeFig. 91, notethatthe (011)[100] orientedcrackof the
b.c.c. singlecrystalis a similar case.Moreover slip bandsinducealmostno lattice rota-
tion atall, seeFigs. 88 (above), 91 (below).

Kink band:

From Fig. 86, 89 the secondband(1) of the (011)[100 crack canbe interpretedasa

kink bandfor the effective slip system(111)[211]. Similarly theverticalbandon Fig. 91

(above)is akink bandfor the(001)[11Q orientedcrack.In contrastwith theprevious case
significantlocalizedlattice rotationandthereforestronglattice curvatureis obsened,see
Figs.88 (above), 91 (belaw).

Multislip band:

The patternobsered at the (001)[100 crack tip is much more complicatedand four
slip systemsare activated simukaneouslyin eachband,seeFig. 86 (below). In band
(2) of Fig. 89 (belaw), the activated slip systemscan be divided into two groups
of two slip systemswith differentamountof slip for eachgroup. Accordingto the
Fig. 88 (below) a high lattice rotation occursin the multislip bands. Contraryto the
two first typesthis one cannotbe apparentlyidentified as crystallographidocalization
plane. Similar non-crystallgraphicshearbandsfor doubleslip have beenobtainedin
[ForestandCailletaud,1995.

A fourth situatian is possibleconcerninghe natureof the strainlocalizationat the crack
tip of single crystalsbut it is not anothertype of band. In band(1) of the (001)[100
crackfor instance the amountof slip is the samefor the four systemsandthe bandcan
beinterpretedasthe superpogion of aneffective (101)[101 slip bandandof aneffective
(101)[107] kink band,seeFig. 89 (belan). As for the multislip bandsthe amountof lat-
tice rotationis ratherhigh.

After this review of the maintypesof bandsof strainlocalizationit is interestingto in-
vestgatetheir behaiour whenthe additioral hardeningdueto thelattice curvaturein the

Cosseratnodelis takeninto account.
4.2.3 Consequencsof the intr oduction of hardening due to lattice curvature

If sufiiciently strong additional hardeningH’ is introduced,the picture is drastically
changed. Due to the small amountof the lattice rotationin slip bands,theseonere-
main, asshowvn on Fig. 90 (above). The oppositeresultis obtainedfor the kink band.
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For the (011)[100 crack,seeFig. 90 (above), thetwo kink bandshave disappearedasit
could have beenexpectedfrom the bifurcationanalysisof [Forest,1999. FromFig. 87
(above) we obsene thatthe combinatian betweerthe effective slip andthe effective kink
is no more presentbecausef the non negligible amountof lattice rotation. The same
propertyexistsfor the crackwhichis orientedalong(001)[100], seeFig. 90 (below). For
the crack configurationg/001)[100 and (011)[011] we obsere that the multislip bands
remainevenif theamountof latticerotationis high, seeFigs. 87 (abore) and90 (below).
Actually lattice curvatureinside thesebandsleadsto higherlocal stressesaindtherefore
morelimitedlocalization.

It mustbe notedthatcontraryto theisotropicelastophsticcase thelocalizationpatterns
compuedunderplanestressconditiors arenot significantlydifferent.
Theintroductionof moderatevork-hardenindeadsto morediffusedeformatiorbut does
not significantlyalterthe structureof the cracktip stress-straifield.

For the (011)[100] orientedcrack, the global load-displacementurve of eachmodels
have beenplottedon Fig. 92. The Cosseramodel shavs a strongerhardeningasthe
classicaimodel. Moreover the correspondingxperimentalcurve canbe usedto identify
thevalueof theadditionalhardeningdueto lattice curvature.

4.3 Discussion

The previous computatbnsindicatethat, if additionalhardeningdueto lattice curvature
is introduwcedin continwum modelling, (effective) kink bandsare precludedat the crack
tip in favour of (effective) slip bands. If all possble bandsare associatedvith lattice
cunvature,someof themsubsist The physicalrelevanceof the resultis difficult to as-
sesssinceonly scarcepreciseobsenationsof the cracktip in singlecrystalsareavailable.
In [ShieldandKim, 1994],a b.c.c. singlecrystalis carefully studiedfor crack orienta-
tion thatis similar to our (001)[11Q crack for symmetryreasons.Indeedthe vertical
kink bandexpectedin the classicalanalysis,seeFig. 91, doesnot seemto be present.
However no specialattentionis paidto this pointin [ShieldandKim, 1994]. If localiza-
tion bandsareregardedaspreferentiabifurcationpathsfor possibé crackbranchingthe
presentwork leadsus to postulaé that crack branchingfrom a stablepathto a localiza-
tion bandwith stronglattice curvatureis not possile. This canbe supportedoy some
experimenal resultsprovidedin [HendersorandMartin, 1995 for aCT specimerandin
[ZiebsandFrenz,1997] for two sharplynotchedSC16specimensindercyclic loading,
describedn thesecondpart(seeSection5.2 below).

However, for nickel basesuperallgs oneshouldintroducein thebehaiour the cubicslip
family. In orderto assestheinfluenceof suchslip family onthestrainlocalizationpattern
atthe cracktip, the calculationin smalldeformationof the (011)[100 configurationhas
beenperformedwith the constant®f the classicaimodelcalibratedfor SC16at 650°C.
FromFig. 93 onecanobsenre the presencef threebandsof inelasticstrainlocalization.
Two of themare dueto the octahedraklip systemandthe otheroneis dueto the cubic
slip system.The orientationof thesebandsis the sameasthe oneobtainedin the same
problemanalysednly with the octahedraklip systemfamily. A detailedanalysisof the
activated slip in eachbandshaws that the two symrmetric bandsare identified as kink
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bandsandthe vertical oneis a slip band. Thus,evenif the bandsof localizationdo not
belongto the sameslip systemfamily asin thesimgified calculationof Sectior4.1.3,the
natureof thebandsdoesnotchangeatall.
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Figure 86: Strainlocalizationpatternat the cracktip obtainedwith the Mandelmodel:

(011)[100] crack (above) and (001)[100] crack (below), equialent plastic
strain.
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Figure 87: Strain localization pattern at the (011)[011] (above, H’ = 5000) and
(001)[100] (below, H' = 0) orientedcrack tip obtainedwith the Cosserat
model: contourof equivalentplasticstrain.
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Figure 88: Amountof lattice rotationat the cracktip obtainedwith the Mandelmodel:
(011)[100] crack(abore) and(001)[100] crack(below).
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Figure 89: Localizationbandpatterns: (011)[100 crack (above) and (001)[100] crack

(belaw); the indicatedslip sytemsare significantly activated in the nearest
band.
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Figure 90: Strainlocalizationpatternsat the cracktip including lattice cunvatureeffects:
(011)[100] crack (abore) and (001)[100 crack (below); contourof plastic
strain.
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Figure91: Strain localization pattern at a b.c.c. (011)[100] oriented crack tip
obtained with the Mandel model: contour of equvaent plastic strain
(above) and amount of lattice rotation (belov) (for comparison with
[ShieldandKim, 1994).
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crack numberof bands:classicalCosserat)
orientation bandcharacteristicg¢orientationandtype)
(011)[100] 3(1)/(55° kink), 90 slip, (125 kink)
(001)[110] 3(2)155° slip, (90° kink), 125 slip

(001[100] 4 (2)/ (45° slip+kink), 68 multisip, 112 multislip, (135> kink+slip)

(01101 3 (2) / 68° multislip, (90° slip+kink), 112> multisip

Table 14: List and structureof investgatedlocalizationbandsfor several crack config-
urations;for the casesllustratedin Fig. 89, the bandorientationsandtypes
arelistedin the ordergiven by the numberson Fig. 89, i.e. counterclockwise
startingfrom theright; thebandsn braclketsdo notappearfor sufficiently high

valuesof H.
1200 , , ,
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Figure 92: Comparisorbetweenthe classicalandthe Cosseraimodelfor single crystal
for the (012)[10Q orientedcracktip; load-displacemerdurves.
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Figure 93: Strainlocalizationpatternat the cracktip of the (011)[100] SC16oriented
specimenwith the classicalviscoplastt modelfor smalldeformations octa-
hedral(above) andcubic (belon) equivalentinelasticstrain.
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5 Application to tridim ensionalnotchedspeaemens

In oderto simulakt theseexperimentalresultswe try to modelthe crack configurations
with, first, the equivalenttwo-dimensonal problem,andthenthe 3D specimenFor both
calculationgheclassicakrystalplastcity modelatsmalldeformatiorhasbeenused.The
information resultingfrom numericalsimulatonsandallow usto interpretsomeexperi-
mentalobsenationsconcerningcracksbifurcations

5.1 Analysisof the 2D equivalent problem

If we considetthe previousinitial crackconfigurationve canassumea planestraindefor
matian in the middle sectionnormalto the crackplane.Thus,for a qualitatve analysisof
the strainlocalizationat the cracktip, the meshof the CT specimeralreadyusedin this
work is sufficient.

The similar two-dimensionalcalculationprevioudy presentedn Section4.1.1 has
beenperformed.The cubicslip systemf the singlecrystalSC16in additionof the oc-
tahedraklip systemhave beenintrodwced. Theinitial crackfront hasbeenorientedalong
(001)[110. A calculationin tensionwith the constant®f the classicalcrystalline model
previously identifiedat 650°Cin smalldeformatiorhasbeencarriedout.

As for the caseof the (011)[100] orientedcracktip (Section4.3) the cubic slip sys-
temis actvatedandonevertical bandof inelasticstraincanbe obsered. The othertwo
symnetric bandsof the octahedraklip systemhave the sameorientation asin the pre-
vious calculationperformedwith only the octahedraklip systemfamily (seetable 14).
Moreover if we investpatein detailwhich slip systemsareactivatedfor eachslip system
family we obtainthe sameinterpretationconcerningthe natureof the strainlocalization
bands. Along [00]] we have a kink bandandthe symmetic ones,which arethe traces
of the planes(111) on the crackplane,aretwo slip bands.As a consequencaye expect
to obtainwith the analysisof Cosseratnd sufficiently strongadditioral hardeningthe
sameresultssummarizedn table 14: only the two symmetricbandsof inelasticstrain
localizationremain.

5.2 Comparisonwith experimentalresults

Low-cycle fatiguetestson Nickel basesingle crystal superally SC16 have beenper
formedon sharpnotchedspecimenst the BAM. After a shortpresentatiorf their main
characteristicsve comparethe resultswith thoseexpectedwith the numericalapproach.
The diameterof the minimal crosssectionof the roundcylindrical specimengs 9 mm.

A notch 0.4 mm in depthon one side of the circular sectionhasbeensav-cut. The
initial sharpnotchescorrespondo (001)[100 and (001)[110 orientedcracks. Uniax-
ial and symmetriclow-cyclesfatiguetestshave beenperformedunderstresscontrolled
at650°Cin air. Someinterruptiors have beenmadein orderto identify the crackgrowth
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Figure 94: Strain localizationpatternat the cracktip of the (001)[110] SC16oriented
specimenwith the classicalviscoplastt modelfor smalldeformations octa-
hedral(above) andcubic (below) equialentinelasticstrain.
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mechanisnin singlecrystalandto determingheplanesf thepossble crackbifurcations.

Themicrograph®f thesurfaceruptureof thetwo sharplynotchedspecimenaregiven
Fig. 95. After a certainnumberof cycles, crackgronth becomesunstable.In the case
of the (001)[10Q orientedcrack, the fracturesurfaceis complex but the crack remains
globally in its initial plane.In the caseof the (001)[11Q orientedcrack, it deviateson a
(111) plane asexpectedrom thepreviousfinite elementanalysis.Indeedthe (001)[110-
crackdeviateson pureslip bandscompareFig. 94 above, andthe (001)[100-crackdoes
not branchout on kink bandsor multislip bandswith lattice curvature,comparerig. 88
below. This obsenationsupportghe hypottesisthatthe crackbranchingon localisatio
bandswith stronglattice cunatureis difficult. The agreemenbetweenthe experiment
andthefinite elementcalculationis satishctoryandencouragesisto improve the model
for tridimensionakcomponent.

5.3 Analysis of the whole component

The calculationof the (001)[110 orientedinitial crack,machinedn a SC16cylindrical
round specimerhave beenperformed. The cubic symmetryof the materialandthe ge-
ometry of the specimerallow usto meshonly onefourth of the structure,seeFig. 96.
The meshis composef 2190linear elementsandthe finite elementproblemhas8613
degreesof freedom.The structurehasbeencomputedn tensionwith the samemodelas
for theequialent2D calculation.

The equivalentcumulatve inelasticstrainfor eachslip systemfamily aregivenFig.
97. Evenfor the octahedraklip family we obtaina vertical bandof strainlocalization.
Notethatthe meshhasvery few elementsn thevicinity of the crackfront andalongthe
axialloading. Moreover linearelementsarenotwell-suitedfor localizationanalysis.For
thesereasonsve assumehat no conclusioncanbe dravn aboutthe localizationof the
inelastc strainatthe cracktip from this calculation.Furthermorave cannot compardts
resultswith thoseof the experiment.

6 Conclusion

According to the previous numericalanalysesthe Cosseratmodel precludesthe kink

bandsat the cracktip of a nickel basesingle crystal superally if sufficient additional

hardeningdueto lattice curvatureis introduced. If suchlocalizationbandscanbe con-
sideredas privileged bifurcation paths,leadingto possibé crack branching,one hasto

promot a modelwhich precludesstronglattice curvature. Furthermorea nonlinear ad-
ditionalhardeningermshouldbeintroducednsteadof thetwo simpleH’ terms.

A twodimensionakalculationshavs thatthe Cosseratmodelis in agoodagreementvith

the experimenal resultsfor one particularcrack configuration. A decisve experiment
would be to considera (011)[100 specimerfor which we expectno crack deviation in

spite of the kink bandspredictedby the classicalcrystal plasticity Furthermoremore
realisticfully three-dimensioa crackconfigurationsnustbeinvesticgatednumerically
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Figure 95: Finalunstabé crackpathfor two sharplynotched001] SC16specimensinder
cyclic loading(specimerdiameter:9mm): fracturesurfacefor a (001)[100
initial crack(left, thetensiledirection[00]] is normalto the fracturesurface)
andsideview of thefracturesurfacefor a (001)[110] initial crackshoving the
traceof the bifurcationplane(111) (right).
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Figure 96: Finite elementmeshof onefourth of the notchedspecimen.Right the nodes
belongingto the crackfront arerepresentedly black squares.
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Figure 97: Strain localizationpatternat the cracktip of the (001)[110] SC16oriented
specimenwith the classicalviscoplastt modelfor smalldeformations octa-
hedral(above) andcubic (below) equialentinelasticstrain.
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Part VI
Conclusion

Thelife predictionof single crystalcomponentsvasstudiedin this work throughan ex-
perimentabpproactandnumericaimodellirg. It hasbeenobseredthatagoodevaluation
of thelife mustincludebotha crackinitiation modelanda predictionof the crackpropa-
gation

The main contritution of the thesisdealswith crackinitiation: a hugeexperimenal
databaseon SC16hasbeenmade,andtwo original approachesave beenproposedor
the simulation of the tests. Most of the testsperformedin the study are uniquein the
literature,speciallythe sectionconcerninghe notchedspecimensvith (001), (011) and
(111 crystallographiorientations Severalnotchedradii andorientationf the material
have beenused.Metallurgical obsenationshave beenmadeto characterizeracklocation
andthe rupturemode. Onemain crackis presentor the (011) and(111) orientedspec-
imens,but two crackscanbe seenfor the (001) orientedspecimen:they are symnetric
with respecto the minimum sectionplane. As a matterof fact, the positionof the main
crackscorresponds$o the specimerareapresentinghe maximumtotal cumulatedslip for
the cubicslip systemfamily.

The simuation sectionincludesfirst the identificationof the materialparametersor
a crystallographianodelvalid for non isothermalcyclic loadings,in the completetem-
peraturerange a specialattentionbeingpayedto 950°C. It hasto be notedthatthe same
setof coeficientsis valid for monotonc loadings,including creep,and cyclic loadings
with or without hold periods,for all the crystallographimrientationgested,with either
singleor multiple slip. Usually, this appeardo be a difficult problem,which is not often
successfullysolved.

This modelwasusedto simulateisothermalLCF testson circumferentiallynotched
specimerusinga FE technique. Crackinitiation modelscanthenbe appliedin a post-
processoto achiese the life prediction. A new definition of the critical variableis then
proposed:at the point of maximum total cumulatedslip on the surface,the value of the
maximun resohed shearstresgor the correspondinglip systemfamily. Evenif there-
solved shearstressesepresenthe “physical components’of the full statestressfor the
single crystal, we cannotknow with accurag if its maximum valueis “physically” re-
sponsble for the damage.On the otherhand,it wasobsered from micrographsof the
rupturesurfaceghatthecracksinitiatefrom castingporespresennearthesurface.A sec-
ondapproachs thenproposedo accounfor this defectdistribution in thelife prediction
This is a“multiscaleprobabilstic failure model” basedon the real distribution andloca-
tion of the defectsin the specimen.This statisical failure modelhasbeensuccessfully
appliedtoo.

Themethoddogy derivedfrom the specimerobsenationis thenvalidatedon a“tech-
nological specimen’testedby KWU, simuatingthe mostcritical zoneof aturbineblade.
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Theclassicalproceduresisedin indugry for life predictionaremoreandmorequestion-
able,dueto the increasingcomplexity of the thermaland mechanicaloading histaies.
The FE modelwastaken from KWU, andthe two previously definedassessmentles
were successfullyapplied. Both lifetime and crack location given by the modelwere
foundin goodagreementvith experiment.

The last sectionof this work is a numericalstudy concerningthe strainlocalisation
patternsat the crack tip in f.c.c. single crystalsunder plane strain conditionsat low
temperature.This hasto be seenasa first stepfor a betterunderstandingf the crack
propagatn processhaving in view the competiton betweenstrainlocalisation models
andfracturemechanicapproach.Thetheoreticakesultsarewell known in theliterature
for classicalcontinuummechanics.Our contritution concernghe modificationof these
resultsproducedby the introducton of the generalizedcontinuumtheory A Cosserat
modelfor single crystalhasthenbeenused for severalorientationsof thespecimenThe
analysisof the FE resultsshavs threecharacteristicstrainlocalizationbands:slip, kink
or multislip bands.Theintroducton of sufficient additioral hardeningdueto lattice cur
vaturein Cosseramodelling shows that effective kink bandsare precludedn favour of
effective slip bands.If oneassumeshatcrackbranchingatthetip is ontheseslip bands,
onehasto choosea constitutve modelwhich precludeghe stronglattice curvature.Few
experimenal resultsareavailableto drav a decisve conclusion but atleastthe approach
is now availablefor futurework.

Following this study mary pointsneedmoreinvestgatiors. First, experimenal stud-
ieswould bewelcome.Sincemostof thetestsmadehereareoriginal, it would be niceto
confirm the resultsobtained,maybeon differentloadingconditins, like planestrainor
planestressspecimensseekingalsoto checkthe resultsfor othertemperaturesThe ex-
perimentaldomainto cover includesnon-isohermaltestsundermultiaxial loading,and,
aspointedout previously, crackpropagatn tests. Theresultsgiven by the modelsused
in thiswork shouldbe comparedvith thesenew experimentakesults.Sincethe problem
in the bladesis relatedto crackinitiation from the cooling holes,one hasto investigae
shortcrackpropagationthree-dimenginal crackfronts,andmainly, theinfluenceof the
coatingof theblade.

Moreover three-dimensioal calculationsinvolving a larger number of elements
shout be performedto correctly reproducethe geometriesof the turbine blade(or ary
modernindustrialcomponent.). ParallelFE computatbnsshouldoemadesimple enough
to allow aroutineusagean industry

If comparedwith the classicalmechanicabpproach Cosseramodelwas shovn to
predicta qualitatively differentanswerto the problemof strainlocalisaton at a cracktip.
This studyhasto be extended,and confirmedwith experimentalobsenations Anyway
suchanapproactseemso be promising, sinceit is well known thata gradienteffect may
be helpful in rapidly varying stresdfields. It may alsoprovide interestirg informatian to
properlydefinethetransitionbetweercrackinitiationandcrackpropagatio models.
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A Orientation of the SC16bulk smooth specmensused
in the calibrati on of the crystallographic model
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Figure 98: Orientationof the smoothspecimen®f thetestsperformedat 20 and650°C.
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Figure 99: Orientationof the smoothspecimensf thetestsperformedat 850°C.
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Figure 100: Orientationof the smooh specimensf thetestsperformedat 950°C.
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B Orientation of the SC16notchedspedémensusedin the
LCF tests
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